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DY D2 MNINNA NINRAA N9'YN DY NITTA Ty ,07Ik .(n"7n 50) nTay or
n"7n NIXN% N9'WN .07 NN NP2 NIDAYNA MR DTN NI CNIRNNRD
NNan NN'pPY MOYUX ,NINYN 1TNA 'WaL YNI'R 7V9IN DNAY NINIENa WNINn? n717y
NININ TN NIXI' N9'0YW NIDIYN K77 21X NIDZNNA NIPONON DA .IT NLV'WN YyINnY
nyown .(Krajewski et al., 2007) n9'wn? NANIMN N2INN NNINN DAIAA TA TN
["ayn .(Sartini et al., 2006) |3 DA ANIT IR TAN 'TIDM 7V ANIPRD NI?YWI NI9YT
NX7VN 27V NO'WNN DI¥XAXA 1Y"'0 NINY TN D'N9IPN D'NAN0 DNIVIY X7

.(Albertini et al., 2008) niyTn

AN T'ORIX ONVIN 'TIDM .ATINI AXD D'WY7 112 D'UNNYN D''Y NIXDIN] 0RO
NNMN N7771Unn 2NN N7 ARIvNa n"7n NIRRT 0Mxp D yan? own!
NINDIN NIQNYT ,NNAYY IXAN 7W DIINYN NIYA 1WYIY D0oNNn 77N .n9'wnY
AN X9NN N21pa Nind n"7n 3500 — 25 A atixa tan Tdn vl L0 0ty
(scavenging) TN 7w N9'VY IPNNA WIN'Y ,NKT DY .I7V9INW DIPAN 'WXNAKRYTI TN
-1 0"1'W1 719'0 NIT'NA [ NN TN [N NTIAYN D202 DTN DX TINYT 'Yy
NIOSH, 2005; Crouch et al.,, 2000; Crouch & Johnston, 1996; ) "nin 70%
nroxn TN nnan L(NIOSH, 1994; NIOSH, 1999; McGlothlin et al., 1994;
K7W "D TaN N7 DM'RNN TIYE N'MUNA NITHIXN 710 X7¢ DY'Y NIRDIN NIND
APY AR'M TN NIR AT TN W M7 ,vam TIva DITHINNN 1782 DA QTN TN
77nN2 ;5N ARXIND 791010 197 DNA'PI DMI'Y 'NNIN YW NIY NTIAY NP0
DA TN NI7YT IR T'ORIK 0NV 'TIDM 0217V A2 (NKD X7) WIN'Wn {719
D'IAT? DUNI9Y D'NIX 7¢ X' NI9'WNT 7'V MDY IT ny2p Nmn 7un no'wn?
JINNX NIRIOYNI 071N 'N1A [N NIFAYNYD DM'Y NIR9INA [N NTIAYN DI JIN2 DYy
D'NY7 TRN NINIAA 7910107 T2 NNOTH 7Y D'YAI2 'Y NIWNINNN 07X NI9'wN

.(scavengers) man 7w nmipn N7 DpENN 7w DN721Y9 NNy



-
" Y
AIA’a% nin'pas 10IDA
Back et al., ) niwwixnn TN N T'77 DDA AT TN DA ITTAY NIMPIOYN NI9'WN
2014; Van der Kooy et al., 2012; Westberg et al., 2008; Chessor et al., 2005;
nnoxi 2011 — 2009 nawa .(McGlothlin et al., 2014; Schallner & Geobel, 2013;
nnnn nirmann 4% Y 1N TAR NNl N7 TN TAN TIDNA NTIvAwn AT
7v 70an X7 TINK N9'WN2 NINIA NIANN XYM NRT Dnv? N777unn nfaann
1970 NT7'N W NY0IMIRAL NNTINA D'TAN NANYNA Tan T2 NITND YA NIT'n
DA ¥ |AT7 TAQ win'wld D'TTAY D'NAA DTN DT Ndnnn a0 DR 1D

7Y NN'WIN DITRQ DTN IR DXAXA DITAN TDWAN Tan N9'OY 19X D"y
JNIYNYUN 91X YTNAI D'TAIVN

NI'M"Y NIWYOSWN 7V D'Y2AYAN DAPNN 1Y'DIN DNTIPN AN 7¢ DWawn Nnwa
NI7907 "2am [1D'0 IXAN DMAIMTON DNPNN NN MAIya 0'IR'YA INLANNY
QA7 NN'Y' A7 19WNIY NITAY 0'Y] 27p2 NIMIS-'R71 nTpm 0977 ,N1mviino
Teschke et al., ) n'nx 7w 07172 077 DM 17200 .0'91WN D'M'Y 'RON 7w D'
J'WO1 N'O'S NIMYI NNN QXN 7Y y'own 1anw Xxn D md .(2011; NIOSH, 1977
n>WNA D0'PN7 DNA7 N717Y NDWNNN N9'WN UTRN D'NIAA D'TIDMA 01N KIN TAN
N>IYNnal Tad1  NN7IpoirTzn ndowna L (Savage & Ma, 2014) n'toann 0faxyn
-7 0'p1 7V 1vaaxn omanani ovaiproriv opnn (Sanders et al., 2008) o1 X
qx .(da Costa Paes et al., 2014; Schifilliti et al., 2011) nrrojzivna niyswni DNA
K NHOT7 N9'WN NN 2 YRV Y7 W' .0TR7 JUI0ND TAIN 1I'R NINN LD '9 7Y

.(Oliveira, 2009) NM1a% o'mMy'? NRIT P17 NEARIMTORN NIFRINI

TAN NIX 7907 7Y N1TA N0YNN DITYVINAN NIYOWNNT ND'WNN 7X'¥10191 NRXIND
X"'VUNnN — (0'7'T D' 7w 2170 "o 11v) NINFLAN NIPNA T'OZIN 0NV
NIPN2 WA [12'01 N9'WN NDYN7 X7 171 11017 0'oPNn DT TV 1TyYma
72y NN [I'01 NWYIY 9 7Y X ,Ta71 'MIoyn-'Natao 1Iv TaIvn 7Y Niz'on
AN'RY N 1an 109 L(Imbriani et al., 1988) tan 7w 17 11017 oTTN WoNnY
'N/MI7ap 7Y nYraYnn NR'0I00M'MTR NP2 NU'Y DN KINE AT [12'0 DY N9'wN

.MIN'YI TAYN NI 7V N1ANT NaINNE VNN 7270 Tavn 7w n9'wnn nizap

NRNONI NRNN' — T'ORIX 0NV 7W NT'TA NIV'Y N'PO
N9'YN NDWN ¥ NNLNY? TORIX 0NV NTTAY INNIDY NIMP'YA NTTAN NIV'Y
WI7W |0 NI9Y7T Npal 0TIy
T 0NIVIDSNVPO0 NIYXANKI VXA TAN TN 7w N'wr Ak .1
NA'NYI NNIVK N'PY? ATIAVN N2aon ,TORIN 0NV 7NN IR I0R .2
0NIVIDSNLVEO0 NIYXNAKRKA VXA TAN NT7INI
2V DTN ,NARY K77 IR NARY MY NN'D0 YN 7Y YMIRNN Tan nneo .3
AN N'9AIVNINDN NV'WA TN

NIYXNXA TAN TID™ DX 'Y [9IN] 77120 TTIN DAY N9'Y¥ N0'YW X'D MIYKRIN N0'WN
(FTIR n'mounivisNvpo0) DITR-N9I'RN DINNA 'K72 7p2 T 10NIVIDNVFZ90
N'12 NAXWN NIY¥NXRY N7 XN N7 axw ix (NIOSH, 2003; NIOSH, 2013)
NTI?1A DTN NRNR 4.48 mp 7w 72 )IKQ NTTAY T'ORIX 0NVIN NYYAI 'WONa
NTI712 2'WONN DX 2'%NY7 [N NYYNY71 0NN AT 'NN 19 7Y y¥ann? 070" nTTn
201 NIMX "MW DTN N0 AT NIR? 1T DT TN 7919 7R nviap
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NIA’as nin’pas 1010DA
N'OIN" NU'Y DN IT NU'YW .ANN'TNE ARXIND PIT DX N'02N 110 72yna 1'wonn
[NIX 1202 727 NIS0N DT NIV'Y  INN'OY 0912 'K T'ORIX 0NV NP'TAY
[O7N71 N7W D"0Y7IRN DNVUNTON DR )MWNT7 TTD N9'NIN NU'WY DNIYN2
nm17 yan? 7o' no'wa 170 qo (NIOSH, 2003; OSHA, 1994; SKC, 2008)
n"7n 1000 — 0 x1n 02X ™My AnXImMN 2N DINNETAR n"7Nn Ndma
¢ N'W'R N9'WNYT NIRRT DMWY XY TA? 0nividnupoo Tnxn? N7nm N
N2 DA KX¥N) DT 'WIR .'WONd V'Y WIN'WA MRy [NON NINNKY? TV NN 0TIy
NN'YIN ITRA NO'WNN NTTN NYWATI OW 1100 NRPN 'S 7V WaT17 nntion nn'7n
2'WON 071N TN MY DR'WIT NN WTN 0NI0I9NLVRO0 NNI9 NMINNKY? .TaIvn v
150N MIX W' 0Nl NlAAN N'NN QY 0DNoM D'PTIA NIYIQ NDY IR AT
-2 NTIAYN DIPN2 O'TAIY 190N 7Y N'W'R N9'WN PITA7 D'¥N OX DMVNIVIDINVZ90
NN T'ORIX 0NV 7Y NIDYT AN'RT7 NV'WAI V'WONN DNA'RNN ,NRT NNIYY? .nant
NIVI%N0 DX NXINYT 217V qon 'wip .nTIAYN N207 DNK DNEN I ANTINN
X7 nLV'WN 7Y D"0"IRD DNVNIONY 11 °10C -n NDINI TA2 D'YNNWN DAY N20N
TN NIYXNARD NTTAN 1'WON DX 09X7 IX W' IT NU'WA .A7RD NNIVIDNLA DIVIN
N72701 IT AYNT .QTTAN TX? YINA 78 NIRX? 71X TTIMNE DNNKR NIYI9NI 7a0 7
2TNNN AXR'Y' NAT'NN DNAY D710 'N22 NINA TN IR NMPN2 AT TAn 170N DX
7700 TR Y DMy XY TV TR YW 0o N 70 Yiv N YR N0l
.NNILVK N'PY N7 VIR pTIaN XY (NIOSH, 1994; NIOSH, 2013) nuwn nu'wa
'WONY NYPWUN PIN DX 2TIAN AXIY 9I0'RN DINA . T'ORIX 0NV TN NIX 71 VRN
KIN IT NO'WA DTTAN 'WON .NAYW NMINA T'ORIX ONLIN TIDN NX PTIAY NTN
0.5 — P am X ,p4.48m 72 0IR) DITR-NN92'RN DINNA TTIAN 10NIVIDINVIZ90
IWN 19 7Y N9'WN 7Y N777Ivnl nyXinn and yinp? nMwokn It no'w .(hon 40 —
NTIYN N9'WN7? NINIMN N2 N77RIvn N7 ANHYWNYE INK N1 AT IX NTIAVN
TN DY TIDNZ DNT DY TAN TIDMY RN NU'WA nyamn nninn .n"7n 50 7y
NN'90 IX N'PYNN N9'™7T ™Y 7nIN TIA'R7 wwnNn AT K7 NOPN NI'R IT NNIN . TTNIN
[MON NINN IT N72an .ANATH DI'ON DY'NYYW TV NT7IR Y¥A7 W' D7 'R .NMN9T?
NT'7A8N DR YX¥A7 *TO ' NTTN 1'WONI T'OXN7 2N DAITAY |11 NU'YWA MIyNwn
NNATN OI'0 MNK D"NYWN IXp (AT NPTIA NTayNn? van? 2N XINY IX ,NTYd TIY
DAITAY NYW 721 TN [DIN NT'7aXN NIN YXA7 NDNYI NA'AT NIFN7 MY nTavnal
72 VIR NIYXNARA TN NTTAN 1'WON DR 0OX7 NIXD D' IT N0'WA DA .N'"7X YN
NTTAN TR NIRX? TTMN X AT IX? .QTTAN 72 DINdIR 7w yAom v '7'on 11'RY
NTTAN XN DX NI7T I N'PYUN 99 DT'7IR yxa? nxN XINY 0yS 751 Y'wonin oy
2'wona
n"7n 10,000 — 10 X0 qI'Nn NU'YN NNV NIAYY IR T'ORIX 0NV'N 'TIDM DINN
7w IRNYUN DXP7 NaNp N7771Unn Nann NN [P 071N ,TRA QNN KIN DT 0INN
N27N2 D'NI2 D'TIDN AT NXPA KIN T2V N9'WNT7 TWPna MIoyNn |"ayn ,DINNN
IT NU'YA QPNY N7 'R .NINYI NTN2 NNTIN NRDAN NI9YT NP TA% Do N
TNIX 'R 72V N07NNY 1'2vn no'wNnn qow 1 non ann n"n 10 -n 0'mMa 1 TN
N1 TN DONISYW 702 DA .n"7n 5 NIN NTIAYN DINa Yl P NIZIYS NoYAa
NN Twn) 277N Twna n'Mpioynn NIKMANE Ninfban 7nm My IR
'Xan (n"7n 5) n7%wnn nnn annn 10% Tv n9'wn nn1a nTny nnnn (2013
X77 TUNXD ,0apIy D'NRIOYN DY'NAA0 DNV Y 2 DY 3 TV NIMY7 YR |Nn?
PN M1¥N7 DXNN NI DX 0PIV DNV Y 2 D9IPNN DT YN
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Parg

NIA’as nin’pas 1010DA
72N 7¥ NN'©0 7y NI00ANNN NNAT NIV'Y INNID 7'V7 NXINY NIV'WA NINONYT Nynd
n'oeMILVNNDN NU'wa nr7arl (OSHA, 1994; SKC, 2008) n'xnn nN's0 vxn 7y
DNINN YN .(N'NIN N'¥9II0T) MIN ZIY 'Y NN'D0N niNn 7¢ "o INX7 N'Tan
112Y71 NDION Y¥NNN MMNNWNT? T'ORIN 0NV1IYT7 D'MIIA NIX O'NINT NNIAA NNI09NLY
NARN NYAR7 D'RNN 'K72 1'WONA .N'TAN N'91A1I0NNON 1'WON RYWIIN TAN NTRD 7X
silico-aluminate ) nro*2IN'T NIMYI72IM NIPIN >"TA DMWY D'N9I0N DNIND .TAN
.(carbosieves) nTnim 1T 1IN NinNo Nivan IX (molecular sieves
N9I0N ININN 78 X¥N1 XIN N2 120NN TAN 7Y N'OID'T KIN NA'09N NNATN NPV
TAN TIDM 2IY'NIIRD 7W DKWY NYXIAN X7 DT NNAT [9IXA .IT D20 DY Yand Xan
N'TN 7¥ D290 NOY [1AD D'901 D'TTI TAN 7Y D019 TN DTpPn 7y 002NN 'INA
UT 7Y N7N1N AN XIN DNATR OTAXR L' 71N DIY' )N DN'90N N1DY IVl NNO0N
.Tavn 7w Taan
NOIY NTAXN .0MN2 NNNKRD NIV'WA 19 72V DAN NIYXARA NNATN NO'Y NRNNY
7¢ IMIT2 N722mM NI'RE N'YIRD IN9'WN NDIYN NIX NNYOKRN TAY? 2'090 aNn
8 -n YK NNAT (WUN? NI DINYN ANAT DYNY 0MaTn DX 7'won7 N1 .Tawn
NN X971 722m 12'K NINT-12 NNATN DR ITO7 NIY DA 190N .NNNwn NiyY
D'NAITN X 1'AYN7 N1 .ANATA DI'0N Q171 AT 719 N AT7aR Y¥a? 1IN naan
NTXN .NT7IXT7 TVI NNATIN NQIYN ATH 2RV nin T'R? wwn K77 7R n1ayn?
N72an .07 DYIT ANRATN 'WENR .NTIAY? NYI9N IX 71270 DINN NYI'R 2'09N AN
,"TN NDIN1 VIR NYIRN NNANA DY 717V NN'D0N 2¥p7Y XN D'0D DN NNYion
2"Ta NPoon 0720 NTIAY TN VRN NYIAN NN D7IR
My - XM TN X7 — QIp'M NaY AN NIYXNRA T'ORIR 0NV1YT N'09N NNATN NIV'Y
D'TAIY NNDIDWN IX DANN WIX'A DX PITA7 XD qiz'Nn 10N DX NNann
NYOWNN NT'A D1,'1DI1[ION'RA NI D71 NN LPIT 79 NI'0NTI00 TN NINKA
N'OI9'T ,M'90INLX YN'7 ,NN NIN'AN ,NINY ,NNI019NV) ANN 7V D'N2'0 D'NIN 7Y
ATAN Q1NN .(DINX DNNINND NIYI9N ,ANIN2 DAITA I ,N910N NV 191 NITIN
D'TID 11N1) D'ANY7 NYYIY qi7'NA .77 O'Y'DYNN DINYNNN 770 71 TWUKRD '7'7ND
AT NN omy9 wy %7 (n"7n 50) nY%7wnn namn ann 10% 'aw oinna
xx¥n1 n"1o L(SKC, 2008) 6.2% 7w nimw nTzn oy 100% -7 >"12 nyan n7ixan
N'OI9'T |'NI R'O7N2 NIONINN X'NWD NIIY 3 (wn? nNN'D0on INX7 NA'Y' NnaThY
NITTIA NITIAY NIY'9IN NIND0] . TRN NNIAA NINY 7¢ NySwN IX '2'09N ANNNn NITIN
Bishop & ) n"a'09 nn'®0 AN DM T'OPZIK ONVYY AP'TA NIV'Y NXNWN 7Y
.(Hossain, 1984; Tschickardt, 2006; OSHA, 1994)
APNNN N7RYI N'YWAN RN
'y 0"'09 D'ANA WIN'YWN NINIRENN'D0 Y NnaTn NU'YWA D'YWIALN NN R 7Y
TITA? D700, I NNYLIZR D'AN 7w DRYWINA 227 OITIXAIR 'R ,00N0IM NN 'PT
[N OWUXD NVWA DNN NI7ApnAN NIKXIN P'Wal NI D'DINY D'TIDN DNIYYAN]D
NZ'T2 7V N1I00ANNN NINNX NIV'YA W'Y "'y NIAT-I2 NI7APNNAN NIRXINYG NIYIN
NYYI NNNX NPT NIV'Y '97D 1'09N DAITA QIR .Y ARMP7 10NI0IDSNVEO0
nYINN MIvnn 11T ,(SKC, 2008) mxy Ny "y 3"Ta1 0"NTayvn 0'RINA 27N |DIKA
NIN'VA7 N'RPINRD NIYIN NIV'YA D'YNNYAN 0772 11p2 D'0NVI'R TIA 7w
AN NP'TA NO'W qIP'MY7 N'019 nTayna Nl (OSHA, 1994) nmpioyn nikNAl
NN DY DX 7Y QIR0 DR XTIH7 IX W'Y DICNON N IT NTA1Y NA'ynl 209
2772 Y1I91W AnaAT TI'Ya annnnn ,SKC nnan 7w Dnoip' imed .wim'w? ann
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Parg

NIA’as nin’pas 1010DA
'xana 1wy (Advanced Chemical Sensors Inc.) ACS nhani ,0noin 0T
NPTAY NNX nan vyn? (0.2TLV) n"7n 10 2ynw o'71>™N DINN 237 17'va NTayn
NNIN DINNA T2 TN 7V Wyl qip'nn Mo 72m @7n .TLV -nn 0.1 7¢ nnh oa
NNTNAL I'TA N'ON' NINIAA NI'VOI ,NIAN NI N9'WN? NNNMN N777IYNN NN
ax¥N .nuNl N71Y90 NN DINNA NIDING DTN NN 1012 YWXD Q17NN 11072 172700
7V D'002NNN DIIY D'2'09 D'MAIT NNO7 NIN'DS 'D1A DD'WYNA TV YITA 120N N7
n> (Guillemot et al., 2014) 'uxnn T'OIX 0NVYN NN'S07 D'NS9I0 DNIN AI7'Y
DNIVIM 77N n7apnn yawxa (1999 ,yd) ANk NPy 7V D'oolann 0'MaIT DA
NIXRYIN |27 N'2'09N NNATN NU'WA 172APNNYW NIRXINN [ [IXY IyRawn M7 inknn
NP'TAN NO'Y NID'R 227 NINNAN 'R ARY .9I0'K N'PYI NYNNYNN N0'WA 172pNnY
N7'NN2 N'NZIOYNN NIXMANI NIN'VAN 701'N 27U NINAN NTYE NN D209 0N 'Y
VIN'2] DN WIN'WD JUNN DX ANINN )2 INKI D' N9IPNY D'2'09 D'AN] Win'Y
nxer it NN (2011 ;i NIV 2171I009) NNNR NI0'YWA NAAT 121 7apn 110l
.N7'T2N NI7Y DX N72yni 72pna NPT NIV'Y "My Yxa? 7110
0NV NP'TA? NNNKRN NIV'YN A7 DTIE NUIXY N'ON'D NINRN 'R NI72NN ) T'RN
NT 2¥N .WIN'Y? N9y NU'Y IT'R N07NN N72P2 'WIR? |0 DA NIR'AN IR T'ORIR
0NV 7Y MPIOYN M0 1101 A7 NITAXR DTN NIMR YVIARY? 071200 7V DA nwpn
2101 'N'A0 101) NTIAYA NIN'VAN NIPZN 'O 7V 1101 [IYO P'TA DA DINNN TOIN
NN IV NI DR LRIDN NN IPNNN NYRY .(D'?'T D'NNIAA D'TA 7w 2i7m
W Y DN NTY 7w DU9RM D'RINQ DM2'09 N0 'ANA T'ORIK 0NL1Y ND'WNN
Q971NN NI7 2 NI0'WA NdIWNN NIDRY
27NN Nvn
YIN'y2a NIXYNIN T'ORIN 0NV 7Y 'MPIOYN-'N1A0 11V NIV'Y 7¢ NMNIYA NPT
NL'WN NX YIAR7 NIn 7y '2'09 NN'S0 AN NYNNYNAN N7 T2 NU'W7 IRIYND YN
JIMPIOYN N9'WN NDWNT7 N9 TN
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13NN N7 - NTI2Y2 NINAL DIN'D2

'

27NN NIV'Y

TI'XI D"NIN

:0"217'w nndn nya1 (ACS) Advanced Chemical Sensors nnan 7w ana nn'nan

X7 ;70910 DNY7 '0'7X NN'Y NNV IR WIN'WN KXY T'ORIX 0NV1I7 DINK D'ANN 77N
N7 NT7IR NO'YW DIINNY. MON IV NNoNN NU'WA AT'2IRY7 NN'YW NTAyn NR¥N)
NXINN NN90 ;N1'AT NLV'WA NT'7IR NAIWN AN 1INQY YIX A P71 D2IY NN'D0
NN DA NM7UNN NT'7IX NTAYN N ;0NNX NN'D0 AN 7W NIMXNN 'K IR NRNoN
wIN'Y? |1'01 ;NI7Y "1'Y ;NTAN N'OIAI0NINDN NL'WA NT7IX NYXanl D'aNn NPOO0N

2YOX2 AN 0TI

7y2 DTN XN N1 DN DMRIAN O'RINA NTIRD NI0'Y 7W ARNYNL N'NA IX?
D'M'RNN D'LVX DY TTIAN D'AN9N 7W TNXR 770 TWUKD ,0'NNS 190N DY LYIT NOI
DIX '97 DMA01 D'NNDY WK ,0'IID-N7N DINOY T2 NITYA 7W9Inn v 77n1
NI'Md 7Y yI7'N IR NPATR? NNO9D wnw? 1Ty 0'ox My DTTIANN 0'NNSN 0N
ApIant VIT 1117 yan 1 ,gastight aion pam narva T'opIR 0Nvi 1N 7w NI
101 72 7w 11A'NYT 'WXNKRD IWNY DTN XN DINOYN T2 .ATTAN KN JIN2 12 7w

(Tedlar) nrTiy* AT NIFPWIE VIR NIARYA L,TA |170' 12D ,nTTAN XN DY D'50N

7'vonn 7Y NIpa NNYOX DY ,T'ORIX 0NV TAN 7Y NNR'Y' N0'DY7 D'wnwn D'NNON
1022 011730 D'7ON1 NTTTAN RN WK 707 .0'Tan 7w nNfaol nnmo T 7y

:0'R2N TI'YN '0D NKX NPTAN NOYN N7 AT ’kNY qQona

200 X1In 0N AN TIDNYW D"'0OTIVO DAI7D'MA YIN'Y NWYY — T'ORIX 0NV TA N .1
12 'n91 .(Air products — precision check and calibration gas) n"n 1,000 -I

airtight patn

\

01v920 oY NN9

oy T |I'om
T'ORIX O1NVY

DINOW ™21 DY NN9

-

SKC 10'? 5 2770 n'pw
FlexFoil Sampling Bag

(210-1002 nnT1o SKC) 0'> naxwn \ ﬁ
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Flow on ) nnmt nol )T D2I'MANN MATIA DT NIFMD  D2AX'AN DNZIANn

,(Hamilton) gastight pamn niyynxa Ix ,(demand regulator - SATODFR-2001
ANAT NIPY IR NTTAN KN 7R

Q'R T'ORIXR 0NNV TIDM v e NXYI nnaT? T A0NIVIBNVEOO0 T'YwOnN.

1 9w niwana n"7n 1,000 — 0 oinna nT N7 7va ,(Geotech — G200, UK)
n"n

AWoXNN N0 NNS N7wa (SKC 210-1002A) 0D naxkwn — VIR NNAT? NaRYN .

NI NO'WI TWONNN AXR'Y' NNOI Y720 NN VIR IR 70 7w Dty

TNX NN9 .aV'7 5 -1 3 7w n'no1a (Tedlar bag SS Dual ) y'ix qI0'K? nipw .

NA'RYIL AT TYOXN "MIA DUX 2V2 1w NNoI TA NL'Y79I N7 "YUOKN Ni'pwa
TN NIYXNKA

Advanced Chemical Sensors (ACS) nnan naxin T'opIX 0NV1Y7 0'2'09 D'AN
.USA

(DryCal DC-Lite) o'ta nint 7'on

(Hamilton, Model 1010, Model 1025) ta 7w naxwi npatn? gastight 7.

2" 25 -17"n 10 2w n'no12

NPTA0N 6 7w NINfNa XN MR DYIRN NYYY '101an 720yn 0y no7o .

AUIR INAT DN I NINYENNIv1sno T .

NTYA NIAON ‘NN Ap'Tan '"NX
wI7wal D'7IN "N NYQIR 7Y NN TN DY) YR T'ORZIR 0NV AN NI
,0'7IN 'M12 YIN'Y2 X¥XNIN NNTINN 'TAan TR XN T'ORIN 0N01  .0™1'YW NIXDIN
19 7V NNINN NIXN NIMTA NN 2102 NI7ND KX NN 7221 at D1 X7 X
UNIN D'7IND 'M12 DNIRan mam pPY (oMl oY) Nnnnn il 0YIRIonoe
IVX2NN D'NINYI IRRAN Dyvd DT 'Y DNIMDA 1DV VIR Tan 79 NiprTani
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Executive summary

Introduction

Nitrous oxide is a stable gas of many uses in medicine and industry. Its chief
medical uses are for preoperative anesthesia and, in dentistry, for sedation
and for oral and maxillofacial surgery. The gas is also used in the food
industry to detect leakage and oxidation sources during the test running of
motors.

Research studies have shown reproductive effects, evident in impairments in
animal fetuses. Epidemiological research has shown higher risk for
spontaneous miscarriage, premature births and infertility among female
workers directly exposed to the gas and among the wives of exposed
dentists. In addition, congenital defects have been found in the newborns of
exposed nurses. Prolonged exposure may cause damage to the central
nervous system as well as to the cardiovascular system, to the liver and to
hemopoiesis. Research on toxicological mechanisms has found evidence of
damage to DNA as well as genotoxic effects.

Nitrous oxide is one of the chemical agents included in Safety & Health
regulations of the State of Israel (environmental and biological monitoring of
hazardous materials). Environmental-occupational monitoring is required
wherever workers are in contact with the gas.

Over the years, improvements in engineering have reduced the overall
exposure of medical personnel to nitrous oxide, but even in recent years
levels above occupational exposure limits have been observed. At dental
clinics, for example, levels of nitrous oxide can reach as high as hundreds of
ppm for short periods of time — much higher than occupational exposure
limits.

A number of methods have been developed for assessing the environmental-
occupational exposure to nitrous oxide. The predominant ones have included
direct analysis of gas in the air by spectrophotometer as well as air sampling
in special bags, followed by analysis of the bag's content by means of a
spectrophotometer. Another method involves the use of badges which adsorb
the gas from the air and are then subjected to laboratory analysis. Recently,
portable spectrophotometers have been developed which can be attached to
workers' clothing for personal sampling. Unfortunately, the cost of these
portable units does not encourage their purchasing in adequate quantities to
allow the assessment of exposure groups simultaneously. Limitations of the
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method utilizing a sampling bag are the bag's limited air capacity, the
inconvenience to the medical staff of the need to carry the sampling bag
during operations, and the need to perform analysis shortly after sampling. In
contrast, badges are easy to wear and do not require immediate analysis.

Despite the advantages in the adsorption method, there is no consensus as to
the performance of adsorption badges including parameters such as accuracy
and precision. For this reason statutory agencies recommend ascertaining
the validation process carried out by the manufacturer when selecting a
badge for use, or conducting independent procedures of validation.

The goal of the present study was to test the performance of nitrous oxide
badges, in comparison with other methods of nitrous oxide monitoring used in
Israel, in order to determine whether the badges could be used with
confidence for measuring airborne nitrous oxide in operating rooms and
dental clinics, and approved by regulatory authorities for the assessment
occupational exposure in such workplaces.

Methods

The first stage of the study compared methods for sampling nitrous oxide in a
laboratory under conditions commonly prevailing in the field, while the second
stage compared these methods in the field. Three sampling methods were
examined, the first based on direct readings of concentration by means of a
portable spectrophotometer, the second by use of bags for the collecting of
gases in air, analysis of the gas concentration then being performed by the
spectrophotometer, and the third by means of diffusion badges based on the
principle of passive diffusion and laboratory analysis by gas chromatography.
In this case, the direct reading from the portable spectrophotometer was
regarded as a reference method.

For the first, laboratory-controlled stage, a specially constructed chamber
served as a reservoir, into which a known, predetermined concentration of
nitrous oxide gas was streamed or injected from a standard, calibrated
source. The spectrophotometer and sampling bags were connected directly
to the experimental chamber, while the adsorption badges were hung within it
SO as to expose them to the gas. Different test concentrations were examined
for different exposure durations, and a number of repetitions were performed
for each combination of concentration and duration.

In the field stage, monitoring was conducted in hospital operating theaters as
well as in dental clinics, where the gas is used mainly for sedation. At each
site, the concentrations of nitrous oxide were assessed in parallel by the
methods being examined. At the dental clinics personal sampling was
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performed on staff as well as on patients, in addition to area sampling. The
testing was performed under work conditions which prevailed at the time of
sampling, with no other interference.

The concentrations of nitrous oxide measured directly by the portable
spectrophotometer were recorded. The concentrations of the gas in the
sampling bags were determined by spectrophotometer at the end of the
sampling process. The badges were sealed after sampling and transferred
for analysis to a laboratory in the United States.

The experimental data were processed, including statistical analysis.
Precision was calculated by means of grouped coefficients of variance.
Descriptive statistics were employed on the data, and correlation coefficients
were examined by linear regression. Differences between the sampling
methods were examined using paired, two-tailed t tests and the degree of
agreement/disagreement between them by means of the Bland-Altman test.

Results

Tests of the experimental apparatus did not reveal any leakage or other loss
of nitrous oxide in concentrations between 2 and 50 ppm and over sampling
durations up to two hours. A high correlation (r = 0.995) was found between
the direct readings of the portable spectrophotometer and the known,
predetermined, independently prepared concentrations of the gas. The
pooled coefficient of variation for these measurements was 10%; the
manufacturer reports the precision of the instrument as 5% and its
measurement sensitivity as 1%.

Findings were similar in the laboratory stage for the sampling bag assessment
method. A high correlation coefficient (0.995) was found between the known,
predetermined concentration of nitrous oxide and the results of sampling bag
assessment. The standard deviations of these measurements were very low,
and the pooled coefficient of variation reached 6.5%. Measurement of the
gas concentrations in each bag was performed using the spectrophotometer,
so that its precision and sensitivity have their effects here as well. A high
correlation was also found between measurements by sampling bag and
direct spectrophotometer readings for concentrations ranging between 2 and
25 ppm, as well as for higher concentrations (50 ppm). The average relative
deviation between the two methods was 5.6%, and the correlation coefficient
between them was 0.999. No significant difference was found between
measurements made by the two methods (p=0.07). The sampling bag as a
mediating factor does not comprise a source of added deviation relative to the
known, predetermined concentrations, and hence the use of these bags for
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assessing exposure is an equivalent alternative to direct spectrophotometer
readings.

The laboratory stage of experimentation with the adsorption badges included
test concentrations of nitrous oxide at levels of 5, 10, 25 and 50 ppm, which
were adsorbed onto the badges over durations ranging from 30 minutes to 4
hours. The detection limit of the method is 3 micrograms of nitrous oxide or 4
ppm in air. Significant deviations were found between the test concentrations
and those obtained from adsorption of the gas by the badges. The recovery
by the badges was consistently lower than expected based on the known,
predetermined test concentrations. The pooled variation coefficient for all of
the concentrations and durations was 18%. Mean bias of results was 45%
and the estimated combined uncertainty of bias and precision was 73%. The
correlation between the direct spectrophotometer and sampling bag methods
and that of the adsorption badges was poor. In some comparisons, the
relative deviations reached tens of percent, with the badges generally
showing lower values than the sampling bags. The lack of agreement
between the methods was demonstrated by means of a Bland-Altman plot for
the log-normal distribution, and a highly significant difference was found
between the two methods on a paired t test (p<0.0001).

An attempt was made to derive a correction coefficient for the adsorption
badge results, based on the calibration of the amount of gas collected in the
badges against the known source concentration in terms of an exposure dose
(ppm*hr). Correction using this empirically derived coefficient lowered the
average absolute deviation between the methods, but caused some of the
deviations to become positive (the corrected badge concentration became
higher than that found by the sampling bag method).

In the dental clinics, the range of concentrations of nitrous oxide in the air was
higher than the range of concentrations in the hospital operating theaters.
The higher concentrations in the dental clinics reached up to hundreds of
ppm. The course of dental treatment is usually shorter than surgery in
hospitals. Significant differences were found between the sampling bag and
adsorption badge methods of sampling in the field experiments, in both dental
clinic and operating theater sites, for which the average deviation in absolute
values was between 52% and 63.5%, respectively. Low correlation
coefficients were found between the two methods, and a Bland-Altman Test
showed disagreement, even though the paired t test for hospitals gave an
insignificant value (p=0.0683). For dental clinics, however, the corresponding
value was 0.0008. Use of a correction coefficient on the badge data based
on a calibration curve made no improvement in the deviation of the
concentrations that were obtained with the badges as compared to the
matched concentrations obtained using sampling bags.
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From another standpoint, the correspondence between the methods was
examined after results were grouped in ranges related to the regulatory
provisions as to maximum permitted exposure, as opposed to comparisons
among individual paired results. In 26% of the cases, a deviation was found
between determinations of the adsorption badge and sampling bag methods,
as to whether the sampling result was within or exceeded the maximum
permissible exposure level. However, use of the empirically derived
correction coefficient brought the agreement between the two methods in
detecting exposure beyond permissible limits to 100%.

Discussion and Conclusions

In Israel, the accepted method for nitrous oxide monitoring in operating
theaters and dental clinics is the collection of air in sampling bags followed by
its direct analysis by means of a portable spectrophotometer which may also
be used independently to measure exposure. Assessment of exposure using
sampling bags ordinarily does not allow a focus on personal sampling, and
the default alternative is area monitoring, from which an effort is made to
derive an estimate of workers’ exposures. Such derivation is liable to error in
drawing conclusions as to the hazard to workers and regulatory compliance.
The present study examined the performance of passive adsorption badges
as a possible alternative to the sampling bag method, one that would allow
personal sampling. Badge performance was examined in a laboratory under
conditions simulating those in the field. The results obtained by the portable
spectrophotometer were used as a reference for comparison of results
obtained by the other methods, as it is thought to show less deviation and
error, because it is not dependent on intervening stages involving sampling
equipment and time lapses between sampling and analysis.

A comparison between the results of direct instrument measurements and
those obtained by use of sampling bags showed a very good correlation
between the two methods. An average deviation of 5.6% between the
methods is completely reasonable, with the correlation coefficient between
them high and the differences between them not statistically significant.
Hence these methods may be seen as interchangeable, with no concern over
possible loss of material due to bag use or over the sensitivity of the
instrument.

The results regarding the badges show significant within-method variations
and a high coefficient of variation, as well as high negative deviations from the
values obtained by the other methods. These deviations are higher than the
standard accepted in the United States and Europe for maximal permissible
differences. No good correlation was found between concentrations of gas
obtained by means of bag sampling or portable spectrophotometer and those
obtained by measurement with adsorption badges, nor did a statistical test
show agreement between the badges method and the other methods.
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Average Relative deviations close to 50% in the laboratory an over 50% in the
field between the badge and sampling bag methods show the badges to have
an unclear pattern of response, making a reliable evaluation of occupational
exposure difficult, when the critical values for evaluation of this exposure are
either the action level or the maximal level of permitted exposure. In contrast,
examination of the correspondence between the methods after grouping of
the data from each of the methods into the ranges of environmental
concentrations defined by the regulator yields a better correspondence
between monitoring with the badges and with sampling bags.

Based on the conclusions of this study, the use of adsorption badges is not
recommended at this time for the quantitative evaluation of exposure by
means of personal sampling. The badges can, however, serve as a semi-
guantitative indicator of the range of worker exposure when personal
sampling by a spectrophotometer or sampling bag is not possible.
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