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INTRODUCTION 

Field studies of indoor air quality ha� been conducted in problem and in 
nonproblem buildings both as quasi-experimental and as cross-sectional investiga­
tions. Such studies are useful when examining the importance of different factors 
and their interplay in field settings, that is, in the worJ< place. but generally foil to 
provide the infonnalion more rigorously controlled approaches need to answer 
questions about the mechanisms that lead 10 complaints in indoor environmenls. 
Chamber studies, on the other hand, generally serve to tesJ specific hypotheses 
aboul pos1ula1ed mechanisms or specific agents or intercsl. Experimental and 
quasi-experimental designs have been addressed elsewhere in this volume. Conse­
quently, this paper will focus on a series of studies by lhe author and summarize 
.the European cross-sectional questionnaire investigations. 

Anecdotal reports of problem buildings appe.ared wilh increasing frequency 
after the early 1970s. The first formal investigalion oflhe "sick building syndrome" 
that included more than one building, and that also included nonproblem buildings. 
was actually conducted as a search for the cause of humidifier fever. 1 An increase 
in symptoms of chest tightness was s�n. albeit nol stalistically signilkanl, in 
buildings with mechanical ventilation systems with humidification. The most strik­
ing. result, though, was the excess of "nonspecific" complaints seen in mo�t 
buildings with me<:hanic.al ventilation systems independent of humidity control. 
or note was I.hat several buildings with natural ventilation had markedly more 
frequent complaints than some of t he mechanically ventilated buildings, suggesting 
that ventilation systems themselves were· at leas1 not the sole cause. A response 
to !hat p.aper suggesled that similar complainls were quite frequent in tropicu1 
countries and might be In fact attributable to a varie.t y of environmental conditions, 
including "allergies," low relative humidity, and other faclors.1 Several European 
studies have examined the relati-Onship between lhe prevalence of complaints and 
the design of ventilation syslems.1•3•4 A recent reanalysis of the above-menlioned 
studies and four others has suggested that ventilation systems may have contrib· 
uted to complaint rates in all studies, including even the Danish Town Hall Study.' 

A different approach was undertaken in the Danisli Town Hall Study. an 
investigation of over 4000 office workers in 14 Danish town halls and conlrol 
buildings.4•611 was thought to demonstrate no innuence of ventilation systems . ··· 

0 The third investigation described in this paper was supponed by 1he Health Services; 
Research Fo11nda1inn, Pillsburgh, Pcnnsylvanin. 

b Current atltlress: Occupallon;.d Medicine Pru11n1m. Building t2, University or Cunnc 
cul Hcallh Center, Farmington. Conncc1icu11161llfl. 
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ini1ially analyzed, on complainls bu1 lo indicate several olher importan1 building 
and personal risk faclorn. Gender. hours spent al work, hours spent photocopying, 

·crowding, "Heecinc" ma1erials, and control over work were considered imporlanl 
·.prcdiclors of comp!ainrn. in addil ion, !he aull:t\ll'� mei,isured dust, 1he immunologi­
cally ac1ive corrtpo11ent of t(ust, lemperature, volatile organic compounds, carbon 
dio1<ide,;and:Fa<iian1 temp�ralurc- in one room in each b\Jilding: They follnd that 
bolh dusl levels th•:mselves and lhe immunological component of dust in lhe one 
�:tmpled room appearecJ related lo the levels of complaints in the building. No 
additional faclors l!lppe:cred importanl. 

lnlereslingly. earlie:r auempls have generally failed lo demonstrate dose-
re�ns_e. rclati�n�.hips het�een e�posure� a�d �fTecls. For e�an_iple, Rob��.son �t 

t!!�· J?u�d no �1fl"er�n�c b:tY(ce� r
:�

f!IS m .)lt'eJl-accepted butldmgs and rooms. m 
P.OQrly accepted buildings m radiant temperature: dry-bulb temperature, relauve 

, � .u,miifily. 'du�! l�v�ls, carbo,p ·d iOxjCle le�cls, noise, or carbon monoxide levels. 
,N.ega1ive ions'· were also urirdalcd to- the level of compiaints. Jansen and Wolll' 
simila.rly .fal!�o'"lo'find a telaliO!JS�ip bet\:\i�e� symptoms and :measured exposu�s. 
T�e -�ingle .e�cepri�n �pptars 10 b� 1tie ��hsisl�nl contribution of lighling. 1"- 12 On 

:!�F. .oi·ficr li�fiil, foy�stiga'li9ns' o(prQ�Jcm buildings have freql!enlly id.tnt.i�ed 
s�1;!fl� P,Ol)urivt'ts a.'s � mo,s'( likely or'prim!lrY erfology. n. LI 

,• : 't 

:rwo.rcasons niay Cl(J)(ain the failure IC iden1ify a sj>ccific cause. Flfsl, industnal 
hyg·iime: ii1eraiure' i.� replete wi1h eiianiPles or lhcfinatlequacy ot'area sarripiing lo 
i<lentil'}· personal e� pos11res. Secorid.Jh� failure lo address variability in exposures 
and dfccls may obfusca:e aclUal 'rdationsliips. Symptoms relaied to indoor air 
qualily lluctuale over hours, if no1 minutes. Pollutanl levels loo may vary over 
relatively brief period� eir lime, as both source strengths and modifiers of exposure 
change ;�apidly.·.Du1s1 and bioaer..osols .are generated by walking;acrO!iS carpels; 
��ser·'Prinlers· and pholoduplica1ion machines operate intermiuently; typewriter 
�orredion fluid comainers are �ed for relatively hri�f periods. of lime;, and 
varia .. le ·air volum·e; SY!i.lems may ·supply lower amouna� of air with lower; air 
exchange rates th:alll' e}(fJeCICd .because Of inadequate design. ··" "" : 

Because :of these considerations, I.his aut.hor has conducted three. separate 
invesligations over 'sevi:.ral years in an allempHo identify a method .to .relate 
exposures and effects i1� indoor environments. The method was extended from 
one iniJially developed in .an -investigation, of complaints. in Danish child-care 
facili1ies14 based ·on a linear analogue sei'r-as-�essm�n1 seal� (LA.SAS)." Similar 
ques1ionnaires have: bee1� used by others. 1•16 The first investigation was undertaken 
in a building with a postulated cause lo determine whether the method would 
ac1u.ally conlicm th1: au1J10r's concern. The secon� inycstigation was 11nde,.rtalcen 
in a-problem building where the etiology was not idenlifiedrJ'he origina'1'J!an was 
lo .in1ervene -0n. the id�:ntifjed .pollutant- and to subsequeJl(ly' reinvestigate_ lhe 
huiluirig.· The ihirJ invesligation was carried ·out in a series ofbuildings;without 
known problems, in an allempi lo develop a specific hypolhesis on· the: cause of 
nt>nsp�cifk.health complaiAts in modern office bu�l.dings. ,, 1; ,': 
1 • ·� # ' .. • t• •1, � ·" f• r :r 

...,. - I . � . �. .. 
-· . ' . � �' 

sruov IN A etJ1l.1c>1NG wlTu A ·KNOWN PROBLEM:'vi8R;ttmN·�" 
The first sludy in this series wai· c�nducted in a parking office over a three­

weck period using lhrec· clerical workers as subjects. li implicated temperature 
anJ vibralion as co1�1ributors 10 discomfort.11 Vibration had been described pre­
vi(rusly as a Potential i::liuse·of iiidoor·'air quality COIJlplain!s.11 

�H:i!� : � · f:• . :, :� I': · \.! 111, 
; : • ·; I � 
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HODGSON: FIELD STUDI� ON THE SI� BUILDING SYNDROME 2l 

Bodi1rountl 

Clerical workers in a parking office had complained of headaches. dizziness, 
weakness, difficulty co.ncentrating, abnormal facial pallor. nausea, and mucous 

membrane irritation over a period of several years. Two indilslrial hygiene surveys 
had b.ecn conducted. The first found no abnormalities of nole and made no recom· 
mendations. Dqring the secoad, a defecl was discovered in the wall connecting 
the office lo the parking areas themselves , where a missing cinderblock allowed 
entrainmenf of exhaust inlo the parking space. Although no elevations in carbon 
mon.o.x.ide levels were measured and no pressurization lests were under1aken, 

the complaints were atlribuled to entrained exhaust. The hole was sealed . The 
complaints did nol resolve. . 

Approximately one year later, the author was asked to investigate' the problem 
because of growing dissatisfaction on the par1 of <he occupants. On an initial walk­
through, s1ron1{vibration was noted, leadi�g to vi.sible movement of the fluid 
meniscus in coffee cups and to difficulties on the part of rhc author when using the 
videodisp!ay lenninal units on the desks. On review of the building plans, the office 

jiad been placed <lireclly above 'he central chilled waler plant orthe instilution. One 
of four main pumps-, situated dircclly beside a steel girder supporting the office 

oor. was poorly anchored and lrar1smilled vibralion to the ftoor and furniture. A 

study was designed lo test the hypothesis that vibra!ion was al leasl one cause or 
the c.omplaints. 

.. . 
• •H M•lerlol1 anti Metl11xh 

A'LASAS questionnaire was designed.14·" II consis1ed of 10-cm lines between 
exlremes of symptoms. Participanis were asked to mark the line at a position 

:C·orrcsS>onding to !he degiee of their symptoms at the time of questionnaire comple­
tion. Such questionnaires are analogous lo the practice of physicians asking pa­
tieras to quan1ify symptoms on arbitrll!"y scales of one to 1cn'. Al the time lhe 

ques!ionnairc was completed, measurements of several indoor ,eovironmental mea­
sures were obtained, including dry-bulb temperature, relative humidily, carbon 

ioxide, carbon monoxide, and vibration parameters or acceleration, frequency, 
and displa!=emenl. Measurements were obtained at each of lhe three workstations, 
at the same place, on consecu!iv·c days st the same lime or I.he day, in the early 
afternoon. The study was to 3Ccur over a lnree-wed: period so that IS were lo be 

• "av2il.able ror each individual, providing a lolal of 45 data points for analysis. 
: "J: Dat.!l a m;lysi$ was lo l:!e based on regression models despite the recognition 

that 1he strict requirement of .. independence" w&s r.01 m�t. as the measurements 
for each of the three individuals might be interrelated. Symptoms were arouped 
to l�o majo; categories: air quality (eye, nose, and throat Irritation) and vibralion 

' sYrJtPIO!!lS (pallor, nausea, and difficulty concentrating). Regression models were 
, developed for hoth groups <>f sj'mplomsf- Symploms were used as outcome vari­

ables, and environmental measures .were used as predictor variables. 
11·,. •I 

'·h. .... I' 
· i: ,.: . R�sultr ·l _.,,..-:; :·.: 

·:' ; D.ata .. wci� '�vai1ablefor onfy 27 of 4S possible m.easurements because of two 
holidays and days fosi becrtusc of illness; Dry�bulb temperature was si�nifkantly 

.:· .. l· J:·'. 1 •\; ·•i:I 
·-·:· I ;-� 

Ii -,_ 
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relaled to lhe level or air quality and vibration-re d complainls, with t coeffi­cients for both h:rms greater than 1.96. The variahle acceleralion was also signifi­'C3Vltly relaie'd i0'1tie!leveti0r vibratlon'corhplaintsf"'1'' ;·· ·'i• " ·:H•j ..... t i1�· ;r '<. _ .. , \•' i �ii. r .,� {;;.; =! :(�!. , •'"-...; i,, ... • i; t.T .�� . : t• �.i.�...:i'' q 1�iL .:...::;1i; 1. � �� . p. :�.: �� �l r • • o _' , ��·: .._ .. �.- 1;;.1 . : 
Discussfon ( � 'j :: .�� ".�. \�Ji -; 

._.. ".' . ' • - . . � • 1 � �· � ! � . . .• • J . � , .... i J • . (, ·�· : ' . . . � ( � ' ,,. • The results sugge's'1e1l ihat bollt indoor air· qualliy and v'ibratio'rt cohlpllrn1s were related 10 lemperalure, and thal lhe vihralion complaints were also in facl relaled 10 a vibralion parameler as had been hypolhesized. The author relljuslified itH:llplor:ing lhis;method fitrlher to exami"!�-thc; reblionship between symptoms •nd envtrooqienlal measures. 'r.wo potential uses were identified-, First, Hti$.m�ho_d migh1:prove-valuable in correclly.atlribuling. complaints in a building wilh.r�og; nized problems to:the.direct·callse of discomfort. This might he especii1lly u.seJ11I if sea.-e-ral deficiencies or polential.call'Ses-,wer-e id�ntifj.ed.:Set;ond, it. migbt,pro� useful.in identifying enV'iron.meRtal factors inv.olved in.the:sick building syndrOf11�· 
:'! J (. , r:;·,,;: : .·· ;j �-.:.i !�.,,�. . . - � ,_ !-�t ·•ij:!·"-� ·'' .. t: �r-'· .1�'- l i :"f! ,,,UH��·� l;.ai: .. ::do.. •• ·:. •J ,:.�·l.r� ,-·i. -,;;.:i.'..; �',f· . ,._; t Li �'··-· .• ;-· .. �:.�.:1 '1'': · .� :�� q17r� ;f'.'-·t" l�'.:'.'·:::.�l,,10v11r(� o'U.�P.1.!N'Gt�nWAN .. "1NKNo.wN,i''iiP�J.tM }, ��:·i . . ' . . . . . . . '�.;1.�-. l .i._,r.: · ·;:� -:;!'· . . . , ·iii-· ,.:U • .  � !; ; L.:�1,.,. 1< -.·. "' The second sludy. was undertaken ia a building that h3d been as�ocialed:wi1Jt. cofT\Jlainls<from i��·ini1ial u�cupancy. J�e .authur� wished ,lo deyelop ·a �pec:i.fic hyi>t>thesis.1-hal �ght then lead to a specific· i11terven1ion.1The building was lo be restudted�lt> de�crmine the-effectwene5s ·of,lfle inl.Crv.=tion. T.he results of!lhis invesngatfon·suggested;lhat complain111 �ere rc:tJt(l(i to ·dusbconcen,ralioo.s;..le. tightinlglevels, and lo, I he lenl!h of:duct.worlc.Jeadihg(romthe•six ceniral��nlilaling units. 1!! No fotlow-up has been undertaken since 1hc1comple1ion of the intervention. 

'·.' ; � ' ::·\I "1Jifl. ,-� f · a: �!I; I . {.. , 1�i:;h. ,,,_�·· .  :...i•J:.:·:�� ···.: :.:it·. ·, .l-·� ( i;� �� u .. 1! ,;,:· a= .. J:· 11.1::'' 1�.,,�.; ·�11" 1. ');·� ;,!�:,;;, _; i·, ,;;,:I/.�-· . -.111 •c� ;f:.(�,,#a���";y;i��,'. '.::�i\.\·;. • ' 1'>1 . \Hi'..'.".'''.,� 
(I .. i '

. 
• • f' I . • . .. I • "" • ff" I' " . • • • �. I. ' •• '.""' 

. �e 'J:i� !l,dj pg in �u�s�p� "{��·a ·�9..�. ��u�.r� '!'�f, lli_r�e-slm'y �uil�i�-- �ilh -� un� glass e'\v,efope. Ven11}r1lo11 was. provided by six variable air votu'me ('\'AV} �n�s:::f,h�· ��··�.-��anc� ��o�.'}vi!� - ��Id���· s_91lil�a�g, �- �� t�l�en�.use� �a.� i��. O""!f} '!�11Mation_ �ys1c;m. am( was p�t . . 111tlll9cd)n this �u'rVey. , - . ! .. ; 1 u. · 
� '. �$,�.y.cral ifl�F·stigai1i.o!is. h��. betp ' firi��:rlak"c:n ��th��! M�ndfY.ing �he''t.au� bt· c�W��l�l� s. �(�s.olvi�� th�l!Ji At.f�)�t ��� \�'dividual h"aci.��.eri removed from ike b�tldmg -ana �i1gned �<> work els-c;�here as she had i)een unable to perform $'lsf�tl)rily �� h�!>·uil�ing. ·si,��_ral ��iliti��?,I i,ndiJiduals �ad fluctuating com-1\(ilm\s_ 1na1. fi;ti, to regular phys1c1an fai•�-·. One pa11e.ilf left the building pertna- • �c-nuy;··x� inv�s\Jga�io� pat'.\�i"��-a!f.�e"fthe Une'iiesc.ribed a6bve was desi�n��· : 
.1-0.' 
I. ,1:d 

. . -� � ! .'' 
�-' ' : ... I, I: ,,;;!" 'j' fl '�i:_'I}' _;t 

�� •• • !. ft. 

"'"'" -i - -Ma�rials·and Methods 

1,•:; 

.. ; � ! (' ii ql, :' �,t' li'(":;,,� I"',, ';-!'� . . d.,,�t! -l!� ·I I -,; '''A four-week �riod -wiis sec �si,de for measurements.:.All �easurements..were obtained bel wuffi ,, : 00 and $: 00 PM. A· single OlC!l�uremenl was ebtained al each worksration where· inlli.viduals were found. Mt .facully and staff were eligible; stUdenU ·were excluded. Environmentat measurements were -obtained with lhe" �; • � i :·_ I t;' J,j • .• :JI � •.·. � ; . : ! i�. '. 
,<:. 
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inslrumenls ;d in TABLE I. The respirable suspended particulates were mea­
sured with a piezo-balance-based insrrumenl wilh a nominal particle-size cut-off 
of J;..lJ.LfTI·, c: · ,.,, . ,,. , . _ . . .. _ _  

A L.rASJ.S qh�itioriii�lr'e''si'milar'lo ihe·one in>t�wrior investigation was used 
wilh the exceplion of ex'Clusidn 'Jr the ·symptom:''pallor." Queslionnaire-·and 
environmental measurements were completed simultaneously . Demographic vari· 
ables of age. smoking status, gender, years of education. hours spend al desks and 
computers. use of contact lenses and glasses, and history or allergic� were re· 
cord.�� ' The floor and building plans or the building were reviewed, and lhe lenglh 
of db�( w!>rk leading to· each work station."?VaS CQded co an ordinal variable (one 
to ihr;e.e) . £ach office ri!ceived ii. duct-length code corresponding to the distance 
from 'fis v .(v: 11nit. ·· - ,, ·., . 

; t. :ir-•·:1 •H �·;: d": ' .� •r". ii ,., . 
.: . .--r � .,,, . � . j· 

,. 
J ·: -, •·t !:: 

TABLE a. •lnslrumenlalion U�ed io S1udies of a Problem Building and of ·; 
Ndilproblem Bujldings ., , · · ···., . · " • · ; : 

£o:oti'• I 
• •• \. • ? ,, . , • , . , • I . . "� .. 

. ,,�,;- • 1 ,,. . ' :w ,�, ' .> , ,._ -! ns1rumenlaJ1�n 
Pa{ameter of. · 

. ·Problem Building •. . ,. '"" Nonprol;llem 
lnle•"" ' Sludy. , - .. : Building Study 

� . -

,... � . " 
Dry-bulb lemperalur!I Solomet MPM , . .. · ' Ballcry-otJer:i1ed psychromeler,. 
Reta1iv� humidity · : Solomet M PM· Ballery-operaled ,psychromeler · · 

Sound level ,, · Not measured ''' ··�" . . . Druci and Kjil�,r sound level'• 
... ·-" " . me1.e·t · 

,- .... - ... , ' 
llluminaij9,n. · ·• '· 
Respir111:!fe ·�uspe'!lded 

partid1Ya1es ' ' 
Air speed ·:::= ·f ,' :; ... · 
Volarile organic com­
. pounds 
Formaldehyde 

Clil'Mri "dioxide 
CarbOn mono11idc 
Vlliration·-. 

• ,, t� 

Sylvania D-2000 
TSI 5500 .,.,, . � �. 

- r Uilron. X-IOI. 
GCA miniram '' 

·!· 
;· J;�.� ...:. . Alnor thermoanemomeler 

Cenlury 128 OifA " 
Kurz Series 490 anemometer 
AID Model 580 OVA 

Draege� -indicator tubes'; 1 '""j' Not measured 
with aclivalor extender 
tubes 

Draeger indicator tubes 
Draeger indicalor tubes 
l<inemati�s VM-1 Fotonic 

MT I-Sensor 

Draeger indicalor lubes 
Draeger indicator rubes 

i 
.. I,: .... 111 I� 

•·· 

... 

•· ?" ••r: I'\• ""' ' • 
• 

I � 1! ..
. 
\..t f !> ••• •}.I' ,,. I•• • e\ ·. 1• .. , 

.. ,. J ·r ••• ..... -.,�:: 1· .. : :· ·.� !" ·i ... a!1 .1.; 1:...,, - ,.. .. 
• 

The participilir,a rechnicians discontinued measvremerit of volatile organic 
compQunds '(�OCs� �rt'er · 10 days because all levels Yf!re a� or below I ppm and 
were therefore .considercd""lo be "normal." This. .was not discussed with lhe 
investigators. · ' 

· 
· _ ::· "- ,.. · 

1r Individuals were grouped by gender and smoking status, as tliese categories 
have_,lileen associated wilh complaints in some buildings. A study published shortly 
before th�J,invesligation had suggesled that symploms in building� could be as­

signed to Jw� main categori'es, "systemic symploms" and "mucl;i1,1s memhrnne 
effecls . "19 T�!f�fore, thc�e·1wo groups o( symptom�,w,ere develb'ped by adding 
till; lo_g!)rithm� of the scores for eye, nose, and throat "irrilation-for the mucous 
membrane effects-and by adding lhe logarithms of lfle scores for headaches. 
dizziness. difficulty concentrating. and fatigue-for 1h1e,�ys1emic symploms. 

Analyses were undertaken using lhese two groups dr symptoms as effects. 

'�:. .f 'T;:;P� ,. 

.. 
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S1andard statistical te!;ts were used, including analyses of variance with smoking 
and gender as main 'effects. The p values.below .0.5 were considered statistically 
significant: those below . 10 were deemed�·to

_
justify furlher scruliny. 

R�aitS ,-; t 
I .  
! .,, 

The environmental measuremerils did not reveal any unusuaffevels. No carbon 
dioxide levels were,above 1250 ppm, although fully 2.5% were atiove IOOO ppm. 
T AllLE 2 presents a <:orrelation matrix of several variables of interest. There 
was a high degree of c;orrelalion, suggesting that different inrioor environmental 
parameters for which �ilandards exist do not vary independently. Electron micro­
scopic analysis or Jhe ll>uilding dust suggested ii consisted of fibers from spray-on 
insulation. environmental lobacco smoke, and molds and spores. • 

TABLE 3 prcscnf.s lhe rc�ltS' of analyses of variance for d.eri10graphic data, 
symptoms scales, and envir9r1mental measurements that were considered of inter­
est. Men, and smokini: men in particular, had higher levels or rQUcous membrane 
complaints, higher ile•1els of rc:�pirable suspended particulatc6JRSPs) in their 
breathing zones, and lower �vets of air velociiy .. Regression models suggesled 
that mucous me1111btar1e sympt9ms wcre�related Co the levels or.lighting, lo the 
length of duel work. and lo the ievels of RSf's. Syslemic symptoms appeared 
related lo lighling and par1iculate levels. . 

� t 
- ' 

·: � ' :: ; 
- Dlscu.ulon 

Symptoms appeared related 1to several measured environmental exposures. 
The statistical phcnpmcnon of c�linearity makes it difficult lo determine which are 
&he most impor1arit lpr.:dictors of symrtoms and whicl-t merely ,reflect the lack uf 
independenl vari�tlpn betwcen·t'1e ineasur.e's. This i's an impci'taf!I issue in Itself, 
�s engineering design variables.are usually�assumed to vary•irl.dependenlly. If 
edges of comfort or dissatisfac1ion -envelopes are reached. simultaneously, the 
inreractions between different .garamelers such as noise and, tbermal comfort, 
lighling and noise, anti others m.ust.be COl\Sidered in Workstal\on design. 

Respirable particulale ma'ltcr of that :Size· had41p1 p�viOusly' been associated 
with indoor air qu�lity events� al\hough specific components, sul:h as environmen­
tal tobacco smoke'0•21 21nd molds .i'3 are po!enlial CdUSes. NeverthF.less, the colinear­
ity With VOC measures, CBf�il dioxjde levels, and relatiVC! humidity made it 
difficult to altribule dbease lo only one factor •. speclfically since voe determina­
tions were disco11ti.nut:d prern�tuiely. 

The implica!ion of" lhis s.!udy was then lwofold. First, the technique had identi· 
tied specific racrciirS (hat' could g�ide a remediation strategy. skcond, the method 
suggested lhat rclaJivdy lart;-c:-numbers of individuals would bced to be studied 
because of colinearity. · 
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NONPROBLEM BUILDING STUDY 
i 

Studies or occtlpant COIJ'!fllainls in buildings with recognized problems may 
identify specific pollutants. ti i�.'. howe.v�r, un,reasoriable. to extt.lpolate the resulls 
of such problem inve1;1igatio�s 'IO the universe oT tnlildings Of to generalize ror 
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indoor en ,nmenlal standard sel ling. I nstead, the neitt investigalion identified 
live areas in hui ltlings lh.at 1had n

1
ot led 1 0  r�qu�sts for oulside invesr igations.21 The 

same quest ionnaire and 1 He saf'!le'.stu(!-y_d.csign 'as' in the prior invesrip.alion were 
used, although the measurement �nstrument.s we�C: djlferent (TABLE I ). 

I f· �· - i 

Maurlal and Mtthods i � 

The areas to be used were �II administra1ive areas involved in some aspect of 
academic act ivities, including a nonprofit foundation. a universil y cl inical adminis­
tration facility,  a data management group. an aciademic administration, anti a 
college dean's offices. l'he fi ve areas were alh:onditioned by a central unit without 
central humidification. One had a wall hu midification unit, but it remained u nused.  
Two had perimeter im:tu�tion ,units: two had du�ts, at  least partially lined with 
fiberglass: one had a charcoal filter. One building had completed renovation ap· 
proitimately six months p\-eviously. Another builfling began renovation during the 
conduct of this survey. • 

One field technician collected all results. �adiant temperature was calculated 
from a commercially available soflware program. A sixth area that was Initially to 
be studied was unoccupied by the time the surve'y was conducted. 

The same symptom questions as in lhe previous survey were used. Data on 
age; hours spent in the building. at desks ,  at co'!lpulers; and the use of conlacl 
lenses were recorded. The number of i!ldividuals sharing an office were coded 
according to an ordinal scale: O: one- person in office, none sharing: I :  one or two 
sharing; 2: three to five sharing; 3: six or more sharing. Whether these co-workers 
smoked was also recorded . 

Symptoms were grouped according lo the World Health Organization classifi· 
cation of symptoms prc-sente� by Molhave.2' A summary variable for each group 
was calculated by summing the logarithm_s..ef indlvidual component symptoms: I )  
mucous membrane-eye , nose, and . .  t l)roat�scores; 2 )  neurotoxic-hcadaches, 
fatigue, irritability, dizzincss. ,and nausea: 3) skin�rrilation: and 4) chest tightness. 
These outcome variables were examined by analyses of variance across the five 
different building areas (one-way analysis of vari,ncc) and by smoking and gender 
groups ( two ma.in effects with interaction). Subs�uently,  regression models were 
developed using symrtoms as'dependent variabl� <}nd demographic, building, and 
environmenlal measurements as predictor variables. The details or regression 
strategics are presente� elsewhere. 21 

. ! 

Rtsults 
') : 

Occupants of the five ditrerent areas did ·n·o� appear drawn rrom the same 
po,pulalion. as significanl d ifferences were noted in age, educational status, gender. 
and smoking distribu1 ion across the five areas. Mean levels or symptoms in l hesc 
five areas were significantly different in analyses of variance. 12 When all symptoms 
were examined simul taneously hy an analysis of variance using gender and smoking 
as main effects correcting f9r multiple comparisons . no significant differences were 
seen. 

Environmental measures in  these areas also appeared nonrandomly distributed . 
Significant differences were seen for 8 of 10 measured variables; mean VOC 
and lighting levels were not different. No further analyses by these strata were 
examined . 

- - � f� ·.: J ! .... 
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TAIL£ •· Crowdi 11g and Environmental Characteristics: Mean Levels and 
Analysis or Vari:snce (Noi:iproblem Building Study) 

! �001ber of Individuals in the Office 

"• 2 or l 4 10 6 7 or more F value p value 

voes (ppm) .48: .48 .60 U ,5 7.JO .001 
CO lppml ' • J.7 . 4.l 4.5 6.-t '.  6.90 .001 
C01 (ppml 4B 496 4 1 8  m 5 . 70 .001 
Noise (d8A) ' so .S4. · ; .5S : ' JI I HO .002 -- '."'" 

..: Chi-square p value 

Perccnta1e of mal•�s ' (9 ' -39 16 · 17  13.0 .001 
Percen1a11e with al leas!: i 7 40 72 8-4 IJ.0 .001 

one smoker 

AIBREVIATIONS: VOCs: volatile orpnic compounds; CO: carbon monol!icle; COa: carbon 
diollide. , 

I 
. -

; � - r . 
Several envil'onrncnia� measure$ appeared to � rei'a1ed lo crowd ing (TABLE 

4), or al least to be inhomogeneous!;• dis rri6u1ed among the four groupings. Levels 
of voes, carbon monoxicfe ,i and carbon'dioxide incre2sed as the numb:r of 
individuals who shared lhe space increased. Symptom le�cls , 100 , increased . No 
differences were seer1 in the nu'mberofhours spent afcompiners, age, or education. 

There was a grea1 ec;al of i'.ntercorrelalion among theJindividual symptoms. An 
icicle plot sugge$ted dia� the grouping acc��ding lo the \l{qrld Health Organiz;ition 
classification was in f;:tt legitimate, as ttle thrc:e mt:c?us membrane symptoms 
were more closely relaled ;to each other ;lhan 10 other symptoms, as were the 
"neurotoxic" s]'mp1.ams. Neverlhelcss, even.across lhese groups correlation coef­
ficients were strikinu. The relationship between the symptom groupings meeting 
lhe World Heallh Organization/Molheven !isling ar.d the inltfaJ epidemiologic 
descriplion of the sick building syndrome' is presented in TABLE S .  

Regressicm r�odels were dzveloped to  examine lhe relationships be1ween symp­
tom scales, exposur•! levels. 8ild 01her environmental characteris1ics. Consistent 
prediCIOrs of C1:>mplain1S -for1 grouped symploms incllt<f.�d VQC Jevds, lighting 
levels, crowdin1;. la) ers of clothina. and hours spent at desks. Approximately 2S% 
ofche varillf!ce was expl�ined for mucous membrane and, for ncurotoxic symptoms. 
When the mod( ls W•!rel�m.1ri withour the crowding variable, no dilferences were 
seen in the coefficien rs · for gender, VOCs, CO, and C02• 

Because of discussiOns with contributors 10 t�is volume, the consistency be-

.. 

TABLE s. Correlalion betw�e� Symplom Groupings 

Neurolollic symJ•loms 
Mucous membrane 

irritation 
Skin irritation 
Chest lightness 

. ,Sick 8uildin, 
S;•ndrome · 

.9SO ..  

. 900••  

• .582°0  
.iic)o�·__; 

STATISTICS: •• : p <: .001 .  > • ! 
1 .  

Neurotollic 
Symptoms 

} 1200 , • 
(' ·- :: 
. .5s9•• 
.568•• 

�� :-·' :: 

Mucous Membrane 
' lrritalion 

. .512•• 

. .540°0 

Skin 
lrri1a1ion 

. .5.52•• 

°!( -; �} ���,; ; • Jt � ·. = �  ...'!':... . �.: �  
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tween the individual symptoms and these variables of interest were explored. 
TABLE 6 presents the results of this analysis. VOC and light ing levels were lhe 
most consistent predictors , allhough other factors did contribute. Overall, the 
proportion of outcome variabili ty explained by these models tR1) was on lhe same · 
order of magnitude as the original models published elsewhere. ?l 

Discussion 

The rcsulis of this study in non problem buildings arc consistent with ihe results 
of chamber studiel, that is, that voes are primary predictors of complaints among 

office workers. It is remarkable that this was true despite the relalively imprecise 

na1ure of the me2surcmenl techu;ques, for r.xample, photoionization detectors. 

lnte�stingly ,  olher factors such as crowding l!nti lime spent al work also contrib· 
uted. Lighting has been identifi;:d in 9revious studies as a contributor. • 1 . u.19 II �ay 

exert its effects directly either on emotional stah.ls or through inrensil y, glare, and 
contrast. Conversely , ii may exert indirect effects through inlluencing microbial 
growth. : · · 

A maj<Jr shortcoming of lhis suFVey was the ·failure to characterize the social 
and organizational aspects of work. For. example, personal control over wwk 
appears to be related lo the degree of health complaints · in the work place . &.lf . 

'IMPLICATIONS OF THESE THREE STUDIES 

Personal sampiing with instrumei'itation that captures ·nu�iuation in indoor 
environments and· symptom definition over short periods of time may provide a 

method to ident ify specific pollutants that lead to discomfort and health compl;iints . 

Such studies may be performed in the field and not mere!y in chambers. where 
thermal comfort and VOC exposure studies have been conducted. These studies 
suggest !.hat chamber nperimenls must address more lhan a single variable to 
a·uliy explain occupant complaints. 

Interestingly,, C02 levels consisle!11ly failed lo de.monslrate any si1nificanl 
relationship with the degree of symptoms . This suggests t hat simply determining 
the overall ventilation rste in a building may not pro\ritle a very good intlicator of 
hearth complaints. Sources of indoor pollutants, besides human sources. such as 
those described by Fangcr er al.,10 do not give orr carbon dioxide. The majority of 
the indoor pollut ion load is. t hen inadeq!-Jately a�drtss.ed . 
_,.: .·! 

FIELD STUDIES AND THE VENTILATION SYSTEM HYPOTHESIS 

:. ; , M�ndeli " and Smith' in their reanalysis of p;ior cross-sectional field slUdies 
, . sugge��ed that heating, ventilating, and air copdir ioning syscems were associa1cd 

..yjlh the �.eyelopftien! of pr?b�em�. leadi111 to a s:on,sistent 50% uce?s �T.complaint 
rates. On t�e ocher hand, II 1s .widely acknowledged that even buildmgs w11ho111 

mechanlcal' ventilation may have very severe problems. Th: excess could then 
have three ex'pla·na!ions. • • . 

· 

. · Firsi: mr;�hanrat·ventilation by itselr'is a $pu,rce of pollutants. Evidence support­
,. ing_ this inter'pretation is also provided by Fanger el at.10 Tne "Primary e t iologic 

r. :, pollutanl would then be microbial . The .specific agenl could be a mold or myco-
. ,i :_t t .. • • • - • • ,_.,... 

J '- .  ,·· � • ' • 

� t� 

1- f : . i  n � ! (  �-- � ,.. ;: rr":.o·: 

. • I , _ • . · ,  
• 0 � : '  :-' • 

, ; it : � �  f�' f...i ! · t �  ;) t :  

t_ , ,  

'. � J ';:. ;  ( 



J2 ANNALS NEW YORK ACADEMY OF SCIENCES 

� "' t 

( W" · I t·�11:• . ... .. 

• •  •t-..r "! :.. 

• 

'  

.,  

:
�  
• • •• �;. '" • .0•4 

J >. 

. - �ir. ��-·-·� .f . .  v 
.... ,.) \  ;-

;; 
E ! -·- -- ... 
"!l'.l · : .s � .. %1� ·= l 5 .,, 0 � � 

:i:; ,  ;::.. :J u 

>· '1 t- . al ... � ;1; • 

-g ., 
' J · , : . . ] 

. v;. � " } : ! . ii  . . t ,  
• tlO � 22 8 �  .. .5 -g . .  0 .. ::2 u v c ... . 5 
·; :z: .. u ft ca . � • o ._ 
E ' ,., .I ..1·· !· . • ;:..- ...1 

"' · 

: . . .J 
·: ... . . 

:i� • ' 

·r. 

� ·:� 

· · · ·· . .,.) 

·:: - ·l .!! I 
,.. , .' .. '' , .::�t '. i :; i" �: : . .  :��;�·: : ::· ·.'. :::· ,:: i < ·' ' :_ :::::·;:'.; � ::: 

\. ···-·· · ·� o ·� ')• .: : , .. :_ . =.,, :_1 �e '. r� t 

;1 
- ·  

,,  f� I I 

._; .J, . - ' .::? �1t; l � :: f . . .. •. 
·5 . f �r l. . 

irf"' . .  .: 

' , �  ;. ;'· " I ,  � � , , ; I •  , ;.1:,:...,, ,_ �( ·  D. , ,  . ..,._ ) , !  

.-: '. ::- ]::,;,,.� t· n-i �i _:::.: t: ;�· :";. i: · : �;�, · ·::;· ';':::·� 
""- i=. .- v r! .:.c ... - .. .. :' .� . ·,'" : �· ·. ''.. '.� . , ,  6;� u.::i . ·:G ... ·: . . . .  : � : .: . . . , , _, 1 

• 
-'· .  P!: ' , . . . . .... , .  "" % �-:::J " ,i; iL · •· · • · -' - �· �·,: ' " �r, ·. · . - . . 

:;, .. .··._ 
.

. �.' : �;; . .. .  ··;:· � · ''� ,�; . : i, '.;.::�:� \l�-,: ' . . " !:· : • ,  •• : ·. • § 1 r J •; •'• · � . 1: •• ·: · · ·�·f'" fJ; .
· 

,.,\.f l .I I  � .  ,.. - 0 4  ' -�Q.. : - �  
�·.r- : . -ii °? •" ·  . i ·:1 • ·  -�,· • i • . ... r.!j r•:;,.; i � ,;; 

1•.':.J ' E. ... .... .l.. .1::�1� 11 ..
..

. j , � 1 .  ...!t" ._, ' 
, . C t  <�4 ' '">;. � - � · .... "'O I I , _ f F�·-· �- · : � '� '.�� !! g� · · : :C ._ 1 : :41 5 �� § P. 1 • . f 

.. , . • '· •• ·'I  · ·jg £'.'"E ,• ii-'o •' :., . ! :: ... 'e' !ti 8. I - .. , .,, .. · :Ii!' ·j ·� � . .., c: C: c: E "> - i::: c ·= .!! � 8 
...... -:lJ!, ... 

.... ,, •:ct . . !,'-;; .:' ·. 
:; .... ...... . .. .. 

;.. " • n �i J I  
, , .· 
"-· � � · ' l 
� 1 i l 

t i ,!'..' ! ) - � . . .. ., . 
:- i.':; . • •  

· -
it. :I &: �.,, � 
" 0 (II , " .. .: ..1 :z: iii: ;J 1r: u ·s -5 i; �! - ,� : : ::,: ' " ·  : •  , ,, �'' " '· u ·- 4'a .!! c · ·� fti. ·� 4 � U ! I Q  - -

- . ... � [·= � 8 ·� � ! ;,; .,. ... !! · · o c. ::i  111 U .... ... . E v .. ., c. c: o 
.... _ � .,  t::: E "" :: u  ;::.. =:; )f: �i�-g u ::1· e u0 � 5J . · ·  - ' " .. ..  0 ·- ., 
.J:l • • . : ;� 0 < :I: ;::.. ..J z ' � ·� � ! : ;:: cG HJ -'1 ' 4  • ; r ,! >: -

- - - �-: .E·-�u u_ ; � ·2 ! i .. ... o( � ('IJ " •I >.. -
I- -0. >r Q:; CL •! " 

, ...... , ·'{ 

... ,. tl• 

· : .. 

.it1� �' t �- .. •• • lf t 

"' Ill < 

• .i .. ' ·' ,..�� .,, .)'J 

'" 

•(!. · ·:.:rt 
, �,: 

• 'I 

1 · ; . 

HODGSON: FIELD STUDIES ON THE SICK BUILDING SYNDROME !l 

toxin.1s.l6 01 adsorbed onto fiberglass liners or lying in ducts or in mechanical 
rooms, and water, condensed or adsorhed onto duel liners. 17•1' provide an environ· 
ment al.lowi11.B the gro�th of molds and spores. These same organisms are founJ 
in dui;ts 'and in·.��h,cl :19 also cxp1aining 1he "fteecing factor" dc�cr.ibcd in the 
Danish i:o�n !i.�lf'Snilfy . . - : ·. " · . · .; v " .' :· • 

Sccori'd , mccn.an.it: al-.ventilatibn -.tllows recJrc!Jlation of poll_ulanls: Por example ; 
strong indoor sour�es , "fangcr's "hidden oils , .. off gas pollutants arid allow them 
lo be 11an�pgncd i"o other ·areas in buildings. These coi,i!d be either mil!robial 
agef!lS, a� described· above, or VO€s from .o�e m�chinc'L ilnd -P.�ocesses ; furni­
ture , .�lk�, a�d 'p'¥nts and toalings-: This is�onsis.1t:nt wlih'a sc·rJes of chamber 
studies deponstra1mg that humans respond 10 LQW l_cvels of voes. Animal ·tlata, 
supporting this·h·ypbthesis arc presented in this volu��. JO Further evidence comes 
from Nordback et al.14 The inftucncc of environmental tobacco' smoke10·21 is also 
consistcnf ' wilh lhis llypothc;� � . � :  

', 

Third, mechanical ventilation may be as·sociated with wider excursions around 
ideal comfort zones than office workers arc wilting to accept without complaining. 
They m'ay interpret the b_roadcr excursions as uncomfortable, as they require 
different strategics. for��·xampl�. rel�ti�ely narrow temperature excursions arc 
easi ly 1olcrablc; excursions, lo OflC tem�rature extrc·me may require simpl,y the 
addition of a swea,tcr ;Mcxcursions in both ilireclions may require very d ittcrenl 
strategics on an .. individual ievel to provide �omfort. Vibration levels, too"appca� 
to ftuctuate widely :11, 'Ibc �rea��� c.�c�rsions may then be perceived more c le�c!Y. 
as a signal of inadecti.i�•c cqntrol as compared 'to the' background noise or usual' 
cnvironmenta� fluctuations. 

.,. 

, ,,..CURR�N'f sTUDIES AND THE MECHANICAL VENTl��'ftoN "1 
.. :1 HYPOTHESIS . . 

. . .. . .  ,. · ' "  

1.'>li :·:i· . . : , . 
The dala from this study cari be recorii:ilcd-with the large cros.�,��ctjonal studies 

in two ways. First , voes off gas from man-made products, so 1�a1 belier matcti"ats 
selection and lnc'riased ventilation may be usc(ul in reducing complaints. One 
aspect or this may be thal different venlilalion strategics are ne.ccssary for Cit· 
hausting pollutants than for the provision of fresh air. Second, many viable organ· 
ism's give off relativel y smaU molecules with odorous a.nd irritating properties, also 
measured as voes: Ir these arc the primary cause:l11 is unlikely 1ha1 materials 
scleclipn alOne will resolve �he problem.of the ,sick builditig'syndromc. Diffcre'r\1 
building operations and maintenance strategics will be necessary 10 reduce micro· 
bial loading. I n· any .. c"ase, the· failure of particulates to consistent I y appear related 
to complaiiits docs raise 1he question or whether sampling for parti�ulate matter 
or v'fuple organisms will be an-�,cffect,'(C environmental monitoring approach. · ' "  

Ol>viously ,  the sick building syndrrune. as many syndromes, may lack a single 
explanation. Specific buildings wilh problc,ms are bfi�n iden1ified as having defined 
causes that a How .remediation, .although Ii Ille scientific evidence supports that such 
remedi!l!ion actually reduces the level of comp,laints. It may then be 1hal specific 
buildings' will always have one or more specific defec.l!i in·tlesign or maintenance 
that lead to health complaints. Allcmpts to identify the one and only po!lulant of 
inlercst may in fact dist ract from two broader issues . 

First , other effects besides the symptom categories lislcd here arc increasingly 
associated with buildings, including upper respir.ilory t ract infcctions1u1 and de· 
creased productivity. These must be considered in field studies or building prob-
lems in the future. 

.'.::" � 

. .  
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Second, desirable environmental characleristics for workstation design are 
defined by a series olf professional slandards, addressing thermal comfort , air 
quality , sound and vib:ration, and lighting. Traditionall y .  each factor i.s considered 
individually during the design of workstations. A more important interpretation of 
these field studies ma1• be that the design of indoor environments should address 
all ambient parameter:s simultaneously. 

SUMMARY 

Field studies of1he sick building syndrome have generally used queslionnaires 
developed 10 define s ·ymploms present over weeks and months, such as those 
asking " • . •  do you usually . . . ?" Although such studies have implicated 
ventilation sysJems as a major con1ribu1or lo indoor air quality complainls, no 
specific exposures ha'e been identified. An allernat ive approach is based on the 
short·lerm quanlificalirln of symptoms and characlerization of the indoor environ­
ment with·direct·reading or !hort·!erm sampling lechniques. This paper summa­
rizes the development of such a method in 1wo studies in problem buildings and its 
subsequent application in a study in nonproblem buildings. The method correctl y  
identified the postu lated cause in a first building and generated a hypothesis for 
intervention in the second. In the nonproblem buildings, the levels of complaints 
appear refaled lo the levels of voes. lighting, hours spenl al desks, and crowding. 
This approach has suggested rha.1 dose-response relationships do exist in the sick 
building syndrome. Wt:aknesses of this approach include an inability lo adequately 
address microbial characlerization of indoor environments and lhe social and 
organizational predictors of complaints Iha! are recognized to be of importance. 
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