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I. ~ODUCTI0N

The construction of a new plant in Southwestern Louisiana for
production of toluene diisocyanate (TIl) r.1ith start of operation late in
1973 led to a proposal by the National Iistiiute of Occupational Safety
and Health (NIOSH) to ~he investigators for a longitudinal study o£respir­
atory health of the workers who would be exposed to' Tn!. The aoility to
begin the study prior to the start of .Tnl production prese!lted the" unique
opportunity of obtaining pre-exposure biologic dat~ on the study popula­
tion. The proposed investigation had the full agreement and cooperation of
the "major chemical company operating this plant and its labor representa­
tives.

It has been known for two decades that reversible ai~Nays obstruc­
tion develops in a small proportion- of 'Norkers eX?osed to isocyanate "vapors.
either during manufacture or application processes; In additien to the"
recognition of the risk for developing this ·£o~ of occupational ast~,

there had oeen a suggestion that chronic progressive fixed airNays obstruc­
tion'fJas detected i::1 an e:!'?osed population and ';.las not related to "sensitiv­
ity" ,. but rather w:'ls a general effect of TDI" exposure.

This multi-disciplinary investigation addressed ~he follOWing
scientific questions:

'(I) - What are the characteristics of plant airborne TO! concen­
trations, particularly in terms of average exposures. as well as variation
in shortter.n concentrations (peaks)? This was first assessed by area moni­
toring using a physico-chemical"methpd for continuous ~onitori~g developed
in the United Kingdom and introduced into-thisinvestigat.ion by the principal
investigator resulting in its first research or other application in the
United States. During the course of the contract, personal sampling for con­
tinuous airborne concentrations of TDr vapor was similarly initiated and

'formed the basis for the comprehensive personal exposure profiles in, these
manufacturing workers detailed in this report.

(2) ·What proportion of exposed workers become .reactive-to TO!
vapor follofJing exposure, what are the temporal relationships be~~eeninitial

exposure and such reactivity, and what "are the clinical manifestations in
the reactive group?

(3) Are there host factors ~hich will serve to identify those
individuals ,..ho are susceptible to TDI exposure and develop the clinical
picture of occupational asth~ as the result of such ex?o~ure?

..-



(4) Can the physfologic consequences (bronchoconst:-ic:ion) of
~~posure insusce?ti~le workers be reproduced i~ the laborato~l 07 broncho­
provocation; and what are the physiologic, i~unologic and expos?re charac- .
teristics of such a reproduced bronchocons~ric:or response?

(5) ~nat is the mechanis~ of TOI induced asthma? Is it immuno­
logic or non-i3munologic?

(6) Is there a generalized adverse effect on respiratory function
in the exposed .....orking population, and.if so, ",hat are its determinants'
(e.g., host factors, level of exposure)?

(7) Is the air~ays obstruction which results from development of
.TDI reactivity reversibie in all instances, or are there'pe~nen~ residual
effects which are measurable by follow-up s-erial ventiJ"Hory function studies?
If penIanent changes. occur in some reactive individuals, what are the deter­
minants of such irreversibility?

(8) Does'development of TnI.reactivity lead to a general (non­
spec~ic) bronchial hyperresponsiveness?

(9) What are the dose-response relatibnshi?s of any acute or
'chronic respiratory effects identified in thisc.-'Cposed population as deter~

:ined either by the longi~udinal field survey.. or ~ronchoprovocation'testing?

(IO) Are there levels of exposure......hich are not associated with
any acute or chronic adverse respiratory health effects?

(11) Are there measurements, either physiologic, immunologic or
other which are likely to be useful in identifying workers who may have 4 high
risk of developing !DI reactivity prior to or during the course. of their ex­
posure?

(12) What is the course of specific and non-specific bronchial
hyperresponsiveness following removal·of the susceptible worker from exposure?

As the reader of this report ~~ll appreciate, considerable ~nIorma­

tion i~pacting on the above questions has been obtained in this five-year
investigation. However, our knowledge concerning TDI-inducedrespiratory
health effects is by no means complete and several issues require aciditional
scientific inquiry for ,thei:- resolution •
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II. ST'JDY DESIG~ ~ro PROTOCOLS

.~ originally conceived, t~e study design sought to compare three
TOI ex?osu~e cacegories vi~h respect to the longitudinal course of :espira­
tO~J S~?to~, spirooetric ~easure~encs, lung volumes and diffusing capacity.
Initial measurc~ents ~ere made oriar to TDI nroduction (and e~osure) enaol­
ing an incii7idual to serve as his/her ovn co~trol.. The ~~ree ~xposure cat7­
gories ~ere (1) TOI production workers in daily contact ~th the chemical,
(2) workers (primarily maintenance personnel) v.rith:.'inter::l.itte:lt TDI contact, rt\-U' ).
and' (3) cOP.trols e:::.ployed outside the TDI production area. In April of 1973, \;," ,\.,,!')
prior to the beginning of TOI production, '168 workers ·,;rere administered a/ ~:z'i' ,JII
modified 5ri tish Medical' ;:\es.earch Council ques tionnaire. ·r t was used to ~

gather 5~l"')k";!'1g hjc::tories and to deter.:linepresenceor ab,~ence of (1) upper L~
,respiratory s~ptoms,· (2) lower respiratory symptc~s, and (3) bronchitis

(see longitud~al symptom analysis section forde£initions). In addition.
the 168 indiViduals underwent spi:::-ometric testing and detenrination of lung
·vol~es and diffusingcapa~ities.

.Of ~~e original 168 participants, 49 had' left ~~e plant (cJO died
.and 47 ei~"J.er were fired or laid off, retired, qui't, or transferred away
from the plant) by. the last visit in October of 1978. This corresponds to
a dropout rate of 4.-22% per visit. In addition to ~he 49 pa,rticipants of
·the originai 168 who had left t~e ?la~t by the last ~~sit, 19 refused to ~er­

form forced expirations at the last visit. !he decrease from 158 to 100
participants at the final visit corresponds to a dropout rate of 6.28% per
visit.

-r

Table 1 presents summary data,byvisit, on spirometry ?artici­
pation for the 277 participants in t.~e data file. Compl;.ting the interview
seems better accepted by the 'Jorke!'s .thanspirometric testing, and there are
individuals with completed interviews who reiused ·to perfo~ iorced expira­
tions. Thus, Table 1 underesti:natesinterview participation.

The manufacturing site •...as visited a second ti.::le in ~ovember, 1973,
at which t~e pre- and post-spirometric testing was Fer=ormed. '~o reiation­
ship be~Neen pre- and post-shift.dec1~ne and TDI e~~osure was observed.
Subsequent visits have tocaled 7.: Septe!:lber, 1974 (spiromecry, lung volumes,
and diffusion); March, 1975 (spirometry); Occober, 1975 (spiroCJetry, lung
volumes, and diffusion); ~1arc~, 19 i6 (spirometry);, ~ove~ber, 1976, December,
1977 (spi:omet~" lung volunes, and diffusion); and October, 1978 (spirometry
and lung volumes). A respirato~l heal~h questionn~ir= was ad~nister:d at
each of ~he :ollow-up visics. C~ange in symptom stacus was assessed by com­
paring the initial visit scacus ~ith chat on the lasc available questionnaire
provided it ·...as ad:niniscere.d at one ofche last three visits ..

3



As the fallo.w-up period lengthened, the original exposure ca.te­
gories lost their i~teg=~c: due to job changing by participants. Concur­
rently, detailed eX?osure in£o~ation oased on personal oonitors became
available allowing the or~ginal eX?osure categories to be replaced by cumu­
lative exposure in ppm-months. (See the environmental section below.)

At visits two through six, new par~~c~?ants were added in order
to preserve the size of. the study population. At th.e~r entry point, the
interview used at the initial April, 1973, visit was administered.

In the Fall of 1976, due to the continuing :erosion of the study
population because of workers leaving the pl~nt, it was decided to follow
up those who had left in order to see if their health had changed since
leaving the plant. There'~;ere,42 people who had left the plant at that ti=e
and of tl-lose. 17 ~..~re successfully tested. The re.ma:'nder··"ere either i!:lpos­
sible to locate or unTNilling to be tested. The results of this follow-up

I were reported in the annual report: 0 f 1977.

All participants w~re tested at their initialsessionW1th a
battery of common inhalant alle!'gens.* The presence of two or more positive
prick tests ·(wheal diameter 1 !DIll greater -than control) was used to define
atopy.

Pulmonary function tests ~ere conducted in.a mobile laboratory on
a Cardio-PulmonarJ inst~ent (~del 5000) Pulmolab.. This unit is capable
of measuring expirato~y flows and volumes, lur.g volumes. and single breath
diffusing capacity. It is equipped with an electronicd~ ~oll~g-seal

spirometer which provides BTPS outputs of all volumes and flows. During a
maximum forced ~~irat~on, the output is fed :'nto an XYT recorder in order
to obtain plots of flow vs volume or time. The parameters calculated f=om
the forced expiration include the forced vital capacity (FVC). the forced
expiratory volu~e in O.S and 1.0 seconds (:EVO 5 and FEVJ) , the FEV1/FVC
ratio reported as a per~ent. the forced eX?ir~~ory flow Der~een 25 and is%
of the FVC (FEF25-7S), FE?SO andFEF2S' All these parameters were measured
-for each individual .....ho '....as available at the ti:ne of testing. l-icwever,
.only satisfacto~l data ~ere used in the analysis. For spiromet~ to oe
satisfactory for an i~dividual, the two largest ~IC maneuvers must be within
3% of one another. In addition, these curves must have a sharp initial flow
with a smooth continuous effort: extending until either flow plateaus to 0.0
liters per second, or seven seconds have elapsed. Therefore, the FVC could

-be termed a•• F:V7' ~"hen there are :nore ':.han c·"o sa'tisfactorycurves, all
. data from the c~o oaneuvers~ith the highes~ combined percent of predicted

* Allergens used were t~ose known t~ be of local clinical relevance and
included Aspergillus s~., Homodendrum sp., :usarium sp., Bermuda grass,
Johnson grass, Helminchosporium sp., Alternarea sp., whit~ oak, giant
rag~eed mi:" elm ?ecan, house dust, marsh elder, :at dander. and dog
dander~
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for FEV. 5 'and n:F"::'_~5 toTere. stored foranalxsis and averaged. These tT...o
parameters should-pr~vide data ~ith the larges.t initial effort indicated by
the high ·FEV.5 ana a good sustained effort, indicated by the large r~:2j-i5'
The only change in calculation p:-oceduresoccv.rred in 1975 ..hen back"....ard
extrapolation was introduced to determine zero time for the beginning of timed
volume (rEV.s. FEV1). At that ti~e, all data preViously calculated were
recalculated using this procedure and L~e data file was updated so that all
data for the anti~e course of the study was standardized ~ith a bac~~ard

~trapolation start of time.

The ,measurement of lung volumes included t~e slow vital capacity
maneuver (VC) and the residual volume (RV) measured by the nitrogen washout
technique. In addition, the alveolar volume (AV) is taken as the sum of
inspired volume from the diffusion test and residual volume. The total lung
ca.pacity (TLC) is calculated as the sum ofRV and the larger of VC orFVC~

"The diffusing capacity for ,careon ~onoxide in units of ~illiliters per ~nute per
millimeter of ~ercury was measured by the single breath ~etho9 (DLCOSE)' The
di.ffusion consta'nt K equals DLCOSBI AV in units of miti-1 mmHg-.L. For ~easure­
ments of, residual volume and diffusing capacity only satisfactory data were
analyzed. For satisfactory data, the residual vol~efrom'two tests had to be
within 10% of each other, or 200 cc, whichever is larger. The smallest RV~as

used in t!le analysis. The diffusing capacity is' repor..ted from t~.70 DL,CO Q.eas­
ure~ents ~ithin 10% of each other in which the alveolar volume is at least
85% o£ the total lung capacity and the time for the test is within ten to

. fourteen seconds.

In 1978, a computerized data reduction system was connected on line'
t;o the Pul:nolab. The output from t~e Pulmol-ab is instantaneously fed by means
ofa ten bit AID converter to a Datapoint 1100 com-puter processor with three
diskette. drives. Data resolution of the computer are 10 iIl1 for volume and
20 ml/sec for flow. The computer calculates the ?arameters listed previously
and uses· the method of b~ckward extrapolation in determining the FEV. 5 and FEV1.
These outputs are ~diately displayed for the technician on a cathode ray
tube, and if the tests are considered satisfactory by the-technician. the data
are reduced i~ the same method previously employed when data were calculated
by hand. The reduced data is stored ~agnetically on diskettes. In order to
insure that this computerized system did not systematically affect data col­
lection, spirometry obtained on 100 individuals was calculated ;,y har..d a:ld
compared to that measured by the computerized syste~. . The mean difference
bet~een hand and computer calculated values were ~thin 1% and 2% of the ob-
served volumes and flows, resnec.t:'vely. \' c,S:l. Co~" (}

In addition to ~easuring spirometric parameters, the comput£r also
deter:nines residual 'JolUl!les and diffusion capacity. :hese data '.Jere calculated
and reduced wi~i, the s~me ~ethods previously e~?loyed. In addition, when val­
ues obtained by computer were compared to those obtained by previous !Ilechoos.
identical data were produced. '

In summa~J, ?ul~ona~, function~easure~entswere conducted through­
out the study using the same ~qui?ment and test procedures. The ~ethod p£
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backWard. extrapolation ~as implemented after the initiation of the study, but
past data ~ere recalculated and the analysis u?dated. In addition, the i~

plementation of a: cOU1?uterized data' reduction syste~ was carefully analyzed
and proved cotll?arable to previous ~ethods oidata reduction and calculation.
Therefore, for the duration of the study, daca'co1lection was standardized
to reduce variability.

The complete data file from all nine visits contains info~,tion on '
277 participants. Four or these are fe~ale and have been deleted from all
analyses. Table 2 presents descriptive statistics on the 274 males in the
study. 857. of them are~hite, 73.7% are current (51.1%) or ex (22.6%) cigar-.. .

, ette smokers, and 20 .l~~ reacted positively to two or. more skin tests. They
have a mean age of 35.9 years, a mean height of 69.9 inches, and averaged
14.4 pack-years of cigarette smoking. All pulmonary function percent pre~ .
dicteds ""ere near 100% with the e."'Cception of FEF25... 75 (91. 0%). ,

III. Tn! 'EXPOSURE DIDICES

",,
, '.1

- ~
j

j
;J;,
j
I

A. CUmulative E~osure

TWo thousand and ninety three personal samples on 143 workers were
collected using X~ type 4000 tape samplers and 4100 MOl integ~a~ing Reader
Recorder System, botn ~nu£actured by Universal Environmental Instruments
and s~?plied by MDA Scientific Incorporated of Park Ridge, Illinois. Sam~-

. ling ""as done in a relatively uniform manner with res-pect to time' from June,
1975, through October, 1978. All job categories in' the !DI manufacturing
area are represented in the 143 people monitored.

Appendi.'1: 1
program and Appencix
exposure categories.
and the' cwo exposure

details the technical aspects of the !DI monitoring
2 treats the statistical methodology used to define"

In this section, the environmental data are summarized
iD~ices developed fOT each participant are described.

One hundred and forty fout-of the 2,093 personal samples were
'taken by maintenance workers during a single one-month period in 1975 (called
turnaround time) of concentrated maintenance activity. Since these mainten­
ance workers were not a representative coll:ction of maintenance workers and
since no sampling was done during subsequent turnaround times (the ~earing of
monitors '.Jas an i:npedi:nent to \.lark perioc:Jance). these 144 samples' were not
used to determine cumulative ex?osure. categories.'

Since the frequency distribution of the 8-hour time-weighted aver­
'ages of'the remaining 1,949 samples, re?resenting 42 job titles, was markedly
skewed 'to the right, they '.Jerel:.ransformed ~sing logarithms t:o the base 10.
The frequency distribution of the transfo~ed 3-hour time-weighl:.ed averages

6
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'OI'as appro:d~ tely symmetrical and the follo\ol'ing categories \.Tere d.efined
on the log scale:

Category

1
2
3
4
5
6
7
8

TWA1
LOG (TWA)

lower lim t ul'per limit lower li.mi.t upper limit

0 .00025 -4.00 -3 .. 60
.00025 .0005 -3.60 -3.30
.0005 .001 .-3.30 -3.00
.001 .002 .";3.00 -2.70
.002 .004 .' -2.70 -2.40
.004 .008 ' -2.40 -2.10
.008 .016 : -2.10 -1.80
.016 .032 -l.80 -1.50

(If LOG (T'NA) coinc;ided •..ith a category boundary ~ it 't; 1S placed
in the lower category.)

, Figure 1 contains histog!"amsof the 1949 8-hour time-wei,.ghted aver­
.ages use.d to develop e:q:>osure categories and of the 144 "turnaround time"
8-hour time~weighted averages. Table 3 contains des~!"i?tive statistics for
the, same two sets of S-nour time-r..;reighted avera;ges. .

Using clustering techniquesdescribed'1n Appendi;!: 2, ,the 42 job titles
~as described by 1949 8-hour :i~e~weighted averages were divided into three
categories: HIGH, }fODERATE, and LOti. The jobs ·... hicn cnake up each category ,are
listed in Table 4. The jobs cluster by exposure as follows:

I;, ,
, ..

(1) - TDI C-Operators and DrummingE-Operators in ,the HIGRGROl.,?
(2) TDI Foreman, !DI B-0l'erators,TDI :na.intenance l'ersonnel, and
Laboratory Samplers in the ~1ODE'R.\TE GROW, and
(3) Primarily non-TDr area located joos i~ the LOW GROUP.

the !DI

Histograms on the LOG (TJA) scale and descri?tive statistics in ppm
·for each of three ~~osure categories .are presented in Figure 2 and Table 5
respectively. The histograms prOVide graphic verification of the separation
between the HIGH and .LO\.J' GROUPS (80i; of the samples 'in t!1e LOI'; GROUP fall in
LOG (TT";A) category 4 or lower T.,.1hereas BO% of the sampleS i:1 the a'IGH GROUP
fall in LOG (TI-1A) categorf 5 or higher, );Ji th the ~ODERATE GROUP lying in an
inte~ediate ?osition, The descriptive statistics in ppm show ·~hat the 25th
percentile, the ~edian, the geometric mean, the mean, and the 75th percentile

l~';A - 8-hour time-weighted average

j
I

.1
;
I

!
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all increase appro:<i:nately by ::lultiples of t·.....o from the LOU to HIGH C~n:GOR'!,

thus establishing a definite e:qosure g't'ad·ient.

Job histories collected from personnel records and interviews ~ere

used to dete~ine the number of mont~s a participant spent in each of the
three exposure categories. C~ulative ex?osure in p~m-mont~s Nas comp~ted by
multiplying t~e ti=e i~ an eX?osure ca:egorJ by a representative measure of
concentration for that category and then su~ing the ~hree obtained products.
The representative measure of ccn~entration was taken to be the geometric
mean of the oeserved 8 hour time ~eighted averages for the category. The
geometric mean instead of arithmetic mean ~as used as' a measure of central ten­
dency since ft is more representative of the central ',portion of the distribu­
·tion ~hen, as is the case ~ere, positive skeWness is removed by taken logarithms.

B. Time Above .02 nom

In addition to calculating the 8-hour time-weighted average
from each personal sample, the length of time the concentration.~as above
each of ,the levels .005, .01; .02, .04, .06, and .0S'ppm ~as recorded. This
1nformatiopon the 2,093 samples representing 50 job, titles'was used to
develop "peak e:qlosure" categories as desc:::-ioed in .-\ppendi:{ 2. The job
titles for each of the rescl:ing categories are listed in Table 6. The
proportion of time spent above each level is presented in Table 7 oy cate­
gory.

Using individual job histories, the time spent above a par~icular

concent't'ation level ~as calculated as the sum over peak expbsure categories
of the product of time s-pentin th.e category andpropor"Cion of t~e s-pent
above the level for that category. This quant~ty whose units is months was
used' in seeking associations between health effects and peak exposure. Thi3

. index is not equal to the actual time above a particular level but is only
proportional to it. The constant of proportionality (approx~tely .25)
adjusts for the· fact that in a 30 day or no hour month, approximately 168
hours are spent in the workplace.

Although si.."{indices of peak exposure, oneror each concentration
level, ~ere calculated, they ~ere so highly correlated (the smallest correla­
tion coefficient was .96) that ~e'have used only the time ~bove .02 p-pm in the
health effects correlation analyses. 3ecause of its nigh correlation with
the other five indices, no new information ~ould be obtained by substituting
the other indices for time above .02 ppm.

c. Assignl:lent of E:rnosure I:'ldices for Cor-.::-elation Studies

Four different sets of statistical analyses. one each for s-piro­
tnetry, lung volumes, dif:usion, .:md respiratory sympto;ns are presented in the
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folloving sections. ;iince the visits .for ,...hich usable data is availabla
is different for each four analyses, exposure indices have been computed
separately for eac~. ~us, for example, the c~ulative exposure and t~e

above .02 pp~ indices for spirometry vere computed -from time of initial
exposure at the ~nu£acturing site through the date of the last visit for
which usable spirooec=ic data on the participant is available. In a
similar ~anner, the ~~o ex~?osure indices were computed for each participant
for each of the thtee other analyses.

In addition to treating cumulative eX?osure and time above .02 ppm,
as continuous variables as defined above, cumulative-exposure and time 200ve
.02 ppm categories '-Tere also developed for use in reJating a health effect
to exposure. One of these categorizations dichotomized the continuous
exposure index and the otrler created three subgroups as described bela,",.

For cumulative·exposure GROUP l consists of those participants
f ....hose cumulative cX?osure (for a particular analysis) was less than or

-equal to .0682 ppm-months and GROUP II those participants with m.ore than
.0682 ppm-months of '::Qosure. To create three cumulative e:qlosure cace­
gories, GROUP II ~as further dichotomized into GROUP lIA '~~ GROUP 113

, using a division point of 0.1 ppm-ilonths. 0,.0682 p!'m-months = (0.0011 ppm)
X (62 months) ~as chosen as the first division ?oi~t because it corresponds
,to the .:xposure accumulated by a participant who spent 62 months, the time
from initial TDI production to the end of the study, i~ the lovestconcen­
tration ~~osure categorJ ~hich has a geometric oean of 0.0011 ppm.7his
placed approximately CWo-thirds of the population into GROu~ I. The division
point to dichotomize GR00T II into GROUP IL~ and IIB ~aschosen so as to
res~lt in approximately equal numoers in these t~o s~Dgroups.

For time above 0.02 ppm GROUP I consists of those participants who
spent no longer than 0.19 months above 0.02 ppm and GROUP II those partici­
pants -..rith exposure lor-ger than 0.19 months above .02 ppm. This-division
point corresponds to the time spent above 0.02 ppm ,for a participant ~ho

spent the full period of 62 months in the lowest peake:qlosure category .
. GROUP I determined in this ~ay contained approximately two-thirds of che
study populacion. To create three peak exposure ca~egories. GROUP II -..ras
further subdivided into GROUP IIA and GROUP 113 of approximately equal
numbers using a division point of, one monr.h.

IV. LONGITUDINAL RESULTS ~~ ~~ALYSIS

~1
I; -

;f

A. Introducr.ion

The overall objective of this longitudinal study has been to
re.+ate change in variables representati',e of health status to· host factors
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and variables reflecting eX?osure to TIn. The health status variables
considered in the longit~dinal ana17sis ire spirometric ~easure~ents:

FEV FVC "::":"".J"' ~"::.,- 7- rEF-Oj cii£fusion capacity OLeo and :(;1 ' """ , ... ,..... 10, .. ,l;;"..., J - )' "'"I •

lung volutles: ?.V, TLC, and (3.V/TLC) X 100; andrespir:!t~r"l s~?~oms:
upper respiratory syoptoms, lower res?irator; s~ptoms;. ~ronch~t~s and,
dyspnea. The host £actors considered are cigarette smoK~ng as ~e3sure~

'by pack-years and, ato?~cstatus as defined in the section on study de~~gn
and protocols. !Dr e:qosure indices as jefined in. t.he sect~on on en~~ron­

mental characterization have bean based on cumulat~ve exposure and t_me
above .02 ppm.

Each of the health status variables with th~ exception of respira­
tory sytn-;:>toms are quantitative in nature and annuaL c:'ange for the!Il has been
computed as the slope of, the ,least squares straight line us'ing tue since
initial visit as the independent variable. U~~ble data f~om three or more
Visits yas sufficient to include a participant in the analysis. The slopes
or annual changes ~ere regressed using the technique descri~ed in Appendix 2
on independent variables representing TDI exposure, atopic status, and
cigarette s~oki~g. For eac~ of the pul~onary iunct~on measurements six
regressions were perior:ned. In e.3.ch regression pack years of cigarette smok­
ing and atopic status as represented by a dummy variable equal to 1 if the

.pa'rticipant was atopic and 0 othetvise" ......ereinclud·ed in the independent
'variaoles.7he coef£icic~t of the variable representing atopic status is an
estimate of :he mean annual change in atopics minus the mean annual change
in non-atopies af-cer controlling for the other variables. The variao1es
representing exposure to TDI in the si:t regres'sions are as fo110......s:

'"

Regression 1

Regression 2

Regression 3

Cumulative exposure in pp~months.

A dummy variable called cumulative exposure category II
which is 1 if cumulative exposure is greater than .0682
ppm-months (See the EnviroOl::::.ental Characterization for
the rationale behind choosing t:~sdivision point.) and
o otherwise. Thus, t~e coefficient .::Jr this variable esti­
mates the mean annual change of the cumulative exposure
GROUP II participants mi~us the mean annual change of the '
cumulative exposure GROUP r partici?ants ·CSee the Environ,",:,
mental Characterization S~ction ror GROUP. I and GROUP II
definitions) after =ontrolling for the other variables.

In this regression TnI exposure is-represented by 2 dumm;T
.v~riables: ,

(1) Cumulative eX?osure categorY,IL\ ~hich is 1 if
c:.unulative 2-'qlosurp. is gr~ater than .0682 t7-pm-months
and 0 othenlise, and

(2) Cumulative ex?osure categorJIIB ~h~ch is 1 if
cumulative ex?osure is greater than .1 ppm-months
and 0 ::lther..1ise.
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'f

Regression 4

Regression 5

.Regression 6

Thus, the coeffici'ent of cumulative e."<posure category
IIA ~stimates the differ~nce in ~ean annual change ~et~een

GROL~ lIA and GROL? I (G~OL~ IIA-GRO~? I). The coefficient
of cumulative exposure c3tegorJ lIB esti~tes the difference
in mean annual c~anges becween GROUP lIB and GROL7 IIA
(GROUP lIB-GROUP IL\). 30th of these est~ated differences
in means are after cont=olling for the other variables.

Time above .02 ppm in months.

A dummy variable called peak exposure category II indi­
cating that a participant belongs to time above .02 ppm
GROUP II (See the Environmental Characterization Section
for defi~~tions of GROL? I ~~d II). Tne coefficient of
this variable has been an int~rpretation analogous to that
of the coefficient of cUI!lula~ive exposurE. category 11"io .
Regres'sion 2.

Two dummy variables called peak exposure category IIA and
peak a~osure category lIB ~hich, indicate respectively
membership in t~me aoove .02 ppm GROL7S II and lIB. ~e

coefficients of these variables hav~ interpretations analo­
gous to those of c~mulative exposure category IIA and cumu­
lative e:q?osure category 113 of Regression 3.
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Tables 8 through 13 present the'results of theSe regressions. The
numbers in parentheses in these tables are the regression coefficie~ts divided
.by their standard errors and should be cOID?ared to percentiles of the normal
distribution for tests of significance. Thus, a regression coefficient is
significantly different from 0 at the C1 = .05 level if it divided by its
standard error exceeds 1.96 in absolute value.

Each observed annual change is the sum of the unobserved true annual
,change and an estimation error tero. It is the variability of the true annual
changes which we are trying to a~~lain by the inde?endent variables in the
regression equations. The last column headed "% variability ex-plained" in
Tables 8 through 13 is the percent of tr~e annual change variance a,,<-plained
by independent varia~les in the regression equations. Estimates of the true
annual change standard deviation for each pul~onary function considered are
given in Table 14.

The estimation error term is the result of t'he variation in individual
pulmonary function jete~inations about a participants regression on time.
The differe~ce5 bet·.Jee~ individ'.1al determinac:ions and the fitted regression on
time are called residuals. The ·,ariation in these residuals depends on, among
other things, technical measurement error, seasonal variability in pul~onary .
function, technician effects if they exist. and daily variability in ?ul~ooary

function not affecting physiologic st3.te. The residual erTCH standard devia­
tion for each pulmonarJ function considered is given ,in Table 14. ;~' \_
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Estimated ~ean a~nual changes and their standard errors are presented
. in Table 14. The remaining columns of Table 14 are more fully discussed in
Appendi..~ 2. Here we only note that for each pul'JlonarJ function approximately
50% of the oeserved annual c~ange variability in a participant studied at all
nine viSits is true annual chan;e variability and hence is available for
~~lanation by host factors and exposure to TDI~

With the possible exceptions of FEF25-;S and'FEFSO the spirometric
~ean annual changes found in this longitudinal study ~re not markedly different
from cross-sectional studies. The FEFSO longitudinal.mean annu",:l change is
3.5 to 7.5 times that 'expected from cross-sectional results, depending on ~hich

prediction equations are used. .

[
. Estimates of th~ mean annual changes in th~s study population for K

-.716 (min-!!lI!lHg-year)-.L] and TIC (.32 m.l/year) differ from Cotes' ( 1 ) cross­
sectional age coefficients. ~ean annual cnange for K differs by a factor of 18
and nC'annual change is statistically significantly positive whereas Cotes'
cross-sectional age coefficient is O. .

" Longitudinal ?.V and (?.V/TLC)X 100 annual changes, although larger,
are not markedly di.£ferent torom that e~ected from cross-sectional studi:s".

B. Spirometry Results

~NO hundred and twenty-sL~ participants had complete spiromet=y
from three or more visits. Table 15 presents sUl!lI:lary statistics on these' 226
participants and the 48 who did not have complete data for the required number
of visits. There we=e no important differences bet~een the ~NO groups. Three
participants of the 226 lacked data on at least one of the exPlanatory vari-:
ables and consequently have bee~ deleted from the analysis.

In each of the sLxregressions, bothFEVl and 7VC annual declines
vere significantly ?ositively related to pack-years of s~oking with each
pack-year contributing .6 ml/yr to FEVl annual decline and. 7 ml/yr to the
FVC annual decline. ~either ?EV, nor FVC annual decline ·,.;ere significantly
related to.atopic.status. ~eitherF~V;~, FEF25_7?~ nor FEFSO annual declin~

,were assoc~ated w:lth pack-years of c1.garette smolUng. Atop:lcS showed conS:lst­
ently s~aller FEF25_75 and FEF jQ annual declines than non-atopies at p-values
ranging frofu .12 to .18.

No spirometric measure1!lent was significantly associated with cumula­
tive exposure treated as a continuous variable. :-Ioweve.r, •.....it~ the exce?t.ion
of PVC all annual declines became great.er ~ith increasing cumulative' e:~osure.

Using one-tail~d tests o.! significance ?D71 (p:o .034), FEV~~ (p = .Ol~).

andITF25_7S (p ,= .004) estiJ:lated -:nean annual decli:les (after controlling for
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"atopy and pack years of smoking) ""ere. significantly greater (12 ml/yr:,
.20(yr)-1, and 41- lIil/se.c-yr respectively) 'in cUl:'.uladve e....<?osure GROUP n
(i. e., those par-cicipants '..lith. cu:::mlati'le, exposure greater than .068.2
ppm-months) than in GR01~ I. At 14 pack years or ci6arette smoking, the
mean number of pack years for the group of the 223 ?a=-cici?a~ts used in this
analysis, the esti~ateci ~ean an~ual declines (See Table 16) for non-atopies
in GROU? I are' 20 :TIl/year, .28 yr-1 , and 84 :nllsec-yr res?ecti"lely. Thus, I
even though there isa dose-related effect ror FSV, and :'F.V~~ annual decline, \
the absolute level of theoean anr.ual declines in the higher e:~osure group j
are approxi'Jlate1y the same as expected, from cross-sectional studies. How­
ever, the GROUP I and GROUP II FEF25_75 esti~ted mean anneal declines of
'SO ml!sec-yr and 121 ~/sec-yr for non-atopics with a pack years of cigar- t
ette smoking are signHicantly greater than the cross,-'sectional annual decline •
31 ml!sec-year reported by K..."'ludson, et al (2) for oale "ne'ler-smokers" over
a~e 25.' The GROu~ I esti~ted mean annual FEFSO decline of 103 ml/sec-yr for
non-atopies at 0 pack-years is also significantly greater than cross-sectio~al

annual decline of 15 ~/sec-yr reported by Kn~dson. et al (2). The biological
significance of the discrepancy ~et~ee~ FEF25-75 and FEF50 annual changes as
computed from longitudinal data and that e~ected based on cross-sectional,
studies is not ~~o~~. It could mean either that the ?opulation under study <l
has abnormally large declines in tnese flow rates, indicat~,g a deleterio~ ;
effect on respiratory health, or that it is inappropriate to compare flo"" ,
rate annual change~ from t~ese two types of studies. The magnitude of ~he

differences between GROur I and GROL~ II (-41 ml!sec-yr for FEF25_75 and
-29 ml/sec-yr for FEFSO) reflecting a relationship to TnI expo.sure together
wit~ large annual declines for these pulmona~J functions is suggestive of a
hazardous local environoent with Tnl ~~osure increasing the risk.. In any
event, .independen.t of the level of annual change, there is an exposure
related effect for FEVI , ~EVi.) and FEF25-75 annual decline.

When GROUP II is dichotomized into ·GROUP IL~ and GROUP IIBusing a
division point of .1 ppm-months, a larger >Jlean'decline is to b'e expected in
CROUP !IB than in GROu~ IIA if ;:here is a dose-response relationship. For'
FEVl , FEV%. and FEF2S- 75 annual declines, which showed an association ""ith '
the cUT!lula t.i'le exposure dichotomized at .0682 p'pm-months, this ""as not found.
Although the declines were smaller in GROlJP lIB than IIA, statistical signifi­
cance (two-tailed ?-values = .19,.68, and .50 respectively) did not obtain~
Estimated :nean annual changes for these pulmonary function measurements are,
presented in Table 17 by e.xposure group for non-atopies T.Ji"th 14 pack years of
smoking. Since. large cumulCitive exposures are associate.dwith participation
from the be~inning of che study to the later visi;:s, the highest eX?osure
group is possibly a survivor population. Such a selection could e:{?lai~ ~he

non~signifieant decreases in annual declines from GROUP IL~ to GROUP lIB.

With the exee?tion of rvc annual decline, all spirometric a~nual

declines increased ""ith increasing time above .02 ppm treated as a continuous
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variab.le. Using one-tailed tests .of significance', p-values fO'r the relation-
h . b ,"C""I' -~11~' -E.... d l:"'~ 1 h f t 11 .5 ].pec-....een ._J1' .ct. lo, r 425_i5.an ~ ...L'50 annua c anges a ter·con ro ~ng

for atopic status and pack years of smoking were .lS~ '.027, .034, and .32
respectively.

Again, using one-tailed tests of sig~ificance FEV1 (p = .05),
FEV% (p = .05), ?EF25-75 (p = .023), and ?~F50 (p = .038) es~imated ~ean

annual declines a£~er cont~olling for atopy and pack years of smoking vere
signif~cantly g~eater (11 m1/year, .15 (7r)-1, 32 ml/sec-yr, and 40 ml/sec-yr)
in time aeove. .02 ?PO GROu"P II (Le., those .participants. '..nth time above .02
greater than .19, Jlonths) than in GROUP 1. At 14 pack-years of cigarette smok­
ing .estimated 'Jlean annual declines (See Table 18) for,non-atopics in GROw"? I
are 21 ml./year, .31 (y"!,)-l, 88 ml/sec-year.,. and 106.ml/sec-year respectively.

.Thus, as in the dichotomized cU!<lulative e~osure regression, FEVland FEV%
annual declines are approximately the same as those expected from cross-

. sectional results whereas FEF25_75 and FEESO declines. are greater' than
~ected. .

When the time above .02 ppm GROUP II is dichotomized into GROUP IIA
and GROUP lIB using a division point of 1 month, annual declines were smaller
in GROUP lIB than in GROUP IL~ for F~il and YEF- O and larger ior FEVi: and
FEF25-75' In no C<3.se •....as the GROUP 1I3decline

J
significantly different at

the .05 level f-:-om GROUP IIA. Estimated mean annual changes fo!'these pul­
monary function measurements are presented in Table 19 by exposure group for
non-atopics ~ith. 14 pack years of ~oking.

Previous authors, notably Fletcher•.et al' (3), ,Berry (4), and
Berry, et al (5), have no~ed that observed annual change for FEVI is the sum
of two components: true annual change and estimation error. The ~agnitude,

of the estimation er"!:'or is detennined p.rimarily by length of follow-up, the'
variability of an individual' FEVI determnation about the true value, and- to'
a lesser extent by the distribution of visits :,etween end points. Fletche-:­
et a1 (3) estimate the standard deviation of an individual "FEV, determina­
tion about its true 'lalues as 160 ~l. Berry r s (4) estimate, d~rived from
several studies, is 120 ml. Our estimate of· 133 ml is' comparable to these
t\o7o.

We have estimated in our 5.5 year study that approxi:n.ately 50% of
the total variability (i.e., variability betNeen obse~led FEVl annual changes)
is real variability (i.e., variability be~Neen t~le annual changes) and not
due to esti~a~ion error. oerry, et al (5) and Fletcher et al (3) also estimate

. this percentage at 50% for studies 2.5 and 9 years in length,respectively.
We expected ~hat 3er~,' s estimate of this Percentage would D.e less ~han ou:;:,s
because his follow-up was shorter and thatF1e~cher's would be larger because
his follow-up time was longer. This expectation is not realized because the
three total variances differ.
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Berry's total variance is larger than would be expected from the
increase in estimation error caused by the comparatively short follow-up
period. rhus,. although. 3err;'s :-eal variance as?erc2ntag~ of total variance
is the same as in this st~dy. his acsolute real variance is larger. This may
be due to the cotton dust exposure of his population producing abnormally
large FEVI annual declines in some i~di',iduals. Si~la:-ly, Fletcher's total
variance is smaller than ·....ould be eX?ected from the deer-ease in es tima tion
error caused by the comparatively long length o'f his follow-up period. This
results in a smaller real vari~nce possibly reflecting t~e relative homo­
geneity of his population with regard to FEVl anpual ihange. In addition,
the statistical met~odology e~ployed by ~letcher assi~~s ~ore of the total

·variance to estimation error than does ou:- methodology. This would tend to
decrease real variability as a percentage of true variability.

Our conclusion is that these three studies for which leng~h of
follow-up and variability among true annual changes were quite different t

neverthel~ss, exhibited remarkedly comparable standard deviations of a
single FEVI de~er~ination about its true value and that ~he unexpected com­
parability of real variance as a percentage of total variance is explained
by the differing population cr~racteristics and statistical methodology.
In short, the three studies produce no ~onflicting results.

In a ·previous annual report dated March 15, 1976, and in Butcher,
et a1 (6), we reported an annual increase in FEVI of approximately 55 ~/year.

This increase, based on the first five ~isits~ was recognized -as being ab­
normally hign but was reponed because extensive checking at the time reveal­
ed no reason to doubt its validity.

Before proceeding ',.;ith. the analysis reported here t we e.."'l:amined FEVl
for the 33 participants with complete spirometry at all nine visits in order
to determine if there ~ight have been a systematic bias at any of t~e visits.
A graph of the mean FEVl's by visit for these 33 participants is presented
in Figure 3 together with a least squares straight line iit to the means.
This straight line gives an FEVI annual change of -21 ml/year. There is an
eyident peak in mean FEV, at the October, 1975, or 5th visit. A linear model
as .in Fletcher, et a1 0), containing a secular bias ter:n for each visit
resulted in a significant (p < .00n·bias ter:n of 134 ml at visit 5 ~l No other
visit e~~ibited a secular bias. A straight line fit to the FEVl means for
the first five visits results in an annual change of +37 ml/year which to­
gether with the now knowLl positive bias a tvis it 5 suggests that the Fr1l
annual increase reported earlier was due to the syst~~atically high FEV} 's
at visit 5.

We considered not using the-visit 5 data in the currene analysis
but decided agains~ that course for three reasons:

I Both F'VC and FEF25_ 73 also exhibitedsignific.:l.nt biases at visit 5.
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(.1) After e..xtensi·Je searching, we have found no explanation for the visit 5
bias; (Z} becaus.e visic 5 is appro;dmately :n.i.dway in the' follo·....-up period,
it has little effect on 3n. individual participant's F~V, slope prOVided the
participant has at lease one data point available on eic~e!' side of visit 5;
(3) when those partici?ants with visit 5 as either their first or last usable
visit ~ere not used i~ the rEV

l
analysis, the results ~ere si~ilar.

C. Diffusion and Lung Volume

One hundred and si:tty-five part1.cipants had diffusing capacity
deter.ni:J.ations from three or ::lore visits J 'and 183 participants had complete

, lung volume dete~inations from three or more visies.: Tables 20 and 21 pre­
sent' su~ry statistics on those participants '~ch, and without three or more
complete deter.ninations ior these two sets of pul~onary functions. ~o import­
ant differences between the t~o sub-groups of participants were revealed.

Of the 165 participants ~ith diffusing capacity deter.ninations, one
iacked data on at least one of the explanatory variables and was deleted fr~m

the analysis. Similarly, three participants have been deleted from the lung
volume longitudinal analysis.

In each of the six regressions RVand (RV/TiC) X 100 annual increase
was significantly ~orrelated ~ith pack-years of smoking adding 1 ml/year to
the RV annual increase and .01 (yr)-+ to the (RV/RC) X 100 annual increase.
'~one of the ,other pul:llonar; runc tions (DLCO ' X,or TIC) considered, ~ere
related to pack-years of smoking.

Of the five'pulmonary functions c.onsidered, only K",,;as significa~tly

(p < .05) related to atopic status. This relationship ~as evident in each of
the six regressions ~it~ K in the atopies declining approximately .4 (m~~mmag)-l
per year faster than non-acopics. 'This finding is ine:qlicable.

With respect to theexposur.e indices, TLew-as not significantly related
'to any of the six exposure indices. Kand DLCO had a significant (p < .05)
relation to exposure in all six regressions'::'uc it was paradoxical in nat!.lre,
Le., annual declines decrease with inc.reasing e:ll.-posure. RVand (RV/nC) X 100
were not related to cuoulacive exposure as a continuous variable or when i: was
categorized into 1:''';0 or three groups. They both shOwed a significant (p < .05)
paradoxical relationshi? with the time above .02 ppm variables, i.e., annual
increases in these 1:''':0 pulmonary functions decreased with increasi~g time above
.02 ppm.

D. Resniratorv Svmntoms

Four patte~s of sympcoms as determined by the questionnaire
are e~amined in this analysis:

I
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. (1) upper res?iratory symptoms ~ cri? at the flack of the nose,
,hay fever or its .S'j":n1)too.s, s,ious trouble or postnasal drip;

(2) layer respiratory s~ptoms: usual cough, ?hle~. wheezing,
attacks of shortness of breath with wheezi::lg, or breathlessness when '.Talking
with other people;

(3) bronchitis: usual cough and phle~ more than three months in
the preceding year;

. (4) .
level. Grade 3
walking a t own

dyspnea: Grade 2 or higher where Grade 2 = ~hen hurrying on
= when walking '..rith others. Grade 4 =·stop for breath yhen
pace.

To be included in th~ longitudinal respiratory symptom analyses
a participant must have had both. an initial inte=vieT

"; and a final (i. e. ,
the latest of the last three visits) follow-up i~t~rvieY in order to dete~ne

respiratory symptom status for each of these visits. ~wo hundred and three
of the total of 274 participants had sufficie!lt infor:nation to deter:uine at
least one of the rour respiratory symptom com:pl::.."'{es considered. Table 22
presents summary statistics on these 203 partici?ar.ts and the 71 wit~out

sufficient information. There were no imp'ortant di'::erences between the !:'",.,TO

groups. On~ participant lacked data .on the e~lanatory variables and yas
discarded from the analyses.

Tables 23 and 24 present for each of the four 'sYlIlptom complexes
the nu."i1ber of pa:=ticipants in each of. the four categories: (1) symptoms
~resen~ at both the initial and last usable inter;iew, (2) symptoms present
at initial interview and absent at' last usable inter;iey, (3) symptomS ab­
sent at initial interriew ~id present 'at the last usable interview, and

. (4) symptoms absent at both the initial and last usable interview. -These
numbers arc broken down by c~mulative exposure catego~1 using .0682 ppm
months as the dividi~g point in Table 23 and by time above .02 ppm category
using .19 months as the dividing point in Table 24. Each. table further sub­
~ivides the e:~osure category by atopic and cigarette smoking status.

If a higher proportion of participants i~ ~he higher exposure cate­
gory acquired a s~ptom pattern between the initial and last usable interview
(using those with any type of change as the deno~nator), this ~as taken as
evidence of an e:~osurerelated effect. All rour 3Yuntom oatterns ~~~ibited

this effe~t using' either· cumulative e.:90s·ure or ti:n~ ~bove' .02 pp!ll 'category
. to. represent e.:o..?csure. HOt.-ever, statisti~3.l signi£ic3.nc~ \"-a5 not obtained.
The lowest p-value wes .13 for the relationshi? b~r.~.;een bronc~itis and cumu­
lacive ~~osure categor/.
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For upper "espirator; s:r.nptoms and dyspnea the percentage of partici­
pants changing sy~?to~ c~tego~l who ~ent from as:~.ptomatic to s~?tomatic

sig:lificantly e:.::ceeded 50%. This together with high prevalence rates for J
upper (38~~) and lower (30i~) respiratory symptoms at the initial intervie·.,r
suggests a hazardous local envi~o~~ent. either general or ~ork-related, or
both. However, ~e found no statistically significant relationship be~..reen

acquiring respiratory symptoms and eX?osure to TDI.

E. Immunology

" -1
IgE (1. U. hnl) and eosinophil levels c.cc:n) were determined at

all nine visits and the first six, respectively. To control for possible
. seasonal effect on these ~wO variables, a Fall and a Spring average ~ere

calculated for each partic'ipant:. Average IgE levels across participancs ....ere
higher in the Fall than ,in the Spring (269.0 vs' 155.0, p < : 001) . There was

,no difference between average Fall and Spring eosinophil levels (J27.0 vs
.224.0) •

.Associations were soughx be~~een Fall IgE and eosinophil levels
with atopy as de£ined by.~~o or more positive s'Kin t~st reaccions to common
allergens, pu1;nonary function at the time of initial ,visit, and longitudinal
course of pul~onary function.

Fall IgE level was moderately correlated ~ith, skin test atopy
(point biserial coefficie.nt = .li, p :: .. 01) while Fall eosinophil level was

,not correlated with it (point bise~ial coef£icient=.09, ? :: .12).

Pulmonary function (in percent predicted) at initial interview was
not significantly associated wic~ IgE level dichotomized at 300. Only K
Yas' significantly associated (p :: .01) with eosinophil level dichocomized
at 250. Those with an eosinophil level less than 250 had mean K pe~cent

predicted equal to 101.5 as opposed co 94.4 for those with eosinophil levels
greater than 250. No pulmonary function annual change shoved a significant
relationship bet:"'..;een either IgE dichotot:li.zed at 300 or eosinophil level
dichotomized at 250 after controlling for the cumulative exposure greater

. than .0682 variable a~d pack-years of smoking.
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V. TnI RV.C!ORS

A. Clinical and Ecide~iologic Features

We consider those persons TD! clinically "sensitive" ~ho

develop recurrent res?irato~~ signs and s:r.Jptoms upon repeated e:qosure to
loW" c.onc.entrations of TDI,or i:1. some cases unidentified re.=.ctants or by­
products of !Dr manu£~cture. The defini:ion must be qualified because some
workers develop re'lersible airways obs~ruction in the TOr area, oetain relief
upon transferrir:.g to other areas, but fail to' react to pure TDI vapor in
bronchoprovocation challenges.

Tnl is an irritant and is detectable in relatively low concentra­
tionsby non-sensitized persons. This probably explains ~hy sensitization
is most often descrfbed by the subject as a "loss of tolerance" to t!'le
material. Dry cough is the ~ost frequent symptom, but chest tightness, exer­
tional breathlessness, 'Wneezing and shortness of breath are also cOun:!on.
Orth~pnea is usually present in nocturnal attac~~. Sputum is unco~bnlY
reported unless. it ~as present prior to sensitization. Reduced strength or
stamina were common complaints of those who continued to have TnI exposure,
and these symptoms aba~ed following cessa:ion of exposure.

A delay of about one-half hour ~as the most commonly re?orted inter­
val between known eX?osure and onset of symptoms. A majority of persons,
however, reported increased symptoms after leaVing· the plant, suggesting
either a dual or lace reaction. Immediate onset, that is" ...itnin a few
minutes of ~~.osu~e, was rarely reported.

Of 277 persons in the study population, 12 men (4.3%) became clini­
cally "sensitive" to !Dr (see Table 25). ~ine of .these 12 men became sensi-

. tize.d after less than 12 months of TDT ~"'Cposure, eight of those after less than
four months of ~~posure. Six of the 12 had known major ~~osure in TDI spills.
Three of the 12 were atopic, that is, ,had 'tWo or more positive re.actions to
skin test~ng ~ith common inhalant allergens. Six persons under~ent broncho-

.provocation challenge with pure TDI vapor: two of these re.acted, and four did
. not react, to levels of less than .02 ppm. Five of the 12 had never·smoked.

The sensitized persons were rather evenly divided be~Neen operators in the
TD! area and maintenance workers in the same area. Tne, lone sensitized subje~t

from outside the TDI area was a chemical engineer who may have been e:~osed in
laboratory ·.;ork.

Figures 4 and 5 display the results of longitudinal lung function test­
ing for the nine !DI clinically "sensitive" individuals with lung function testing
aiter sensi:iza:ion. Eight of the 12 sensitized ~en were tested ?rior to start-~p

of TD1 product~on,and therefore prior to exposure. The others were t::ansferred
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into' the'!D! area or hire~ at different times', and were first studied at
the succeeding visit for data colle,ctiqn.'· Three subjects (numbers 110, .
'197, and 200) have sho~ declines in beth FEV 1 and 7EF~5_75 despite removal
frOlD. the TnI area. T',,;o subjects (033 and 035jhave shovn ,stable FEV1 values
but declines in FEF~_ ~5' Four persons shoy stable to slightly increasing ,
value~ for FEV1 aft2f-fe6ova~ from TDI eX?osu:e, TwO_Of the subjects still
work ~n the !DI area and bo t:l. have stable e:q:n.ratory tlow rates.

Under the present conditions, however, removal from the TDI area
cannot be considered an absolute guarantee of no further e:~osure. Large
accidental TOI emissions and certain ~ind conditions can disperse the
material to other parts of the chemical. complex. Perceptible amounts of
TnI can also be detected around workers with contaminated clothing and
shoes, and this can be responsible for temporary contam:J.ation of such
facilities .::lS lunch rooms and the,m.edical depart:nent:. There are thus oppor­
tunities for inte!'"!ll..it~ent,. low-level exposures to !DI or to other materials
from TDI syntne?is, in distant areas of the chemical manufacturing complax.

B.Immuno1ogic :indings

In this -longitudinal study, "immunologi.c tests were. perfot"!Iled
to determine whether e:~osure· to TDI had an effect· on total immunogloDulin
levels; whether presa'1ce. of atopy was a factor in developme~t of. TDI " sensi­

. tivitylt; whether total blood eosinophil levels alter following e:qlesure to
,!D!; and yhether development of humoral antibodies was a mechanism in TD!
"sensitivity. It

The results of skin testing ~ith common inhalant allergens showed
that there was a similar distribution of atopic individuals among the various
exposure groups and that this presence of atopy ~as not a factor in develop­
ment oiTDI "sensitivit:-r" (7, 8). Total blood eosinophil counts were not
significantly altered by exposure to !DI (8). I:nmunoglobulins G, A,:1,
D, and E ....'ere not signi':icantly changed by TDI e:qosure (8, 9, 10), Quant i­
tation of specific antibodies was undertaken oy skin te.sting with a ~I-human

serum albumin (TDI-HSA) conjugate, Re.sults or skin testi:J.g indicated that
TDI-HSA was a poor antigen and that anti-TDI antibodies of IgE type could not
be detected using this material (9). Further, tne radioallergosorbent test
(RAST) was of little use with this antigen: ?rausnitz-~ustner (P-K) testing

,in monkeys was also evaluated as a method ror dete~ining development of TDI
',specific ~gE antibodies,' All results '.Jere :1egative (9), Passive cutaneous
'anaphyla:d5 (?CA) i:1 suinea ~:ligs was useci to de!:ect here.rocytotropic anti-
bodies. ~o positive peA tests ~ere obtained on serum samples from wor~ers

fo~lo~ing exposure (9),
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C.Provoc~tive l~halation Challenze ~it~ TnI

During our ?rospective studies ~e found that approximately
5% of ~orkers developed clinical"sensitivity" (i.e., they cot:1plained of
wheezing and shortness of breath ~hen in a TDI con~ainir.g area) (9). These
subjects, where possible, ~ere challenged ~ith TnI (8, 10). They we~e

brought to Tulane University and exposed for 15 minute.s to saline vapor on
day I, 0.005 ppm !DI en tie second day, and on subs~quent d~ys to 0.01 and
0.02 ppm until a 20~;" d:oop in :Ei1l ',.;as observed. :C::qiratorj flows ~ere de­
rived from a forced vital capacity ~neuver and deterni~ed with an electric
dry rolling seal spiromete~ ~hich provided out?utfor volume-t~e and volume­
flow plots of maxi~ for~ed e:~iration. Peak flow was also dete~ned in a
separate maneuyer using a ~..Jright r s peak flow !Deter. Lung function testing
was performed prior to e:~osure, and at 5, 10; 15, 30,:45, 60, 90, and 120
minutes and thereafter at hourly intervals follc~ing challenge. The workers
ware challenged in a si~gle blind fashion in an ~:~osure chamoer with dimen­
sionsof 2.25 X. 1.89 X. 2 •.55 ~eters (10.84 m3) ".Jhicn ',;as unci.:..: slight negati',ii:
pressure (Figure 6) (10). The atmospheres of TDt~ere generated by controlled
evaporation of TDI accomplished by passing air over the surface of TDI. contai~­
ed ina 250 ml gas washi::l.g bottle .,;itn. effective surface area 60.8 cm2.The
flow rate. was controlled by a 'calibrated rotameter atbet-..een 2 to 6 liters
per minute, depending on concentration of isocyanate vapor required. Circu­
lation '..as obtained by a small fan; temperature in the room was maintained
at 23 to 240 C and humidity was 45 to 55%. TDI quantitation was accomplished
with a ~odel 7000 Tnl ~onitor. The subject was seated throughout the chal­
lenge with his breathing zone close to the end of the ~onitor to ensure accu­
rate measurement of the concentration of "TDI inhaled. h~roughout the chal­
lenge, the subject was obse~:ed through a glass ~ncow in the air lock door
by a physician. Persons reacti::l.g to TDI inhalation ::hallenge' sFto.,;ed three
types of response (6, 8, 11). A total of 28 TDI clinically "senSitive" indi­
viduals (six of whom were i::l. the original stuey ?opulation) ~ere tested by
provocative inhalation challe~ge withTDI. Of these 28 persons tested, 10
reacted to !DI with a drop in FEVl of greater than 20%. Six showed an ~ediate

bronchospastic response, beginning within 15 ~i!lutes aiter the cnallenge. In
two workers, a late response ~as seen beginning at least one hour after the chal­
lenge.and, in a further ~~o individuals, a dual response was seen with the char­
acteristics of both the i~ediate and late reaction. In some individuals, a

-dose response ~as also ,seen, i.e., challenge with 0.005 ppm did not elicit an
adverse response but challenge with 0.01 ppm would elicit a bronchospastic
reaction (Figure 7).

D. Challenge Tes~ing wit~ ~eth2c~ol~ne Chloride (~ec~olyl)

A total of 10 ·,.;rorkers reporting "sensit:vity" to TDI and 10
non-sensitive, non-eX?osed workers were chal12nged with methacholine at the
work plant. Seven of the Cen "sensitive" individuals"responded to challe,,-ge
with a greater than 20~; drop in ?EV

I
," -,.;hereas only one of the 10 non-sensitive

workers reacted (12). "
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All subjects ·...e~e tested for pul::lonary func~ion prior :0 commence­
ment of challenge and de~onstrated baseline flow parameters '~t~in SOi. of
predicted na~l values. Five breaths of physiologic phosphate buffered
saline ~ere i~~aled through a Bird ~~rk 8 nebulizer and lung function ~as

measured at 1,5 and 3 ~nutes after ad~inistration. ~ethacholine was acioinis­
tered, starting at a concentration of 5 and increasing through 10 to 25 mg/ml.
One breath of the 5 mg/ml solution~as followed by progressive increases in
number of breaths with each of the three concentrationst~ a maximum of five
breaths of the 25 mg/~ concentration. The procedure was stopped when either
a 207. drop in FEVI occurred or, in the absence of ~nyai~~ay response, ·when
the maximum of five breaL~s of 25 mg/ml was reached. Methacholine dose
response regression slopes ~ere graphed for the subjects, where possible.
Yith a cumulative breath unit equivalent to one breath of l~gJml methacholine
·on the abcissa and percentage drop in FEVI on the ordinate (11). All subjects
who ~ere shown to be reactive ~o TDI by provocative inhalation challenge also

. demonstrated high sensitivity to methacholine.

E. Study.of t~e Effect of Pretreat~ent ,~t~ Disodium Cromoglycatc:

Some of t..1.e workers reac'ting to TD1 ..... ere pretreat~d with 40
mg of disodium cromoglycate (DSCG) ~hich was administered by spinhaler 30
minutes before re-e~7os~ng to the conce~tration of Tnl Nhich had initiated the
adverse pu1~onary reaction. Workers with both immediate and dual responses
were tested. Lung func tion measurements ',.;ere de ter:llned as for .~he regular 1':)1
inhalation challenge. In all three TOI reac ~ive ind~vi·duals tes ted, (t;o,;o show­
ing an immediate response to the challenge with TD1 and the one showing a dual
response) their adverse bron~~ial responses were inhibited by pretreatment TNith
disodium cromoglycate (11,13) (Figure 8).

F. .Lymnhocyte Transfor::J.a tion and Leukoc'7te Histamine Release:

Cellular ::itudies included lymphocyte tr'ansfor.nation follo~ng

exposure of cells to the TDI-HSA conjugate and histamine release from leuko­
cytes following eX?osure to TDI-RSA was ~easured; Taese tests were per£o~d

on samples collected f-:-om individuals reflort~:J.g "sensitivity". to TDI. No lymph­
ocyte stimulationW'as measured and no histamine released from leukocy~es was
detected (6).

G. Lvmnhocvte c_~~ Dose Res~cnse Studies:
i h

As previously reported (12. 14), we showed that TDI acts as
a partial adrenergic agonise, however, this ~f£ecc ~2S seen ~ich cells of
nor:nal indi.... idu31s. ~-ie. the!:'e£or~ e.:<:amined the et:=ct of !DI upon lymphocytes
from TOI reac~ive individuals. Quancitation was per:o~ed by ~eans of. a method
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developed in our 1abora~ory (14) ~here lymphocytes ~ere se?arated by Ficol+­
Hypaque. density gradient centrifugation. incubated ~ith dilutions or isopr~­

·terenol. prostaglandin E, ot: !DI, tollol.led by I.lashing, preci?itation '-lith ·t~i-

chloroacetic acid, freeze tha~ing, e~tractio? ~ith ether, ana quantitation by
radioi::i:!I:unoassay. Results lo1ere inte:-polated fro!:). a standard graph and ex- ~

pressed as percent sci:nulation of c}·....'-Pfo1:'U'.ation. Dose response regression
lines ~ere dete~~ed 6y ~eans of t~e li~ear ascending ?ortion of t~e slopes.
Blood samples for l~phocyte ~~~ dose response studies of TDI reacto~s lo1ere
obtained prior to, and at 13 and 120 mi~utes after provocative inhalation
challenge (PIC). In lynphocytes of the two ~I reactors tested to date, dose
response slopes follo~{ng st~ulation with either TnI, isoproterenol or pros­
~aglandin 21 were ~rkedly reduced Io1hen compared ·Nith those-of normal individ­
uals and non-TDI reactors (Figure 9). 'Dose response' slopes did not differ from
pre-exposure baseline levels, follow~ng challenge ·Jit~!DI (11).

H. Plasma Hi9tamine Levels:

Samples for venous plasma histamine dete~ation ~ere

. collected prior to e.",<?osure, and at 1, 5, 10, 15, and 120- :ninutes after
exposure. Histamine ~as determinedJby the enzyme isotopic method of ~eaven,

et aI, ~th an ~ternal cont~ol of H-histamine to measure recovery (15) ..
All samples from individual patients were assayed in quadruplicate. - Plasma.
histamine levels of six subjects were tested. Tw-o ~ere indi:liduals w-ith a '
strong history of TOI se~sitivit7 who reacted to provocative inhalation challenge
(PIC) with !DI. Two had a ~eak history of sensitivity and did ~ot react to·PIC.
In no case was histamine release into venous plasma demonst~able follo~~g in­
halation challenge ~~tn TOI. Baseline plasma histamine levels were all ·~thin

norma~ limits (11).

1. Deternination of Serum Comnl~~ent and Solit ~~oducts

of COIDolc::;:].ent:

Functional levels of total complement: (CHS06were quantitated
.by standard techniques in fresh serum or serum frozen at -70 C on,samples col­
lected before e:qosure and I, 5. 10, 15,' and 120 ~inutes aiter TDIe."'Cposure (11).
A hemolytic assay '-las also used to ~easure t:he alternative complement ?ath~ay

proteins (APC-{SO). Split products and factor B in plasma were measured by an
immunoelectrophoretic assay andspli t products of C3 were detero...ined by the
counteri=munoelectrophoretic assay of Arroyave and :a~. ~~o TDI reactors and·
five persons de:nonst~at~d to be ne~ati'J'e by provocative inhalation challenge '
were tested. 3aseli~e CH50 and .\?CHSO lev~ls were ~ll wit~in no~l ~~its

(60 to 120 and 15 to 45 units, respectively) for'all ~orkers and no significant
changes in these comple:nent levels were seen followi~g inhalation challenge
",ith !Dr (11).
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J. Loss of TnI and ~ethacholine ~activiey after
Removal from Isocv.:l;"1,:u:.e E:\?osu:-e:

One of the TOI reactive individuals, ~ho had been studied
intensively, has been followed longi:udi~~lly afeer moving to a new job
\lihich does (',ot entail eX?osure to isocyanaees. This indi'lidual reacted
originally to an e:vosu:-e for 10 nnutes of a.005 ppm of TDI '.ri th an i::II!lled­
'iate bronchospastic response. He was highly sensitive to ~ethacholine, '
showing a 38% drop in FEVl when he received one breath of 5 mg/~ of metha­
choline (16).

Six months after removal f~om ~n isocyanate containing environment,
he was re-cballenged with TDI and did not react to 15 minutes e:~osure to
0.02 ppm of !DI. Ee was re-tested for methacholine sensitivity and it ~as

1;ound that three breaths of the. 5mg/ml concentration were requi::ed to initi­
ate a 20% reduction in FEV1 , Alter a further six months (i.e., one year
following removal from TDr), he was again tested by methacholine challenge.
At this testi~g, he failed to react to 5 b~eaths of 25mg/ml of methacholine.

Concurrent with metha~~oline and Tn! inhalation challenges, blood
·samples ....ere dra',.;n for cyclic A..'1P dose-~esponse slopes' follol.ling sti:nulation
of bis lymphocy~es by prostaglandin ~,. isoproterenol ,and TOI. Initiilly,
he was shown ~o have a markedly reduced dose response slope to all th~ee
agonises coi:rpared t.l'1 th normals. Six !IlOnths later, there '.Jas a' slight' im­
provement in the dose response slopes. The results of the dose response
slopes on his latest testing await completion.

K.. Concurrent Develooment of Food :Ulergy and Isocyanate Reactivity

A fu~ther interesting aspect of this worker was that he claim-
-~d to have become highly sensitive to radishes at about the same time he be­

came sensitive to 'I'DI. He was c11.allenged by per:nitting him to .aat one small
5 gram radish and pulmonary function testing vas perfo~ed. He had an immed­
iate Severe reaction following one bite of the radish with' a 75.4% decrease
in FEVl • He now reports that. at one year. following removal from the TDI area,
he has eaten a radish which is approxi::l.ately four times as large as the one
used in the testing with no ill effec:s. Ihte~estingly, ~adishes contain
allyl isothiocyanat:eand benzyl isothiocyanaee (17). A manuscript reporting
our findings ~th this worker is in preparation (18).

L. Tolyl-soecific IgE Ant.:'":lodies 'in Serum of TnI ::te3ctive
Individuals:

We assisted Dr. M. Karol of. the University of Pittsburgh by
providing serum samples from TDI reactors to ennble her to develop a new
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antigen for RAST. This antigen consists of p-tolvl isocyanate conjugated
to human ser~albumi~ (T:E-SSA). T~e se~~n s~rnplQs ~e supplied w~re from
highly reactive individuals. ?Ol.:r of the five serum sarr.::l1es sent· to, Dr'. Karol
yere shovn to contain tolyl-s~eciiic IgS antibodies (19). ,Using antigen pro­
vided by Dr. ~rol, we were able to con£i~ these results on the same ser'~'

sampl~s in our laboracories. Ld~E= ~e pres2red our Ow~ ~1I-HSA antigen and
cOtlrpared this ".rith the a:J.tis.;'2:l S1'!~od1..'.ced D;., Dr., ;~rol. The Pe:!rson I s correla­
tion of coefficience test ~as aD~lied to the res1..'.i:s oi ~\ST using the same
se~a w~th both antigens. A val~~ of 0.96 was obtain~d, indicating that our
antigen ~as essentially identical to that produced, by Dr. Karol. Using our
antigen, we tested serum sam?les from a' total of 26 ~ndividuals who had been
shcYn by ourselves and another center to be reacting. to pro'locative i:thala­
tion challenge ·..,rith!DI. Depending on the :<let~od 0"£ e.valuation ·of the re­
sults of the RoAST. only 15 to l8i~ of the individuals '..,rere shown to have tol,yl-
·",peci.fic IgE Cindbociies (20) ('Figure 10). These resultssho1;,1 that there are

.. antibodies involved in TOI ast~a in a few individuals but ~ould suggest that
a humoral mechanism is not the definitive mechanism of TOI reactivity.

In summary, our studies of TD! "sens.itive" b.dividuals sho~ that
asthmatic reactions can be elicited by brief eh~osure to very low concen­

>' trations of Tn!. These :-eactions may be immediate,. late or dual reactions
such as those induced by avian protein, certain organic dusts or As"Oer9:illus
fumigatus allergens. ~owever, our negative findings with plas~ histamine
and compl~ent ar~ eviGcnce a;ainst 'an ~u~ologi~ =ec~anis~. Our findings,
that persons who react to TD! are also' reactive to methacholine, con£i~ that
TDI reactive individuals have irritable air~ays. However, our demonstration
that not all methacholine sensitive individuals react to T01 suggests that .
reactivity to TOI is not a 'non-specific reaction (11). wnether methacholine
reactivity is pre-existing or develops concurrently with development of sensi­
tivity to TOI is not ~"OW~ and a~aits results ot prospective studies although
the results of our longitudinal study of one sensitive worketsuggest the
latter 00.

The demonstration of the partial agonistic activity of TDI (12,14)
is of great interest. ~I reactive individuals have decreased adrenergic
"agonist dose-response slopes which are associated with in vivo responses
to TOI challenge (11). ~ese cesults are in ag~eement ~ith current concepts
of asthma. Szentivanyi's t~eorJ of the oechanism of astb~ proposes that
a defective beta adrenergi:. res?onse is p!'csc:nt in asthffi2..'tic individuals
and that this deficiency :r.::-,y be responsible f,J!, t'~oe£:ects: . First, i.t may
prevent production of su'::ic.i2.nt Ie'leis 0: cyclic .~1? i:1. ~st cells to
protect against release of ?ha~~olo;ical ~ediators such as histamine ~nd

slo~ reactive substance of ana?hy13xis ~hich are ulti~ately responsible for
the bronchospastic response. Second, a deficiency ~n :he ability to produce
cyclic .~~ can have a ~eleterious effect on :~e delicate cyclic nucleotide
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balance required to. maintain smoo~h muscle tone. Thus. our studies of TO!
reactive iridi·r.lduals. to date. 'suggest tha~ the most likely mechanism of
TOI asthma is pharnaco1ogic rat~er ~han allergic. although the latter pos­
sibility still cannot be excluded.

Our fi:l.dings that DSeG may inhibit ast~atic reactions under con­
trolled conditions (11. 16) agree with the c.onc.e?t of the action of ~his,drug

and suggest that DSeG ~y be a useful prophylactic measure for workers who
develop TDI reactivity. ~'qJanded testing in both the laboratory and the field
vill be necessary before a definitive s~ate!!lent can be,made however.

Our findings in the worker who has been studied ex~ensively fol1o~ng

removal from the TDI containing area. suggest that TOI reactivity is reversible
when ,the 1socyanata 2X?os~re is stopped (18). The demonstration of increased
reactivity to methacholine and di~nished ~~~ dose response suggests that
TnI' in some way acts to alter receptors on the cells to cause decreased chol­
inergic and adrenergic function. The loss of methacholine sensitivity
suggests tha~ this effect of TD! upon receptors ~ay be trans~ent and ~ay be
reversed, wi~h the worker reverting to his prior health following removal from
isocyanate e~osure. Similar loss of bronchial hy?erreactivity has been de~

oastrated followi:lg re:noval of reactive individuals from !,jestern red cedar
wood dust exposure.

r
I
f
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.' VI. CONCLUSIONS

(1) Throughout the five-year period of this study. a comprehensive
environmental survey of the plant and its workers using atate of the art.
continuous area and personal monitors demonstrated that all workers in the
study population had some degree of TDI exposure, which de?ended upon job
and location. There were frequent excursions above the current threshold
limit value of 0.02 ppm ceiling. These exposures occurred even though the
plant is modern and uses cur=ently available control technology.

(2) . During annual one-month periods of concentrated maintenance
activity in which the plant is co~pletely overhauled. t~ere were higher than
usual TDI concentrations measured at the breathing zones of maintenance workers.

(3) Although there was daily variation in TDI concentration,
there were no systematic e:~osure trends demonstrated over the f1ve-yea~

period of the study.
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(4) In this five-year longitudinal study, FEVl, ron' and FEF25-7Si.
annual declines are significantly related (after controlling for s~oking and
atopic s.tat'-"s) t'::l TnI dose', where dose is measured by either (a) t'..10 cumulative
exposure categort·e.s (division point':: .'0682 ppm-months) or (b) t~....o "til:le above
0.02 ppm" categories (division point:: .19 ln9nths).

(5) FEV, and FEVr. annual declines in the high exposure cate-
~ .

gories were ~ot significantly different f~om annual declines predicted
for members of :~e general population from cross-sectional studies.
FEF25- 75 and :EPSO annual declines were significantly greater than expected
in Doth e:~osure categories. K (dif:usion constant) annual decline was
significantly greater than expected, but ~as ine:~licaDly negatively related
to dose. The same held for RV and RV/TLC annual increases .. TIC annual change
showed a significant increase instead Ot expected nochang,e.

(6)
'as measured by
c~ange in lung

TDr dose as estimated by cumulative exposure and peak exposure
time spent above 0.02 ppm correlated equally well '~th annual
f".mction.

t

I
!
I

(7) FEVl' PVC, RV and RV!TLC annual changes wer~ significantly
related to pack-years of cigarette s~oki~g with associations in ~ne expected
direction. Only ~ annual decline TJaS related to atopic status and that asso­

·ciation was an inexplicable negative one.

(8) ?revaleuces of bronchitis·and dyspne~ increased from pre­
exposure baseline in the high ~~osure .category, as measured by cucr~lative

exposure, to a greater e..'Ctent than in the loW" category. These differences
in symptom increases oecween exposure categories were not statistically
significant (?-values equal to .13 and. IS , respectively).

" (9) Clinically i::rportant bronchial hypersensitivity to TDI
.developed in 4. 3;~ of the study population, usually -.dthin a feW" :nonths
'of first exposure.

(10) Neither atopy nor smoking served to identify persons at
higher risk of developing TDI reactivity. Half of the TDI reactors had
been ~~osed to higQ levels during a spill or equipment malfunction.

(11) Some!DI reactors have failed to attain pre-~~osure or
pre-sensitization values of FEVI ot' FE:F25-7"S%' despite't~ansier to other
areas in the cnemical complex.

(12) There is persuasive clinical ~'idence for sensitization in
some persons ·",ho fail to react to low concent~ati6ns (less :han ur equal to
0.02 ppm for 15 minutes) of pure TDI vapor in the exposure chamber.
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(13) TDI, at certain concentracions, acts as a partial agonist
upon lymphocytes to stimulate cyclic adenosine ~onophosphate levels. At
lower concentrations, it can block cyclic .~~ stimulation by isoprocerenol,
and prost~glandin El but not histamine.

(14) TOI reactors are hypersensitive to ~ethacholine (height­
ened bronchoconstricti~nas dete~ned by a standard inhalation multiple
breath technique), but ~ot all ~ethacholine sensitive individuals are TDI
reactive.

(15) Lymphocytes of" TDI-sensith'e individuals have decreased
ability to respond to cyclic .~~ st~ulants such a$ the beta agonists
isoproterenol, prostaglandin 21 and TnI.

(16) Provocative inhalation challenge studies sho~ that air~ays

reactivity to TDI is reproducible in the laboratory environment and can be
blocked Sy disoJiuo c~oDoglycat~.Duri~gbronchial reaL~ions, no changes
in serum compl~ent components are ooserved and there is no release of
histamine detectaBle in peripheral plasma.

(17) RAST ~th p-tolyl isocyanate conjugated to human serum
albumin only detects tolyl specific IgE antibodies. in serum of 15-18% of
subjects prove:l by provocative inhalation challenge. to De TDl reac.tive.. .

Thus, demonstration or tolyl specific se~~ IgE antibody cannot be used
t d · ,. ., '" TDIo l.ag!lose c_.ln;l.ca_se:ls.ltrn.ty to _ .

(18) In addition to the above mentioned ~unologic and pharma­
cologic activities, TDl does not 'appear to have an eifect u?on:

(a) lnduction of specific antibod~es in man as demonstrable
byhemaglutination, ~~ST, Prausnitz-~ustner, passive cutaneous anaphylaxis
or direct skin testing ~ith TDI human serum alb~n conjugates •.

(b) Changes in levels of serum IgG, A, M or E.

(c) Induction of non-specific histamine release from
leukocytes in vitro or in vivo.

(1)- Induction of peripheral blood l!~phoc.yte blastogenic
transfon:J.ation employing cells from "se:lsitive" subjects;
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APP~DIX 1

ENVIRONXENT.\L CHARACTERIZATION

A. Introduction

This re~ortsllmrarizes the environmental characterization activities in
a ne·... TDI rn.a~ufactur:'ng ?lan: for a period ot' five years (1973-73). This
e~osure characterization survey was perhaps ~he most extensive and thorough
survey undertaken of any TDI manufacturing plant in'the world. Vast amountS
of data were collected using the best and the state.of the art monitoring
cechniques and ~ethods. During the course of the study several papers ~ere

published (21-27), covering various aspects and findings of environmental
characterization as related to the other parts of the st~dy. Five annual

- progress repor~s containing environmental characterization sections have
also been submitted.

As expected in such longitudina:l studies, the study goes through. an
evolutionary process. During t.."le period of ~ive years t..1.ere •...ere tremendous
advance!:lents tnade in the fields of personal and area ~onitoring, laborat.ory
and fi~ld calibration of monitors, and also the recognition of the advantages
and limitations of the measure~ent techniques. ~~so during the study, the
Tulane industria'l hygienist developed a good 'rapport ·..rit11 his counterpart in.
the plant and also with the supervisors ,shift fore':lan and other workers of
the pl~.t. Bet~er insight ~as gai~edabout the administrative set up and
manufacturing operation of the plant.. Appropriate re£ine!:lents and changes
in environmental charac~erization survey had to be made ~roughout ~~e course
of the study to adapt to ~~ese evolutionary changes. This progress repprt
will delineate t.1.ese evolutionary changes during the s tucy and the necessary
refinements made to accommodate these changes.

B. Monitoring Techniaues

At the time of the writing of the proposal, w1.e ~ethod widely used for
. analysis of TDI in air was a ·.Net ci1emical method based on i~pinger sampling
and colori~etry developed by ~2=cali (23). Until recently this was the stand­
ard reco~ended ~eL~od for analysis of TDI. Because it is an impinger sa~p­

ling ~ethod it is not ideally suited for personal saID?ling and the method can .
give only the integrated ~i~e ~eighted average. During the latter ?art of 1973
a continuous paper t3pe monitor for area measure::ne!lt of. DI bec2.TIle commercially
available. This inscrument is Jased on a ~aper tape mechod developed by Reilly
in 1963 (29). Three of chese ?or:aole area monitors ~ere acquired for the
study. ~e TDI ~onitor basad upon an original design by Dunlap Limited, in
collaboration with leI, Ltd. ofU'~'t continuously ~onitors concentrations 0f
TDI in the at:.lOs!'nere in the range of 0.0 to 0.08 ppm. It. has a meter readout
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as well'as audi~le and v~sible ala~s anq out?ut connections for an exte~al

recorder. Sensi::ivity and specifi,city to TOr is obtained by utilizing a
continuous reel 'of chemically impregnateci paper ::ape to szmple the air. The
tape is supplied in a cassette which will run for 168 hours or one week con­
tinuously.

In operation, the ~etered volume of atmosphere is dravn th=ough the tape,
as it :noves past the e:<,?osure orifice. I': TDl is preseut, a stai:l. is' developed
on the tape; the intensity being proportional to the concentration of TDI. The
exposed tape tnen moves pas t !:",.;o pho to detec::ors. One detector measures reflect­
ed light from the u-"'1exposed half and the other from the exposed half. The two
signals are compared electronically an~ an output signal, proportional to the
TDI concentration compensated ror minor tape variations. is displayed in. parts
per million of !D!. The concentration is also conti~uously recorded on a strip
chart recorder. A tnical r~::order printout is given in Figure 11.

This was a major development in monitoring ofTDI~ These monitors were
initially evaluated in the laborato~J. For the evaluation the monitors needed
to be dynamically calibrated i~ the laboratory. There we,re no si.!::rple methods
available at the time to generate standard acnosphere of Tnl for d:maoic cali­
bration. ~ere=ore, :he diffusion cell method cased on the work of Allshiller
and Cohen (JO) was used to generate standard atnospheres of TnI and-was subse­
quently used to dynamically calibrate the ~onitors (25). Althoug~ no exhaust­
ive interference study was performed at t..'1.is tizle, un~er ideal conditions of
the laboratory the ::I:.cnitors correlated (r ::::r .994) 'Nell wit..'1 the standard Mar­
cali method. The monitors were then evaluated in the field against the stand­
ard method by simultaneous sampling at various locations. .~~'1ough the ~orre­

1ation (r = 0.81) in ~~e field testing was not as good as in the laboratory
looking at w~e graph of ccncentration by standard method vs the menitor ~di­

cates (see Fi;ure 12) t..'1.at at higher TnI concentrations ( > .005 ppm) the
Marcali method was reading consistently higher than the paper tape monitor.
This could be e:Qla~e~ by the positive interference in the standard ~ethOd due
to the prima~l aromatic amines. The primary aromatic a~ne (Toluene diamine)
can be po.tentially present in the air because it is one of the raw materials

.used in the manufacture of TDI and it can also be formed by the hydrolysis of
TDI itself either ,~t..'1. ttoisture or by hydrochloric acid in the air. Hydrochlor­
ic acid can be in the air because it is one of the by-products in ~~e ~nu£ac­

ture of TDl. .~L~6ugh not con£irned by our unit. it has been repurted that the
toluene di~mine does not interfere ~ith t~e ?aper tape ~onitor cetnod. there­
fore, it ~as conclucea the standard ~ethod ~ould De overesti~ating w~e TDI con­
centration and cannot be us~d for TDl exposure ~~aracter~=ation. ,Since then.
the paper tape monitors were used exclusively fo~ ~easuring eX?osures to TnI.
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c. Area Xonitoring

Three ~odel 7000 Tn! Area ~onitors (31) ~ere used begi~g August,.·
1973, until the end of 1975.' The TD! Drumcing Building and several locations
in the plant ~ere monitored. The concentration profile for the ~~o years
(August 73 to July 75) in ~~e plant and the Drumming Building is given in
Figure 13, -,.,here t.'le o::-dinate indicates the '';.;eekly time weighced averages"
expressed as ppm TJl ~,d ~~e abcissa the dates. It is clear from Figure 13
that ~~ere is no consistent pattern of e~~osure. ~lere are a fe~ discontin­
uities in ~~e profile; they represent periods where no ex~osure data are
available because of breakdown or malfunction of theTDI monitor. The levels

.of TDI both in the plant and the Drumming Building vary randomly and L'le
exposures for the operators in the Dr~ing Euildingare different and inde­
pendent of the exposure levels for L,e plant operators.

During t ...rl.iz p"-!riod t..."te:',,- we.re a number of excursions above the proposed
threshold li:nit value (TLV) of 0.005 pp.m 'r,{A and also a feT.J excursions above
th.e current TLV.value of 0.02 ppm. The percent excursions of ~eekly t~e

wei~~ted averages above both these levels is given in Table 26. Alt..."tougn from
Table 25 it appears that in general the operators ~orking in u,e plant have
~igher TDI e~osures than t~cse working in the Dau~ng Building, t~e table
could be misleading for the following reasons: (1) The plant's physical
structure is open and unprotected and direction, w~nd speed, hUQiditi, t~per­

ature ~,d precipitation. The Dr~ng Building is a closed system and the
wind direction, wind speed and precipitation will have mini=al effect on the
concentration inside the building. (2) The ope=ators in the plant are not
stationary at one location ~ the plant; ~~ey move around considerably. In
the Drumming BuildL,g, L,e operator's movements are localized and restricted.
(3) The plant is much more complex with multiple potential sources of e~is­

sions of TDl. To completely ~~aracterize and define the environmental levels
of TDI, several area monitors would be needed. Even then, since the operators

.move about the plant it would be extremely difficult to monitor jhe exact indi­
vidual eXposure. The obvious a1 ternati'le for quan titation or dose ea~"t "Norker
receives is through personal .n:onitoring which will be discussed in the .fol10w­
ing section.

In order to evaluate whether the levels of TDI in the plant and the
Dramming Building have increased or decreased an histogram or a frequency
distribution of the weekly ti~e weighted av~rages was prepared, showing the
number of we~ks for each exposure interval. The t""~o-yearperiod '..;ras divided
to coincide ap?roxi-~tely with t~e pul~ona~T function and clinical tests oi the
'Norkers. The bistogr~sfor the plant an..l t~e Dru:wning 3uildL""lg arc snow"'tl. in
Figures 14 and. 15 res?ective1y. The mean value and the standard de'liat::'on for
each tice ?eriod is shewn along ~ich the histogram. The values indicate that
there was li::-:le i:n~rove:t.ent in Tn! levels in the plan t until ~arch, 1975, and
in the Dr~ing 3u~jing ~'ere ~as slight increase in the e~osure levels at
tha t tine.
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The area monitoring activities ~ere suspended for the studies
because as is shown later en in this section, there was no correlation at
all because the area :r:.onitor esti::mtes. of e:C?osure -to personal br.eathing
zone est~ates of concentration for people working in any general area
where the area monitor is located.

D. Personal Monitorinz

In June of 1975, continuous ~I personal monitors, based on the paper
tape method, capable of continuously monitoring Tnl; in tne breathing zone
of workers for up to eight hours, became commercially available. for the first
time. Our group acquired 12 personal monitors (Xodel ~C1 ~OOO) along with
a reader /recorder (~rodel }!C}f 4100); a required accessor] to get the exposure
profile. The personal !DI monitor essentially works on the same principle
as the area TDI monitor. The only diff erences are in the. personal monitor
~he tape moves at a rate of 2 cm/hr compared to 10 .::n/hr i:::l. the area monitor.
However, in order to compensate =or the stain intensity the sampling rate of
personal ~onitor is 100 ml/~in compared to 500 ml/~in for the area monitor.
The personal monitor only collects the air sample on paper tape. After·the
collection period., the .stain intensity ~n the paper tape is read using the
reader recorder. The concentration profile is recorded on a cnart paper
call~d the TDI Datagram. A typical datagram is shown in Figure 16. The
datagram also electronically i~tagrates the area under the curve and-records
the total dose ror eigne hours in ppm-hrs unit. Iu other Mords, the datag~am

provided by the personal TDI ~onitor, gives a totil historJ.oI the TDI ex­
posure to the worker for eight hours on a work shift ..

The TOI personal ~onitors were thoroughly evaluated in the labora-
. tory'before they were routinely used in the field. The flow rates were
checked and adjusted and the battery packs were checked to see if they are
capable of sampling at 100 ~/~n for eight hours when tney are fully charged
according to .~anufacturerrs specification. The rate of ~ove~ent of the tapes
vas checked in all~onitors and was conii~ed to be 2.0 cc/hr. The monitors
which could not sustain 100 ml/min flow rate or if the tape movement was
erratic were sent back to the ~anufacturer.The reasons for not sustaining
~OO ml/nin could either be because or a bad battery or because of breakdown
of the pump. In either case, appropriate measures ·f"lere taken to assure
proper perfo~nce of the personal monitor. The per30nal ~onitors were also
dynamically calibrated against the standard method. The, details of calibra­
tion are given in the next section.

Beginning in July, 19i5, the workers in the Tnr plant, TDI Drumming
Building and Tank Far::l, Hydro~en and Carbon :lono:dde (HYCO) plant, Toluene
diamine (TDA) plant, Phosgene plant, Hydra=i~e ?la~t and all the maintanance
personnel in these plants were monitored almost continuously till c~e middle
of 1973 (three years). Programming schedules '.07ere drawn up for six month
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periods in adv2nc~. ~e plant ~nager, superint2~dent, safety director
and all senior supe~r.isorsand shift fore~en were given a copy of the sched­
ule. A typical schedule is gi-1en in Table 2i. 1:1e personal samplings ·...ere
done based on the job title rather than the personnel. In this plant, each
job title associated with a certain plant uniquely derined a certain job
function. All the job titles in the TDI plant, TDr Dru~ing, hiCO, Phos­
gene, TDA plants ~e=e ~onitored. .~l the job titles ~ere monitored during
all the three shifts (3-4, ~-12, and 12-0), e~cept the ~incen~nce, drum­
ming personnel and the control population. The ~aintenance and d~ng
personnel work only during t·he day shift and so ·...ere monitored only in day
shifts. The control population were also personally monitored only in the
day shift.

Before e~arking on a comprehensive personal monitoring survey, a
study was ~ade to dete~ine how well the area ~onitoring data in the plant
and DTU1!lTI!i"g BlJildi'J.g and personal monicori'!:lg of JOD titles '''ho should be
working in the respective areas· compared. In other ',.;ords, ',.;hether the TDI
levels measured by area monitors tr~ly reflected the personnel exposures.
Table 28 sU!t1:larizes the results of this study. It clear-ly ,shows that t!1e
area monito:,s cannot be reliably used for '!leasuri:lg ':.7orker exposure. Even
those 8-hour-r,./'.-\ '.....here t'he correlation ..as good bet-Neen a:rea and personal'
monitors inspection of the respective concentration profiles revealed that
the integrated ~JA correlation was only coincidental. The individual peaks
and excursions o,.;ere not si:nilar in the ciacagram and the area monitor strip
chart. This study reiniorced the need for e~tensive personal monitoring·
for ~~osure charact2rization.

E. Quality Assurance Programs for ~onitoring

(1) General Precautions:

i
i
f
!
!
I

i'

l', .,
f
r
I',.
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Recognizing the importance of quality control· in data col­
lection for such long r-ange prospective studies appropriate measures were
taken early in the study. Quality control checks and '!leasures were '!lade
in every step of data collection. The technician responsible for checking
and issuing che area and personal monitor was given a w~itten protocol of
the procedures. ne was properly instructed and trained to use the ~onitor­

ing instrument in te~s of calibration, testing of optics, flow rate, zero
adjust~ents, changing of tapes, testing cape ~ovement,'etc. The technician
maintained a log book, ~here he entered date, @onitor number, calibration,
flow rGte adjust~eocs and any other relevant adjust~ents he makes to the
personal monitors before it is issued to the ':.7oikers. ~e notes the time,
date, the monitor number and the name of the person it was issued ~o for
that day. Duri~g che shifc the monitors ~ere randomly checked Co see if
they are properly ~orn. At the end of the shift, che flow rates are checked
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,agai? and~oted. \.;ithin 2!' hours after c,ollecticn, the paper tapes are
read in the reader recorder. During that time, the paper tapes are stored
in "the dark•..\5 soon as the naper' tape is read, the name. job title. the'
date, shift,t~e of ~on1toring and the location of ~ork is entered on the
datag::ar:J. in the field. The datag::ams ve're then checked by the industrial
hygienist at Tulane and then ~ere read and coced for storage in computer.
The analysis of the personal ~onitoring and other data is described else­
~here in the re?or~. _~l the personal ~onitors were sent back to ,the ~nu­

facturer for service maintenance and quality control after about 18 months
use.

-(2) Calibration

The area and nersonal monitors vere routinely calicrated
according to the manufacturer's specification. In the case of area TDI
monitor the calibration i':::, chec;;'ed every ciay .,ieh the "calibration strip'~

provided with the inst~ent and the flow meter is checked and necessary
adjust~ents made if necessary. In the case of personal monitors, the
battery packs were charged for 14 hours at the end of every eight hour
use. The flow rate or the. personal monit.ors ',.;ere checked using a calibrated
rotameter before and after each use. The reader recorder is properly zeroed
and the calibration checked beioreusing each day.

In order to estabr'ish that the "calibration stri'p" provided by the
manufacturer is aCC'.1race, the area monitor is first .calibrated vith the
"calibration strip". Then it is dyn.:.m.ically calibrated against the :1arca+i
method by generati~g an atmosphere of known TD! concentration. Initially.
the standard at~os?here of TnI was generated using the diffusion cell ~ethod.

Later on in the study a new and more convenient generating method based on
permeation was developed (6). When both the area monitor and the ~rtali

method indicate withi~ eX?erimencal errors the same concentration, it is
assumed the monitor is calibrated; if not, the standard method concentration'
is assumed correct and the reasons for difference,:; are investigated. The"
personal monitors along with the reader/recorder system were also dynamic-
ally calibrated the same way.

(J) Interference Studies

One of the reasons for not using the standard Xarcali method
for exposure characterization is because the ?rL~arf arnines such as toluene
diamine positively i~ter£ere in the dete~i~ation. The toluene diamine
(~;A) is a potential air contaminant in the ~anufacture of TOI ~ecause :~A

is one of the raw ~aterials used. TDA can also be produced in the air by
hydrolysis reaction of TDI with T.oisture or SCl in the air. Relative humid­
ity levels in the plant range between 70-80% t~~ough the year. HYdrOChloric]
acid also can ?otenti~lly b~ present in t~e air because for ever; ~ole of
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!D! manufac~ured, four ,::oles of :ICI is obtained as a by-product. Hel will
readily hydrolyze TDI to TQA.

In the paper tape method, IDA is not· an interfere~~. Investigation
in our laboratory has show~ that chlorine and nitrogen dioxide react w~tn

the paper to produce a diffuse brow~ stai~. This brow~ st~in ~s disti~ct17 ~~
differen~ from the characteristic bluish-~urple stain produced 5y TDI. ~e '\~~~~'
technician handling the paper tape for t~e per.sonal monitor '..las specifically \.\J lJ:;'!:'/
instructed to check the tapes usually for unusual stains and void them if~
there were any on the tapes. Also a preliminary survey of chlorine concen-
trations in' the air was made using ~theson-Kitaga~a chlorine detector
tubes. Generally, the s~J,,~~e levels at different loca~ions in the plant. . K
were.1ess than the detection 1i~t of 0.3 ppm at which level the interfer- ~,~\L~
ence in the ~onitor is not significant. Figure 17 shows the ext~ntof inter- ~
ference of chlorine and ~itr~gen dioxide with the paper tape ~cnitor.

(4) Evaluation of Resnonseof Reader/Recorder for Personal
Monitor Tape,

The miniature continuous. paper tape 'personal monitors (Model
MCM-4000) and the Reader /Recorder:iodel MCl-4100 were evaluated for, short
tern response on ~osures to TDI. This kind of an evaluat~on was felt to
be very i~portant because in the real life situation tbe monitor is seeing
an ~viro~~e~t where the concentra~ion of TnI is rapidly fluctuati~g a~d

changing in time and space. At the C!nd of the work shift •....hen the tape is
removed from the monitor and fed into the reader/recorder the =ecorder draws
out a nice datagram in 30 seconds as shown in Figure 16. Until now. no one
has investigated the degree of accuracy with respect to time, resolutio1;l
and a combination of ti~e-concentration-e:cposure patterns. The personal
monitor has been dynamically calibrated at known concentrations far long
periods of time and it has been proved that it reads accurately. This kind
of testing does not tell anything about short-ter.n resP9nses, resolution of
peaks, or C!ffects on peak. broadening. etc. This kind of analysis ·..;as import­
ant for the study because in one of the analyses of the exposure data we were
interested in the amount of time an operator spends above levels of .005,
.01, .02, .04, .06, and .08 ppm. The study has revealed a significant
limitation of the personal monitoring system. Figure 18 will be used to
explain this li:::litation. As an exam:ple, 'if a worker ...earing the monitor
were to be .:x?osed as rollows (see Figure 8), 0-10 mins at 0 ppm exposure;
10 to 30 mins at .02 ppm exposure, 30 to 40 min at 0 ppm exposure, and 40
.to 50 min again at .02 ppm. ?igure 18 shows appro:d~ately the sh~pe of ?eaks
obtained compared to ~hat theoretically should be oetained. ~e ~orK~r has
~een e~7osed to 30 ~ins at .02 ppm. Thus, the times ~easureci will ~e under­
estimated at lower concentrations. These kind of errors is both ti:ne and
concentT3.cicn dependent. Thus, ~very ti::le the concentration changes up or
do'W'11 bec.3.use of this response 3::ld -:-esolucion eifec.t the ti:ne .:sti::1~tad ·...ould
be erToneous. These kinds of rapid changes in concentrati~n and tioe e..."<?osed
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is a very feasible situation in the TDlplant. We also noted that in spite
of the peak broadening and shortening effect, the total dose which is the
ar,ea under all the peaks is correct. Therefore, the ~alculation of the time
weighted average concentration is correct.

The reasons for these response effects are:

(a) Because the paper tape in the personal ~onitor moves at a
speed of 2 em/hI', the whole history of exposure for 8 hours is recorded in
16 em length of the tape.

(b) The tape runs through the reader/recorder at a speed of a
1 em/second. In other words, the eight hours of exPosure history is read
in 16 seconds.

(c) The recorder pen does not respond with the same speed.
Therefore, the ti~e esti~ate errors are amplified at higher concentrations
and lower times of exposure. At concentration less than .01 ppm, the errors
do not seem to be very significant.

Cd) Because the photometer' scans the st.ain throughout its lengt.h,
. the peak broadening compensates for peak height and the total effective
area under the curve is measured ~ccurately. Therefore, the total dose
and time weighted aver~ge measurements are accurate.

In spite of these limitations considering .the accuracy of TwA
measurements, the capabil~ty of indicating the ex?osure profiles and the
versatility and simplicity, of the paper tape monitors ~e feel the paper
tape personal monitors are the best method currently available for environ­
m~tal characterization of TDIfor long-te~ epidemiologic studies.

-
-(5) Effect of Temnerature on ~easurements of Tnr with

Continuous 3:.e.3ci.i::g ;"fcnitors

There are no published reports so far about the effect of temper~

ature on the measurement of TDI using the Model 7000 :'D1 monitor. The
personal and/or area oonitoring was done throughout the year and the moni­
tors were subjected to a wide range or temperatures (0-35 0 C). Therefore,
a study was conducted to evaluate the perfo~nce of these monitors at
various temperature.s. Figure 19 shows a plot of the racio of ~rcali

method concentration to the ~odel 7000 reading vs temperature for various
!D! concentrations.

The monitor se~s to agree well ( ~ 20% error) wit~ the ~rcali

method at 00
, goe, 17 0 e and 230 e. At 4oe, there are 3 points: on~ with
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. 40% error and ~NO ~ith less than 307. error. Because the study ~as con­
ducted outdoors during ~inter time, we could not repeat the study at 40 C.
Considering t~e.variabili~~ of tenperature, humidity, fo~tion of TDI
condensation aerosols, etc., ~e feel there is no significant te~perature

effect on lIleasure~ent ~ith continuous monitor.

(6) Effect of E~~ditv on ~e~sure~ent of TDI vith
Continuous Readinz ~onicors

Standard ablospheres of TDI were generated at various
humidities and simultaneously measured with the MOdel 7000 monitor and the

. Marcali method. Figure 20 shows the ~esults of this study: The paper tape
monitor consistently reads lower at 0% RE. Between 20 to 1007.RH, the
average errors are within 20%. Since the average relative humidity at the
plant is berNeen 70 to 80%, ~e assumed that the humidity does not have any
significant effect on measurements of airborne TDI.

F. Miscellaneous Studies

Because phosgene is one of the ra~ materials used in the manufacture
of Tn! an~ it is a well known respiratory irritant~· a pilot scale survey
vas made. to determine the extent of e:q,osure to the studypppulation. Perso­
nal.p~osgene monitors (~CX-4000) similar to the TnI monitors were used for
this evaluation. Table 29 su~rizes the results of this survey_ It is
clear from this table that the phosgene eX?osures were relatively minimal
'CO.004 ppm) '..hen compared to the ~IOSR recolDlllended r",-A of 0.1 ppm for up to
10 aour-day work week and a ceiling of 0.2 ppm. .
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APPENDL"{ 2

STATISTICAL 'CONSIDERATIONS'

A. Statistic~l ~ethodology Used to Defi~e E:rnosure Cate~ories

In the Environmental Characteri::at:'onsection,three exposure cate­
gories based on TDI concentra:ion as J1e.2.sur,edby 8-hour time-weighted
averages and four exposure categories based on peak TDI exposure as meas­
ured by time, the ~nstantaneous !DI concent~ation.was above .02, .04, .06,

"and .08 ppm were defined. This section describes the statistical method­
ology used to constr~ct these exposure categories,

The const~ction of the exposure categorie~ based on TDI concentra­
tion begins with 8-hour time-T...eig~ted averages ror 1949 personal sam~les

00'42 job titles. Since the frequency distribution of the time-~eighted

averages was ~rkedly skewed to the right, the time-weighted averages were
transformed by taking logarithms to the base 10. The logarithm scale was
divided into eight categories usin"g division points -3.60, -3.30, -3.0.0,
-2.70, -2.40, -2.10, and -1.80, correspond~~g to division points .00025,
.0005, .001, .002, .004,.008, and ,.016 ppm on the original scale. The
lowest c.ategory on the logl0 scale is called category 1. the next highest
category 2. ,etc:..

The frequency distribution by 10glP category for the 1949 personal
samples is given in Figure 1. It is approximately symmetrical.

Each of the 42 jobs is represented by its cumulative distribution
function:

.I
i
! -

I
.1

=

1/2

7
(Pli) i "" 1

and

is then defined to be:

Ul (Pil-PH)j

where Pi is equal to the proportion of ti~e-~eighted averages in 10g10 scale
category i, or less. The distance between t1o10 jobs represent~d by:

7
(P2i) i = 1

Then !:'"JO jobs are "similar" if the distance bet".7eenthem is small and
"dissimilar" if t~e dist.ance bet·....een them is large.
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Figures 21 and 22 contain histograms for several jobs together
with the distances be~~een them.

The distance be~een E-operators in drumming and the bug pond
operators is 1.13 making th~ far a~art. Thenistogram in Figure 21
visually conii~s this separation. On the other hand, the TDI foreman

. and the D-operators in phosge!1.e (Figure 22) are quite sUtilar with .. 097
distance be~~een them. !nte~ediate bee~een those ~NO ~~tremes are
A-operators in TOI and D-operetors in phosgene (?igure 22) with .37
distance between them, !DI fore~ and bug pond operators (Figure 21)
with distance .56 oetween them, and E-operators in drumming and TD!
foreman (Figure 21) with distance .67 between them.

Using those 21 jobs with 10 or more personal samples, a cluster
analysis was performed utiliZing the above distance function. The BMDP2..~

(32 ) cluster analysis of cases algorithm using options SUMOFSQ and
NO ST~~ARDIZE with weights equal to the number of samples in .job was used
to perfo~ the computations. w~en this algorithm combined clusters, the
cumulative distribution of the new cluster was computed as the weighted
average of the two component cumulative distributions using~eights equal
to the number of samples in each component.

Visual inspection, ~ithout kno~ledgeof job titles, of the cluster
tree produced by B~mp2~ resulted in three distinct clusters of jobs forming
the· basis of three exposure categories. Each of the remaining 21 jobs was,
then assigned to the categorJ corresponding to the cluster to which it was
nearest.

Histograms on the log scale and descriptive statist~cs in ppm for
. each of the three exposure categorie.s are presented in Figure 2 and Table 5
respectively. The jobs which :nake up each. category are listed in Table L.~

The distances betwe~n the HIGH and~ODERATE categories and be~~een the
MODERATE and LOW categories are .56 and .41 respectively.

In determining the peak exposure categories described on the
Environmental Section. all 2093 personal samples were llsed. A job was
represented Dy four numbers

where. q-l equals the proportion' of time above .Oi ppm for i =' 2, 4, 6, 8.

Distance be~Neen jobs was defined in a manner analogous to that
in the cumulative ~~osure c~se and a similar clustering perfo~ed. This
resulted in four pe~k exposure categories as described in Taoles 6 and 7.
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B. Statistical }fetho'dcilogy Used in Longitudinal PulJlonary Function
Analysis .

·1

A large par~ of our effor~ in accessing the respiratory health
effects of eX?osure to !DI has been di=ected at relati~g, ;£~er controlling
for smoking and atopic status, puLnonary function annual change to an index
of exposure. Annual change for a particular ?ul~onary function ?arameter,

'say FEVl , was com?uted for each study ~articipant 'Jith. three or more usable
dete~nations of FEVl as the slope of the least squares regression line
using FEVI as dependent variable and t~e since initial visit.as the inde­
pendent variaole. In this section, the s,tatistical methodology for relating
annual changes deter:nined in this '.Nay to explanatory variables is developed-.

For the i th (1 = 1. 2, ...• N) study participant, let

I

I'lij 'are

denote the linear regression of FEVI on time. Here the tij's (j : i •••. ,n
i

)

·represent those time points for which usableFEV1's are available for the

1
th .. .. f h ' hpart~c~pant, t

i
~s tne mean 0 t.e t

ij
s, t e error terms

assumed independent and normally distributed with mean 0 and variance

2 . th
T inde?endent of study participant, a. is the value of the i study

- ~

-partic,ipant' strue regression line at t., and e. is the slope of the true
~ ~

regression-line. Then eac~ a
i

and 6
i

are estimated respectively by the

usual least squares estimators:

1 n.

a1 a n
i
~Yij and
J=l

.~ .

b ...
i

(t ..
~J

t. )
~
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· 2 '

In addition.! is estimated by,

(yij (t
ij

- 2
2 N n. - a -b. - ti»

,.. r !:~ i 1.
t

1"1 j=l N
r (n

i
-2)

1=1

with
n.

1.r (ni -2)degrees of freedom.
j=l

Moreover. the v~riance of the

estimator b. is given by
1.

2
T

which. depends on the observation times for the ith.participant.

Now let xil • XiZ •. ",xik denote the indeperident variables for

the i~h participant with x
il

=1 for all i. For a~ample with k ~ 4,

xi2 might be cumulative exposure, xi3 a dummy variable representing atopic

status. and x' 4 = pack=years of cigarette smoking. Then woe wish to1. .

estimate the coefficients in the expression

+ E: •
i

where B1 is .the true slope for the i th participant. the E:
1

are independent

and no~lly dist=ibuted with mean 0 and variance 0
2 . Thus 0

2. is the

variance of the time annual changes a. not accounted for by explanatory
1.

variables ~'l' ...• x· k ·
1. 1. .
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Standard regression t~chniques using the observed slopes as dependent

variable can not be used to estimate the r's in (1) because the va~iance of

the observed slopes is not homogeneous. In order to take this lack of homo-

geneity into account. ~e proceed as follows.

Assume b i and 6
i

are related by

where the 01 are independent and normally distributed with mean a and

,2/~i (tij -
- 2 (1)variance t

i
) . Further.nore. assume that the E:

i
in

j=l

and the °1 are independent. It then follows that the observed slopes b.
1.

satisfy

where the 0i are independent and normally distributed with mean 0 and variance

In model (2) 0
2 ~ Variance (E.) is the variance of the true slopes

1.

not accounted for by the xil ' xi2 ' ...• xik ' ,2 is the residual, variance about I
, n

an individual p3r~icipant's regression line, and t2/~i (t
ijj=l

variance' of the estimation error 'associated with the observed slope b ..
1
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S~nce t~e coefficients y. in (2) are the same as those in (1), model (2)
J

\Jhich relates ,the observed slopes to- explanatory variables, can be used to

estimate the ,coefficients in model (1) ~hich relates true slopes to the

explanatory variables. Because the variances of the ~i + 0i in (2) are

heterogeneous, un~eighted multiple regression techniques should not'be used

to est~te the y.'sin (2). Since consistent estimators of
.J

2 2 ni - 2
a + L /r (t .. - t

i
) , as required by weighted regression procedures a~e

. 1 1.JJ=

2not available, the Yj'S'and a have been estimated by maximizing the

likelihood of b.'s with respect to the y.'s and a2 at the observed value of
1. .J

"2 N Di - 2
t ::I r E (Yij

-,a b. (t .. - t ))
j=l j=l i 1. l.J i

N
1: (n.-2)
i=1 1.

Specifically. letting K
i

=
n

i
(t ij - - 2 the log likelihood ofE t

i
) I

j=l

the 6.' s is
kJ.

xiJi-N
(b

i - E Yj
N 1 2 j=lN .tn 2~ E 2" 2,n (a 2 + l' /K.) - r

'2 1. i=1
'1=1 2 22( a + T /K.)

, 1.

.. 2
'which yield likelihood equations at the observed value of l' :
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k
·(b - 1: Yj xi' ) Xu .. 0

N
1

j=l . J

1:
1"1 . 2 "'2

(a + r /1..1)

k 2
N

E Yj
x
ij

)

1:
j=l

1=1 ? /1..
1
)2

( iii 1,2, •.. ,k),

1

. 2 "'2
a + 't' l1..i

o

A solution to these equations was. obtained' using the International Mathematical

and St~tistic~l Libra~ies' 'subroutine ZSYS~·which solves systems of oon-1inear

equations.

Starting values for this iteTative procedure were obtained in tne

following manner:

:1. -Let~inb b i = e + ~i + 01 with the variance of €1 equal to a~ and

N
1: Kib i1=1

N
1: K

11=1

b .. -'-------

it follows (See Section 16.5 of (34) -for an analogous computation) that .the

expected value of

N
1 l:

N-l 1=1
is

"'2'( + Wo
N-l.

2
a

o
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N 2
N E K1 ·

where W = ! K1
i=l This results in

0
1"'1 N

1: K
i1'081

N
(b. -b) 2 2

~2
t K - (N-l) "t.. i-l 1 J.

0
W

0

2
~s an estimate of a .

o

2. Regress bi on the xil,xi2, ••• ,x·ik using:weights equal to

, -1
+~) - and take as s~arting values for the itera~ive equation solving

K .
1

"'2
procedure, 0

0
and the coefficients YO l 'Y02' ••• 'YOk obtained from this

weighted regression.

The variance-covariance matrix of the estimators was estimated by.

th~ inver?e of the negative of the information matrix evaluated at the

solution of the likelihood equations. Inference on the estimated regression

coefficients was based on the asymptotic normality of maximum likelihood

estimators.

As ~~amples of above procedure, ~onsider the following ~NO cases

using FEVl annual change:
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(1) k = 1 and x
i1

;., 1 for all 1. .

(2) . k • 4 and xi1 = 1 for all i.

<if cumulative ~~osure _ .0682 ppm-~onths

othennse

.'

to if i th part~cipant is non-atopic
x

13
a

. 1 otherwise and•

X
14

D pack-years of cigarette smoking •

In this situation N = 223 J

''''2 2~ ••0175721 with 928 degrees of freedom,

t
I

I.
!l ..

•

N
1:
1=1

I: -.02402 ,

N
1: ~ (b

i
c b)~ :: 6.2107, and

-i-1

Then for ~~ample (1) . using -.0240 t for YOl and .000791 L
2

for
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"'2 "l

0 0 ' •...e obtain: '( . -.02449.. W'ith standard error ,. '.00316 and
1

"'2 ' 2
In this case, -.0244 is the maxi!iIUm likelihood estimate0 = .000652 i . 'r 111

1

of mean FEVl annual change and 0' = .0255 i- is the ma.-dmum likelihood estimate

of berween true slopes standard deviation.
-'

The quantity .000652 + .017572
2t(t. ..."t)

J

is the estimated variance of an observed slope calculated from time points

t
l

, ti, ... ,tn and .000652/(.000652 + .017572) is the proportion
- 2k(tj--t)

- of this variance due to Itbe~....een true slopes". This ·is the variability Ye' ,

are attempting to e.~lain by exposuretoTDI, atop~,c status; and pack years

of smoking. For a partici'pant Yith FEV1 readings at all nine visi,ts

- 2't(tj-t) '= 26.45 so that 49.5 per cent of variability in such. a participant's

annual change is available for explanation by the e~1anatory variables.

For example (2) 5tartings values -.0118,-.0123,.0010, -~00059,

and .000791 were obtained for the intercept, coefficient of exposure

categorization, coefficient of atopic status, coefficient of pack-years,
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2
and a respectively. Five iterations were required to satisfy the ZSYS~

s~opping criteria Yith EPS .. 10-6 and NSIG ~ 9 (See IMSL ZSYSTM documentation

for definitions of EPS and NSIG.) The resulting regression equation is:

FEV1 annual change =

-.0120 - .0118 L~ + .0010 ATOPY - .00058 P4CK-YEARS
(.0056) (.0064) (.0071) (.00022) where

EXP ...
f if ~umulCi.tive

lO' othelVise

exposure> .0682 ppm-months

and the numbers in parentheses are the standard errors of the regression

variability after removing variability ~~lained by exposure category, atopic

previous example, 9:4 percent of the true slope variability is explained by

I
I
I

I

j

!

I
I
i

I
i
I

I
!

. ,

other..nse

if participant is positive on two or more skin tests

ATOPY =

coefficient. The maximum likelihood estimate of 0
2 (the becween true slope

status, and pack years of socking) is .000591 1,2. Thus using the results of

these three variables.
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'I'ab1e 2

DESCRIPTIVE STATISTICS AT I~ITIAL VISIT
FOR THE 274 MALE P.~TICIP&~TS

D.

I
f

i
I
I
I
I

1. Race: 85~ white"

2. Cigarette Smoking: 51.17- current

22.6i. Ex

25.9% Never

3. Atopy (positive to 2 or
more skin tests) 20.1% Atopic:

~y.
Upper respiratory symptoms 38.7% Positive

'~~n. s. Low,,"e.r respir:ltor:1" ;'jUlptcms 29.6i. Positiye

~~ 6. Bronchitis ') 3.6% Positive\,,~ ,

7. 'Dyspnea 84.3% GRADE I

li.77- GRADE II

2.9% GRADE III

274

273

274'

273"

272

273

271

I
!
I

St~l.D.dard

n Mean .Deviation .

8. ' Age (yeats) 274 35.9 11.3

9. Height (inches) 274 69.9 2.56

10. Pack-years 273 14.37' 16.3

U. IgE IU/ml 271 ,181.8 287.7

'12. FEVi. p(l) 244 100.2 13.3

13•. FVC% P 244 102.7 12.3

14. FEF25-75% P 244 91.0 26.5

15. RV7. P 217 99.4 25.7

16. TLC~ P 217 101.0 11.6

17. DLCO: p 212 99.0. "16.7

18. K%P 212 99.7 17.3

(1):, predicteds are' taken from the pul:nonary function measureme~ts at the
time of the initial inte~Jiew or the n~x~ visit at which the pul~onary

function rne.:lsurcment'TJ3.S t.:lken if it TJasnot done at the visit of the
"initial interview. 54<



Table. 3

DESCRIPTIVE Si.i..TISTICS (in ppm)
FOR 8~HOu~ TI}ffi-~~IGHTED AVERAGES

8-Hour Time-Weighted Averages
Used to Develop Exposure C~tc;ories

MAX .0250

P75 . .0036

MEAN .0035

MEDIAN .002;:':.

P
25

.0011

MIN .0001

s. D. .0045

"Turnaround Time"
8-Hour Time-weighted Averages

.0250

.• 00-67

.0055

.0030 -

.0020

.0001

.0059

GEO. }fE-AN

. GEO. s. D.

n (samples)

.0020

2.94

1949

.0036

2.55

144

55<
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Table 4

JOB TITLES BY TIXE-w~IGHTED

AVERAGE EXPOSURE CA.TEGORY

Number
"

Exposure Job of
Cate~ory Code Job Location Samples

HIGH 13001 C Operator TnI 222
. 15050 E Operator Drumming 199

15051 E Operator Tank Far.:n 5
31030 Mill.-.rright Phosgene, 12
33030 Welder Phosgene 1

MODERATE 1001 Foreman TDI 239
12001 B Operator TnI 208
14030 D Op~rator Phosgene 224
30001 Unsp. Xaint. TnI 7
30021 .Uosp. Maint. Machine Shop 4
31001 Millwright . TDI 51
32001 Bo iler-naker TDI 17
33001 Welder TDI 31
34001 ' Pipefitter TnI 30
36001 Instruments !DI. 7
36019· Instruments Shop 5
41002 Unspec. Sample TnI Lab 7
42002 A Sampler TnI Lab 14
43002 B Sampler TDI Lab 7

LOW 1014 Foreman Soda Ash 4 ~

1017 Foreman 1'101 4 :
!

11001 A Operator TnI 69 ~

11010 A Operator TDA 60
12020 B Operator Hyco 88
13010 C Operator TnA 89 .

i:
13040 C Operator POL-DNT 14 ..
14040 D Operator POL-DNT 124

,

15010 E Operator !DA 35
15030 E Operator Phosgene 1
19052 Operator . Bug Pond 99
31012 Millwright Sodium Nitrate' 2
33009 Welder Ammonia 6
33027 Welder Pilot Plant . 3
35001 Electrician TDI 15
35018 Electrician Shop 6
36009 Instr'...l:llents Ammonia 6
37028 Carpenter Shop 4
40002 Chemist TnI Lab 15
53029 Clerical CAR warehouse 2
57012 Truck Driver Sodium ~itrate 4
58012 warehouseman Sodium Nitrate 5

. n02l Machinist Shop 4

56<



TableS

8-HOUR TIME-w~IGHTED AVERAGE DESCRIPTIVE
STATISTICS (in ppm) BY S.VOS~~ CATZGORY

57<
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JOB. TITLES BY PEAK EXPOSURE CAIEGORY

Category'I:

Category II:

Category III:

Category IV:

15050
30001
31030
33030

12001
13001
31001
33001
34001

01001
14030
15051
32001
37001
42002

01014
01017
li001
11010
12020
13010
13040
14040
15010
15030
19052
30021

31010
31012
33009
33010
33020
33027
35001
35018
36001
36009'
36019
36020
36030
37028
38001
39001
40002
41002
43002
53029
57012

58012
71021

E Operator in Drumming
Unspecified ~aintenance in !Dr
Millwright in·Phosgene
Welder in Phosgene.

BOperator in IDI
C Operator in IDI
Millwright in TDI
Welder in TDI
Pipe Fitter in TDI

Foreman in TD!
D Operator in'Phosgene
E Operator in TK Farm
Boilermaker in IDI
Carpenter in -TIn
A Sampler in tDI Lab

Foreman in Soda Ash
Foreman in T-lOl
A Operator in InI
A Operator inTDA
B Operator L~ HYCO
C Operator in IDA
C Operator in'POL-DNT
D Operator in POL-DNT
E Operator in TDA
E Operator in Phosg~ne·

Operator in Bug Pond
Unspecified ~aint. in

Machine Shop
Millwright in TDA
Millwright in Sodium Nitrate
Welder in Ammonia
Welder in IDA
Welder in hICD
Welder in Pilot Plant
Electrician in TDI
Electrician in Electric Shop
Instruments in TDI
Instruments in Ammonia
Instruments in Instt. Shop
Instruments in h"YCO
In~trc~ents' in Phosgene
Carpenter in Carpent~r Shop
Insulator in TDI
Maint. Supervisor in TDI
Chenist/Analyst in IDI Lab
Unspecified Sampler in TDI Lab
B Sampler in TDr Lab
Cleric3.1 in CAR \';arehouse
Truck Driver or Laborer in

Sodium Nitrate
Warehousc~an in Sodium ~itr~te

Machinist in ~l.J.chinc Shop'

58<
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Table 7

1PERCEmAGE OF TIME SPENT ABOVE StI.ECTED CO~CEN!RA.TION

LEVELS BY PEAK E.XPOSURE CATEGORY

Percentage of time above:

tegory .005 t)pm .01 Ptlm .02 t)um .04 pum .06 uum .08 ppm

I 36.1 20.1 10.6 5.S 3.9 3.4

u- 2.4.0 12.1 5.0 2..4 1.6 1.4

III 10.7 4.0 1.4 O.S 0.3 0.2.

IV 3.2. 0.7 0.3 0.1 0.1 0.0



Table 8

ANNUAl ~~GE REGRESSION COEFFlCI£~TS(l) USI~G C~~ruLATI'lE EX?OSURE,
ATOPIC STATUS A.."ID PACK-YI.AR.S AS EXPUliATORY VARIABLES

n
Cumulative

Intercept EX?osure Atopy
Pack­
Years

% Variability
E.,,<plained

L/y-r:-

L/yr

223 -.0103
(-l.09)

223 -.0039
(-.40)

-.0770
(-.81)

.0455
(.47)

.0011 -.00057
(.15). (-2.S5)

-.0070 -.00071
(-.97):- (-3.13)

7.36

20.3

'-75 t/sec-yr

I L/sec-yr

223 -.2041 -1.372 .1246 -.00332
(-1.52) (-1.01) (1.21) (-1.03)

223 --.0736 -.00275 .0249 -.00024
(-3.23) (-1.19) (1.44) (-.43)

223 -.lll5 -.000386 .0374 -.00036
(-3.50) (-.12) (1.54) (-.48)

3.0

4.1

6.5

lIl1
min-mmHg-yr

-1
".n-mmHg-yr)

./yr

./yr

~C) x 100 (yr)~l

•
164 -.169

(-4.99)

164 -1.127
(-4.97)

179.0391
(3.09)

179 .0275
(1. 81)

179 .4400
(3.04)

1.276 -.0155 -.00072
(3.31) (-.58) (-.85)

7.926 -.433 -.0015
(3.07) (-2.43) (-.27)

-.126 -.00222 .00104
(-.99) (-.24) (3.58)

.00371 -.0106 .00048
(.02) (-.93) (1.38)

-1.112 -.0181 .0114
(-.77) (-.17) (3.44)

28.8

47.5

30.9

5.5

46.4

:le numbers L"l. parentheses are the regression coe·fficients divided- by their standard
~ors. They should be compared to normal distribution percentiles for. tests of
ignifi::ance.

60<



·Table 9

ANNUAL ~~GE REGaESSION COEFFICI~S(l) USI~G DICHOTOMIZED
CtJMI1LAIIVE EXPOSli?.E, ATOPIC STATUS I A..'ID PACK-rr.ARS AS 1:XPL.-'u'iATORY V<\.tUABLES

n

Cumulative (2)
Exposure

Intercept Categorj II Atopy
Pack­
Years

% Variability
Explained

L/yr

L/yr

. -1
(yr)

i-75 LIsec-yr

) _ L/sec-yr

m.l
min-llIlDB.g-11:'

-1n-mmBg-yr)

~/yr

L/yr

rLC) x'lOO (yr)-l

223 -.0120
(-2.14)

223 -.0006
(-.10)

223 -.2358
(-2.94)

223 -.0801
(-5.96)

223 -.1031
(-5.44)

164 -.0934
(-4.39)

164 -.6578
(-4.64)

179 ~0286

(3.83)

179 .0278
(3.11)

179 .3331
(3.93)

-.Oll8
(-1.82) .

.0012
(.19)

-.2024
(-2.20)

-.0406
(-2.63)

-.0285
(-1.31)

.0518
(1. 97)

.3246
(1.86)

-.0061
(-.07)

.0000
(.00)

.0313
(.32)

.0009 -.00058
(.13) (-2.60)

-.0069 -.00071
(-.95). (-3.17)

.1216 -.0034
(1.19) (-1. 08)

.0243 -.00025
,(1.42) (-.46)

.037.3 -. Od041
(1. 55) (-.54)

-.00642 -.00101.
(-.24). (-1.19')

-.3755 -.0033
(-2.09) (-.58)

-.00289 .00107
(-.31) (3.67)

-.0105 .00048
{-.93) (1.38)

-.0246 .0117
(-.23) (3.52)

9.4

19.2

6.30

1,1.1

6.6

16.3

33.6

27.1

5.6

41.7

ee Footnote (1) of Table 8.

:umulative Exposure Ca~egory II has value if cumulative exposure is > .0682 ppm-mon~hs

.nd 0 oche~se. Thus, its coefficient est~ates the difference ~etyeen the ~_o caCe­
:ories after controlling for the other variables.

61<
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Table 11

ANNUAL CIUU~GE REGRESSION COEFF!CI~~S(l) USING T~ ABOVE .02 ppm,
ATOPIC STAIUS, A.'ID PACK-YEARS AS ECPLA.~AIORY VARIABLES

Time Above Pack- % Variability
n Intercept .02 ppm Atopy Years Explained

L/y-r 223 -.0141 -.0043 . .0010 -.00057 9.51
1 (-2.51) (-~.O5) (.14) . (-2.56)

L/y-r 223 -.0020 .0032 -.0070 -.00071 19.7
(-.35) (.75) (-.96) : (-3.12)

% L/yr 223 -.2470 -.452 .1231 -.0035 6.2
(-3.09) (-1.93) (1.24) (-1.08)

25-75 L/sec-y-r 223 -.0853 -.0184 .0246 -.00024 7.6
(-6.31) (-1..8:n (1.42) (-.44)

50 L/sec-yr 223 -.1107 -.0066 .0375 -.00038 4.7
(5.83) (-.47) (1.55) (-.50) .

ml 1.64 -.0968 .0380 -.00832 -.00095 16.6o m1n-mmHg-y-r (-4.47) (2.14) (-.31) (-1.10)

min-mmHg-yr) 164 -.6482 .1"761 -.382' -.00305 27.3
(-4.45) (1.48) (-2.11) (-.53)

L/yr -179 .0361 -.0129 -.0017 .00102 38.1
{4.93) (-2.38) (-.19) (3.35)

,
L/yr 179 .0322 -.00733 -.00999 .00045 9.9,

(4.69) (-1.11) (-.88) (1.29)

'Inc) x.100 (yr)-1 179 .4238 -.1361 -.0114 .0112 55.4
(5.08) (-2.20) (-.11) (3.40)

S<!e Footnote (1) of Table 8.
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Table 12

ANNUAL CRA.~GE REGRESSION' COEITICIEm'S (1) USIRG DICROTOHIZED
'I'D1E ABOVE .02 ppm, ATOPIC STATUS, AND PA~X-YE.ARS A.SEXPLANATORY VARIABLES

Peak Exposure (2) Pack- %Variabil1~

n Intercept Category II Atoyy Years Explained

L/yr 223 .... 0127 -.0108 .00058 -.00058 10.9
(-2.29) (-1.64) , (.08). (-2.61)

L/yr 223 .• 0005 -.0015 -.0069 -.00072 18.6
(.09) (-.22) (-.95)- (-3.18)

:yr-1 223 -.2594 -.1541 .1158 -.0034 6.0
(-3.26) (-1.63) (1.13) (-1.07)

!5-75 J..lsec.-yr 223 -.0847 -.0317 .0232 -.00024 10.0
(-6.34) (-1:99) (1.35). (-.45)

50 .L/sec-yr 223 -.0999 -.0396 .0361 -.00045 8.7
(-5.34) (-1. 77) (1.50) (-.60)

ml
:> min-mmlig-yr 164 :".0977 .0646 -.0058 -.00101 24.3

(:"4.64) (2.50) (-.22) (-1.19)

:J1n-lIlII1Hg-yr) 164 -.6560 .3170 -.3706 -.00338 31.4
(-4.64) (1.82) (-2.06) (-" 60)

L/yr 179 .• 0341 -.0172 -.00285 .00104 32.4
(4.69) (-1.92). (-.30) (.3.60)

L/yr 179 .0331 -.0158 -.0105 .00045 11.3
(3.81) (-1.48) .(-.94) (1.31)

'Inc) x 100 (yr) -1 179 .3911 -.1427 -.0240 .0115 44.2
(4.70) (-1.40) (-.22) (3.46)

I

(1) of Table 8.See Footnote
l

time above .02 pym is > .19 months and a other-Peak Exposure Category II has value 1 if
"ise. Thus, its coefficient estimates the difference between the tvo categories after
controlling for the other variables.
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Table 15 -

~~y STATISTICS ON 274 P&~TICIP:~lTS BY NUMBER OF
VISITS WITH COMPLETE SPIROXET~Y

i
r'

Number of Number of : '

visits >3 visits <3

n 226 48

% White 85.4 83.3

~ Lower Respiratory Symptoms 29.8, 29.8
~ .

% Upper Respiratory Symp toms* 42.0- 23.4

% Bronchitis 3.5' 4.3 ?-
% Interview Atopic 33.8 25.5 ~
% Atopic* 23.0 6.3 ~y

% Dyspnea 14.3 17.0

% Current Cigarette Smokers 50.9 53.2 . -

Standard
Mean Deviation

L)
(1) Standard

n Mean Deviation ~

226 35.5 12.6 48

226 69.8 2.9 48

226 17.4 21.9 47

207 99.2 13.3 37

207 101.4 12.0 37

207 88.2 24.5 37

186 100.4 28.8 _ 31

186 99.5 11. 6 -31

181 99.7 14.2 31

Age (years)

Height (inches)

Pack-years ­
FEV

l
% p(2)

FVC % p-

FEF % P

RV-% P

TLC % P

K % P

Cumulative E:qJosure*
(ppm-months)

Time above
.02 ppm (months)*

35.6

70.0

13.7 .

100.4

102.9

91.5

99.3

101.3

99.7

.0725

.55

11.0

2.5

14.9

13.4

12.4

26.9

25.2

11.6

17.7

.0354 225

.72 225

.0231

.29

.0169 30

.33 30

, -

\
I

f
; .

\"
I

!
il _
i,
I
t
I
j

I
i

I,
i'I _
! -
I_

I
J.
; ­
./- ~
, '

, ,, .

*p <.05

(1)n represents number of participants W'ith usable data.
(2)., d' d k - 1 f h ~- .~ pre 1cte s are ta en tram the pu monary unction measurement at t e t~e ot

the initial intervieW' or the n~~t visit at ~hich -the pulmonary function measure­
ment W'as taken if it ',Jas not done at the visit of -the initial interliew.

67<



Table 16

ESTlMAIED XEA...'1 ANNUAL CHA..'1CES
IN SPIRO~TRIC TESTS BY

TWO cmnJI..ATIVE E..1?OSURE C.UECORIES
FOR NON-ATOPIeS w~!H

14 PACK-YEARS OF SMOKING

n

FEV ' ml./yr
1

rvc ml/yr

FEV% (yr)-l

FEF25- 75 ml/s~c-yr

ml/sec-yr

GROUP I

<;
(ppm-months - .0682)

ill
,-20

-11

-0.28

-34

-109

. 1
(p ... 034)

(p"= 1.0)

(p 014)

(p 004)

(p D .09,5)

GROUP II

(ppm-months > .0682)

li
-32

-9

-.48

-125

-137

1 .
p-values are significance levels for one-tailed tests of sign1£icance for differences

- between the two groups after controlling for other variables.

68<:
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Table 17·

ES'ID1ATED XE:AL~ A..'fflUAL CHANGES L'{ rr:v" rEV:. AND
m 25-75 B"Y Cl1MtJUIIVE EXPOSURE FOR NON-ATOPICS ';o,o"1.1H 14 PACK-Yf.ARS OF SMOKING

CROUP I GROUP It A GROUP II B
(ppm-months ~.0682) (.0682 < ppm-months 5.1) (ppm-months > .1)

1 149 37 37

.025)1
,

rEV1 ml/yr -20 (p • -39 (p ....19) -26

, -1
-.29 (p ... 05) -.52 (p .... 68) -.46FEV%. (yr)

FEF25-75 ml/sec-yr -84 (p .. •014) -133 (p .....50) -117

(l)p-Values are significance levels for d1£f~reDces berween adjacent categories
af~eT contTolling for other variables.

69<
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Table 18

ESTIMATED XE.A".'i ANNUAL CH..-\..'iGES IN SPIROMETRIC TESTS
BY rHO TIME ABOVE .02 ppo CATEGORIES

FOR NON-ATOPIes WITH 14· PACK-~LARS OF SMOKING

GROUP I GROUP II
(months :::.19) (months >.19)

n 140 83

FEV1 -21 (p .. .051) 1. -32

FVC -10 (p ... .413) -11

FM -.31 (p .. •052) -.46

FEF25- 75 -88 (p c: .023) -120

FE'FSO -106 (p ...038) -146

(1)p-values are significance levels for one~tailed tests of
significance for differences between the cwo groups after
controlling for the other variables.

70<
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Table 19

EST!MA.'!ED ,MEAN' ANNUAL C1lAJ.~GES 'm FEVl'FEV% t

FEP25- 75 , ~~ FEPSO BY T~ ABOVE .02 ppm

CATEGORY POR NON-ATOPIeS WITH 14 PACK-YEARS OP SMOKING

GROUP I GROUP 1.1 A GROUP II B
(m.onths ~.19) (.19 < months ~) (months >1)

'Q 140 47 36

. FEV! VJJ./yr -21 (p a: .087) -35 (1:' .. •52) -28
. -1

-.31 (p • .40) -.40 (p .. •40) -.42rm (yt')

FEF25- 75 mllsec-yr -88 (p =0 .12) -118 (p .. •90) -121

FEPSO ml/sec';'y-r -106 (p a .012) -174 (p .. •072) -108

(l)p-values are significance levels for differences berween adjacent categories '
aft~r. controlling for other variables.

71-.:::.-
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Table 20

SUMMARY STATISTICS eN 274 P.~TICIPANTS BY ~ER
OF VISITS WITH COMPLETE DlrFUSI~G 'CAPACITY

DETERl1DlATIONS

Number of Visits Number of Visits
~3 <3

n 165 109

% w'bite 88.5 80.7

%Lower Respiratory Symptoms 29.3 30.6

% Upper Respiratory Symptoms* 46.7 26.9

% Bronchitis 4.2 2.8

% Interview Atopy 34.5 29.0

% Atopic 24.8 12.7

% Dyspnea 14.6 14.9

% Current Cigarette Smokers 48.5 55.6

..~~7. ·Standard (1) Standard
Mean Deviation n ~ean Deviation u·

Age (years) 36.0 11.0 165 35.9 11.8 109

Height (inches) 70.1 2.5 165 69.7 2.6 109

'Pack-years 14.0 15.0 165 14.9 18.2 108 .
FEV % p(2) 10C.7 12.7 ·151 99.5 14.4 931
rvc % p - 103.2 12.1 151 101.8 12.7 93

FEF %-P 91.1 26.1 151 90.9 27.4 93

RV % P 100.0 24.5 139 99.0 27.9 78

TLC % P 102.0 lL7 139 100.0 11.5 78

K % P '99.9 17.4 135 99.4 17.1 77

Cumulative Exposure*
(ppm-months ) .068 .031 164 .039 .023 77

Time above .02 ppm
(months) .49 .67 164 .42 .49 77

.* p < .05

(1)0 represents the number of participants with usable data.

(2)% predicteds are taken from the puloonary function measurement at the time
of the initi~l inter/iew or the next visit at vhich the pulmonarf measurement
was taken if it !,las not done at the visit of the initial interview.
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Table 21

SUMMARY STATISTICS ON 274 P.~~TICtPANTSBY NUMBER OF
VISITS WITH CO:'IPL.t"IE LUNG VOLUME DETER.'1TNATIONS

'Number of Visits Number of Visits
~3 <3

U 182 92

% White 87.4 81.5

%L?werRespiratory Symptoms 28.7 31.9

% Upper Respiratory Symptoms* 44~0
I 28.6

% Bronchitis 3.8 3.3

% Interview Atopy 34.1 28.9

%Atopic 24.2 12.0

% Dyspnea 13.3 17.7

% Current Cigarette Smok.ers 48.4 57.1

. Standard t/1)
Standard

Mean Deviation Mean Deviation n

Age (years) 35.7 11.0 182 36.5 11.9 92

Height, (inches) 70.1 . 2.5 182 69.5- 2.6 92

Pack-years 13.5 14.8 - 182 16.2 19.0 91
FEV %(2) 101.3 12.9 165 98.0 14.0 791
FVC ~ P 103.6 12.3 165 100.8 12.3 '79

FE]' % P ·92.0 25.9 165 .88.9 28.0 79

RV %P 98.8 24.6 151 100.9 28.3 66

TLC % P 101.7 11.6 151 99.5 11.6 66

K % P 99.5 17.4 146 100.2 17.1 66

.. Cumulative Exposure*
(ppm-months) .08 .03 181 ~03 ~02 60

Time Above .02 ppm
(months) .•57 .75 181 .38 .45 -60

*p < .05
. (1)

n represents the number of participants with usable data.

(2) .
% predicteds are taken from the pulmonary function measurement at the time
of the initial interJiew or the next visit at which the pulmonary function .
measurement was taken if it was not. done at the visit of the initial inter­
View.

..

,
! .

. ,

i .
i
i

i
I
I '

I
I
1
I '.
1 .
I
I'
I .
I
:i .
!
I

i
;
I .

" .
i

.. '

i -, .



Table 22

SUMMARY STATISTICS ON 274 PARTICIPANTS BY
COMPLE~ESS OF' I~ITIAL AND F~AL INTERVIEW·

Complete, Incomplete' , ) I
, .

.203 71
i

u !
"l'

%White 87.1 . 80.3

% Intervie~ Atopy 37.0 30.4
i

% Atopic. 22.2 14.• 1 I
I

% Current 52.2 48.6 . i
Cigarette Smokers ;

I
i

Age (years)

Height (inches)

Pack-years
FEV

1
? p(2)

FVC % P

FEF % P

RV % P

nc % p

K % P

Cumulative Exposure*
. (ppm-months)

Time Above .02 ppm*
(months)

. Mean

35.4

69.9

13.6

100.5

103,,1

91.4

98.6

101.5

100,,1

.082

.62

Standard'
Deviation

10.8

2.6

14.8

13.4

12.0

27.2

25.8

U.S

16.9

.033

.80

(1)
n

203

203

203

182

182

182

165

165

160

202

202

Mean

37.5

69.9

16.5

99.-5

101.6

89.8

102.2

99.7

98.7

.013

.019

Standard
Deviation

12.6

2.4

20.1

13.4

13.2

24.6

25.7

11.9

18.6

.015

.19

n

71

71

70

62

62

62.

52

52

52

23

23

I
j ,

!

.* p < .05

(1)n represents the number of participants ~ith usable data.

(2)% predicteds are taken from the pulmonary function measurements at the time
of the initial intervie~ or the na~t visit at ~hich the ?ulmonary function
measureJTlent was taken if it 'Jas notoQne at the visit of the initial inter­
vie~.
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TOI Environmental Exposure Evaluation (8/73 to 7/75)

Table 26

Location

TDI Plant

Tn! Dnmmring Building

Percent· Weekly
T'..lA Excursions

Above .005

82".7%

60.3%

78<

Percent Weekly·
TWA Excursions

Above 0.0.2

. 24.7%
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'table 27

PERSONNEL MONITORING SCHEDULE

(January 7 - May 28, 1976)

January 7 thru January 11 lIAlI Shift 4 p.m. - 12 a.m.

January 14 thru January 18 liE" Shift 4 p.m. - 12 a.m.

January 21 thru January 25 11 e" Shift 4 p.m. - 12 a.m.

January 28 thru February 1 liD" Shift 4 p.m. - 12 a.m.

February 6 thru February 10 linII Shift 8 a.m. - 4 p.m.

February 13 thru February 17 lIA" Shift 8 a.m. - 4 p.m.

F~br.lary 20 thru February 24 "E" Shift 8 a.m. - 4 p.m.

. February 27 thru March 2 ."e" Shift 8 a.m. - 4 p.m.

March 6 thru March 10 IIe" Shift 12 a.m. - 8 a.m.

March 13 thru March 17 111)" Shift 12 a.m. - 8 a.'m.

March 20 thru March 24 "A" Shift 12 a.m. - 8 a.m.

March 27 thru March 31 liEf! Shift 12 a.iD. - 8 a.m.

April 5 thru April 9 Maintenanc.e 8 a.m. - 4 p.m.

April 12 thru April 16 Maintenance 8 a.m. - 4 p.m.

April 19 thru April 23 Maintenance 8 a.m. - 4 p.m.

,"prtl 26 thru April 30 Maintenance 8 a.m. - 4 p.m.

May 3 thru May 7 Drumming Lab 8 a.m. _. 4 p.m.

May 10 thru May 14 Drumming Lab 8 a.m. - 4 p.m.

- May 17 thru May 21 Drumming Lab 8 a.m. - 4 p.m.

May 24 thru May 28 Drumming Lab 8 a.m. - 4 p.m.
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table 28·

COMPARISON OF !DI, MONITOR VS. PERSONAL MONnOR

lame

EXllosure ill Minuc:es I I Iime- j
I I .02 I. .04

I

.06 I .08 Total weighte~.005 .01 IPlant Date pot!!. I avera';!e Shi"ft

Is TnI I 5-19-7511 101.2 32.2 0 a I a 0 .0349 .0044 8 A..'1
4~

lciuction !DI I 5-19-75 11 324 I 306 270 207 192 189 .200 .025 8 A..'1
'ker 1 4~

~uction I
I a ~1

ker 2 !DI 5-19-75 11 168 87 54 9 0 0 .054 .0068 4 p~

r !DI 5-20-75 16.1 11.5 a a ,0 0 •0139 1 .0017 6 .'\..'1
4PM

jciuction
Uuknoun I 5-20-75 1 195 162 120 39 0 0 .09,0 I .0113 8 A.'1

rker 1 4 PM

f~UC.tiou !DI 5-20-75 330 174 93 39 I 24 21 .105 I .0131 8 A..'!
ker 2 .- 4~

Tn! 'I 5-22-75 0 0 0 0 0 a .0104 .0013 I B A."!
ea

4~

ductiou
Unknm."1l 5-22-75 1 407 384 183 39 9 0 .154 .0193 B &'1

ker 1 I 4~

tlduc. tion .
!DI I 5-22- 75 1 327 I138 48 15 9 9 .080 .010 8 c\o'1

Irker 2 ; 4~

f. ' .
200~ 11 I I .0155'\ 4 PM,ea Tn! 6-25-75 140.3 87.4 20.7 0 0 .124

11~

. eduction
TnI 6-25-75 11 , 4PM

rker 1 ll~

. :oduction
TnI I 6-25-75 12 0 0 0 0 0 .019 .0024 4 PM

rker 2 ! 11 ?~

IOduction 6-25-75 I I I 4 P~1

rker 3 !DI 9 0 0 0 0 0 .018 .0023 11 p~

fea TDI 6-26- 75 1 190.9 165.6 liS 20.7 13.8 13.8 .1213 .0152 I 4 P~

11 PM
Itoductiou

TnI 6-26-75\ 69 15 a 0 0 0 .020 .0025 4 P:-1
brker 1 11 p~

l~duc:.tion Phosgec.e 6-26-75 36 6 0 0 0 0 .002 .00025 4 p~

rker 2 ! 11 p~

'reductiou
'l'DI 6-26-75

1
207 84 15 0 0 0 I .047 .0059 4 PM

Jrker 3 11 PM
l Oductionl 'l'DI I 6-26-7SII Sl I 21 6 0 0 0 .036 .0045 4 PM

Jrker 4 11 p~

aea DrummingI 5-20-75 ! 400.2 299 69 I 43.7 41.4 I 41.4 .1490 I .0186 I
8 A}!"
4' PM

.' oductionl I
5-20-751 , 72 45 I I 8 &'1

~orker 1 Drumming! 309 9 0 0 .066 .0083 to PM,
roduction I

5-20-75! I I I , 3 .-\.'1
~rZ

DrUl!:ll1ing i 174 48 0 0 0 0 .036 .0045 4P.-1
ProdUCtion II I

5-20-751 51 , 30 0 0 0 0 .022 .002S I 8AM
I·~rk.er J 1 Drumming

'" ?~'f' ,I-.
'.• ea .. :It'UllDtingI 5-23-751 11.51 6.9 0 I :: 0 0 .0297 I .0037 I BA!1

I I 4~
~-od . .

S-23-75II
8 .:\.0'1'" UCt: ,..... I !'.~rker 1 ~rummiDg 4 p~

. ~Oducc~-~;~. I ..
~,rker ~ -:I~rummic.g 5-23-7511360 6 0 I :J I 0 0 .050

I .0063 8 Ao.'1
il.: - .. G p~

J:lductionll II 5-23-751 , I I I S A.'1Jrker 3 . Drumming, ~l 0 0 a 0 0 .016 .002
I I 4 P~

._------:~-------_._-~---
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table 29

SUMMARY OF P~RSONAL ~ONITORING FOR PHOSGENE
m A TnI MA.'IDFACTURING PLANT

Concentration of
MonitoriIlg Number Number Phosgene - PPM

Period of of Mean 8-hr
JQb Title Location Month-Year Sh1£ts* Vlorkers Read~gs TWA + SD

Phosgene Phosgene 3/76-12/76 1.2.3 10 71 0.004 + 0.004-Operator Plant

!DI TnI 3/76- 4/76 1,3 2 6 0.004 + 0.003
Operator Plant

DR! TnA 3/76 3 3 14 0.004 + 0.003
Operator Plant

Maintenance '!DI and 5/76-12/76 1 6 22 0.011 + 0.017-Phosgene
Plant

*Shift 1 8 a.m. - 4 p.m.
Shift 2 4 p.m. -12 midnight
Shift 3 12 midnight - 8 a.m.

81<
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" HISTOGRAM OF' 8-HOUR'
. TIME-WEIGHTED AVERAGES

( LOG -SCALE)

.Figure 1
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Histogram of 144
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Turn Around Time
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Weighted Averages
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- L

HISTOGRAM OF- 8-HOUR. -

TIME-WEIGHTED AVERAGES
BY EXPOSURE 'CATEGORY

(LOG SCALE)
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C a TDI momtor

A • challenge subject

B = observer

D :I air pump

E :I rotameter

F :I TOI container

I

I

I
~ F

J G E

D

1 .

1

1

C

I

i.
~

.............· .· .· .: ·H :· .: :
. , .

J

~ = circulation fan

H = exhaus t (overhead)

J = air lock

f,,
j

.f

FIGURE 6

SCHEMATIC DL~GRh~ OF PROVOCATIVE
INHALATION CHALLE~GE CH&~ER
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TOI PLANT
HISTOGRAM OF WEEKLY TWA
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Mean =0.0166 ppm

Std~ Dev. =0.0075
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TOI DRUMrv11NG BUILDING
HISTOGRAM OF WE.EKLY. TWA

96<

3/3/75 10 7/21/75
Mean . = 0.0110 ppm

Std. Dev. =0.0070

9/16/74 to 2/24/75
Mean ;: 0.0066 ppm
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DISTANCE BETWEEN SELECTED JOBS
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DISTANCE BETWEEN SELECTED JOBS.
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Environmental characterization of toluene dii~ocyanate (TnI) in a
manufacturing plant - Dharmarajan, Weill, Self

Physical state of airborne p.p' diphenylmethane diisocyanate (MDI)'
and its measurement - Dhannarajan and Weill

Analysis of Toluene Diisocyanate (TDI) and p.p'-D1phenylmethane
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