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Abstract We analyzed 1994 sick leave for 3,720 hourly employees 
of a large Massachusetts manufacturer, in 40 buildings with 115 

independently ventilated work areas. Corporate records iden
tified building characteristics and IEQ complaints. We rated ven
tilation as moderate (=25 cfm/person, 12 ls-1) or high (=SO cfm/ 
person, 24 ls-1) outdoor air supply based on knowledge of venti
lation systems and C02 measurements on a subset of work areas, 
and used Poisson regression to analyze sick leave controlled for 
age, gender, seniority, hours of non-illness absence, shift, eth
nicity, crowding, and type of job (office, technical, or manufactur
ing worker). We found consistent associations of increased sick 
leave with lower levels of outdoor air supply and IEQ com
plaints. Among office workers, the relative risk for short-term 
sick leave was 1.53 (95% confidence 1.22-1.92) with lower venti
lation, and 1.52 (1.18-1.97) in areas with IEQ complaints. The ef
fect of ventilation was independent of IEQ complaints and 
among those exposed to lower outdoor air supply rates the at
tributable risk of shorHerm sick leave was 35%. The cost of sick 
leave attributable to v�ntilation at current recommended rates 
was estimated as $480 per employee per year at Polaroid. These 
findings suggest that net savings of $400 per employee per year 
may be obtained with increased ventilation. Thus, currently rec
ommended levels of outdoor air supply may be associated with 
significant morbidity, and lost productivity on a national scale 
could be as much as $22.8 billion per year. Additional studies of 
IEQ impacts on productivity and sick leave, and the mechanisms 
underlying the apparent association are needed. 

Key words Sick leave; Ventilation; Humidity; Common cold; 
Air conditioning; Air pollution, indoor; Absenteeism; 
Occupational exposure; Environment and public health. 

Practical Implications 

th.is paper demonstrates an association between expert rat
i.+l:gs of outdoor air supply rate and the presence of sick leave 
among 3,720 employees (and particularly among 600 office 
employees) of a large U.S. manufacturer. The paper shows 
that in this large sample the.cost of providing additional ven
tilation may be more than offset by the savings that result 
from_ reduced: sick leave. !tis importai:_it to note that the range 

of ventilation rates compared [moderate with approximately 
12, and high with approximately 24 l/s-person] are at the 
upper end of rates seen in these facilities. That indicates that 
benefits continue to accrue when ventilation is increased 
above 10 l/s-person, and that experimental studies to validate 
and to·determine mechanisms for these observational findings 
should be a priority for indoor air research. 
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Introduction 
Studies of indoor environmental quality and health 
generally concentrate on the relationship of building 
environments either to common symptoms or to 
asthma and rare illnesses such as hypersensitivity 
pneumonitis. Non-specific building related symptoms 
(BRS) have been associated with a variety of building 
features including low levels of outdoor air supply per 
occupant in mechanically ventilated buildings (Mend
ell, 1993). Above approximately 20 cfm/person (10 
ls-1/person) of outdoor air supply, however, increased 
dilution ventilation usually does not reduce occupant 
symptoms because it may not reduce the relevant ex
posures (Menzies et al., 1993; Menzies et al., 1996). 
However, studies going beyond symptoms to direct 
measures of the influence of building environments on 
health and productivity are few. 

Sick leave is an outcome that could be used to study 
the indoor environment. Sick leave data have been 
used for a variety of other purposes, such as indicators 
of respiratory disease among agricultural workers 
(Post et al., 1994), to identify ergonomic problems 
(Knave et al., 1991), and to evaluate health promotion 
pr�grams (Golaszewski et al., J992; Jeffery et al., 1993). 

1Harvard School of Public Health, Boston, Massachussets, USA, e-mail: dmilton@hohp.harvard.edu, 2Polaroid Corporation, Cambridge,-Massachussets, 
USA, *Author to whom correspondence should be addresse_,d. 
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1 Sick leave has also been used to assess efficacy of influ
enza vaccination (Nichol et al., 1995). In general, respir
atory illness accounts for a large fraction of all sick 
leave (Nichol et al., 1995; Bendrick, 1998; Feeney et al., 
1998). Teculescu et al. (1998) recently reported that oc
cupants of an air-conditioned building were more 
likely to have multiple absences from work than were 
persons in a naturally ventilated building in northeast
ern France. That study was limited, however, by the 

• use of only two buildings, and by lack of control for 
ventilation rates and individual and group factors that 
may have confounded the relationship between build
ing and sick leave. 

Job demands, shift work and noise have all been 
shown to correlate with absence from work (Melamed 
et al., 1992; Aguirre and Foret, 1994; Lindstrom et al., 
1994). Psychosocial, demographic, and work organiza
tional factors as well as smoking also influence absence 
rates (Blake et al., 1988; Janes and Ames, 1992; North 
et al., 1993; Alexanderson et al., 1994). The influence of 
these various factors on absence rates makes the issue 
of confounding in epidemiologic studies of workplace 
absence particularly complex (Reidy, 1990). 

Here, we report on sick leave among 3,720 hourly 
office, technical, and manufacturing workers in 115 dif
ferent work areas, each with separate ventilation, at a 
large Massachusetts employer. We controlled for fac
tors that may have influenced sick leave rates by in
clusion of demographic variables in Poisson regression 
analyses. We also performed stratified analyses fo
cused on office worke'rs. 

Material and Methods 
As part of an evaluation of occupational and environ
mental health programs at Polaroid Corporation, a 
non-unionized manufacturing corporation · in New 
England, we studied sick leave of hourly employees 
for calendar year 1994. Each timecard record contained 
information on duration and type of absence including 
sick leave, industrial accident, tardiness, vacation, fam
ily obligation, civic obligation, authorized absence, un
authorized absence and holiday for each month in 
1994. Our evaluation used only sick-leave of em
ployees not on long-term disability. 

We matched absence records with information on 
age, gender, race, shift, job code, years of employment 
(seniority), and the employee's primary work area 
(building and floor) as_ recorded in the corporate 9,ata
base for December 1994. Job codes and titles were as
signed a job type of manufacturing, trades and techni
cal workers: or clerical office worker. Records of short-
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term disability (absence >5 consecutive days) included 
a code for the worker's medical condition. Disability 
codes were separated into conditions possibly exacer
bated by IEQ (respiratory conditions, and headache) 
and all others. 

There were 4,119 hourly workers. We excluded em
ployees from the analysis of sick-leave as follows: 
worked outside of Massachusetts (n=215), received 
pregnancy leave (n=26), summer interns (n=171), in
complete demographics (n=15), payroll errors (n=8), 
work area with incomplete information on ventilation 
and humidification (n=237). Some workers met 
multiple exclusion criteria leaving 3,720 for analysis of 
total sick leave: 

Because the analysis of tetal sick leave could be 
dominated by a few workers with extended sick leave, 
we also analyzed short-term sick leave. We computed 
short-term sick leave in two steps. First, we excluded 
workers from the computation who were scheduled lo 
work <160 h (1 month) (n=7), were absent due to ill
ness for 50% or more of the of the year (n=43), or re
ceived short-term disability payments at any time dur
ing the year (n=304). Several workers met multiple ex
clusion criteria leaving 3,364 workers for analysis of 
short-term sick leave. Second, for those workers in
cluded in the short-term sick leave computations, we 
excluded person-months with sick leave for >50% of 
scheduled hours. To further examine the effects of 
longer absences, we repeated some analyses after 
drawing progressively tighter restrictions on the maxi
mum allowed absence in a month by exclusion of per
son-months with progressively shorter absences (ex
clusion of sick leave >25%, >10%, >5%, >2%, and 
>1% of scheduled hours). 

We focused our analyses on clerical office workers 
to eliminate the possibility of uncontrolled con
founding of sick leave by occupational factors (Melam
ed et al., 1992; Aguirre and Foret, 1994; Lindstrom et 
al., 1994), and because it is the office environment that 
has been the recent focus of concern about IEQ. The 
large number of work areas examined in this study 
were likely to randomize remaining occupational fac
tors among workers in the same job categories and 
thus reduce potential confounding. 

Each worker was assigned to one of 150 different 
work areas (floors) in 65 buildings based on payroll 
data. Fewer than 20% of the buildings were connected 
by an enclosed corridor with potential for air exchange 
between buildings. Smoking was not permitted inside 
any building. HuII!_idification was the presenc� of de
vices to humidify supply air. These devices included 
steam, spray and £infill humidifiers. Finfill consisted of 
fin-like wetted media located down stream of filtration 
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and temperature conditioning units. Both spray and 
£infill systems used recirculated water. 

Presence of complaints was whether a formal com
plaint had been made to the corporate environmental 
health and safety office within the last 3 years (1992-
1994). Complaint investigations did not result in 
changes in levels air supply, except for increased venti
lation in one conference room. Unpleasant odor was 
the most frequently recorded complaint. Remediation 
consisted of drying and cleaning carpets or other 
sources of potential microbial volatile compounds, en
forcement of smoking bans, and one case each of in
stallation of local exhaust for a blue-print machine and 
of carbon filters in an air supply duct. 

Ventilation for each floor (work area) was categor
ized as either "moderate" or "high" (Figure 1) based 
on an expert rating. This rating was made by one hy
gienist (M.D.W.) using his knowledge of the perform
ance of the ventilation system, modifications made to 
existing buildings and systems, and the results of aver
age end-of-day C02 measurements from a majority of 
the floors made with a continuous monitor (Metrason
ics AQS02 IAQ Monitor; West Henrietta, NY, USA). We 
estimated ventilation rate, in cubic feet of outside air 
per min per person (cfmp) from available C02 data for 
representative buildings in each category using the 
standard conversion from C02 (ASHRAE, 1989). The 
industrial hygienist was blind to the sick leave, but 
was aware of the complaint status of each area. 

The area occupied by each employee was estimated 
by subb·acting the <Kea of loading docks and ware
houses from availabl� space for each floor, then divid
ing by the number of employees assigned to the floor. 
Area data was available for 111 floors. Crowding was 
defined as <100 ft2 (9.3 m2) per employee. 
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Fig. 1 Representative C02 measurements over two days in build
ings with ventilation rated as "moderate" (Building 1) and 
"high" (Building 2). C02 concentrations were continuously moni
tored for two days in selected office areas to establish baseline 
data on adequacy of outdoor air supply rates. Building 1 has 
average C02 levels of BOQ-900 ppm, approximately 23-27-ft3 (11-
13 1s-1) outdoor air supply per person per minute, during 
periods of usual occupancy. Building 2 has C02 levels near 600 
ppm, 49 ft3 (23 ls-1) outdoor air supply per person per minute, 
during regular occupancy 
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Ventilation ratings and humidification rating data 
were available for 115 of the 150 floors (40 buildings), in
cluding 102 floors with area data. Air sampling data was 
collected for 38 floors from 1992-1994. Air sampling was 
performed by corporate industrial hygienists as part of 
routine surveys and in response to complaints. Fungal. 
spore counts were collected using a Burkhard spore trap 
(Ricksmanworth, Herfordshire, UK). Air samples for 
·Culture of bacteria on trypticase soy agar and fungi on 
malt extract agar were collected with an Anderson Nl 
sampler (Grasby Anderson Inc., Atlanta, GA, USA). 
Fungal and bacterial samples were analyzed according 
to standard methods (Macher et al., 1999). Endotoxin 
and total airborne bacteria samples were collected on 
0.4-µm pore polycarbonate membrane filters. Total bac
teria were counted by the CAMNEA method (Palmgren 
et al., 1986). Endotoxin samples were extracted in buffer, 
0.05 M potassium phosphate, 0.01 % triethyamine pH 
7.5, and assayed by the kinetic Linmlus assay with resis
tant-parallel-line estimation method (Milton et al., 
1992). Volatile organic compounds were collected on Air 
Quality Sciences Series 7000 TVOC tubes and analyzed 
by AQS (Atlanta, GA, USA). 

Statistical analysis was performed using SAS (SAS 
Institute, Cary, NC, USA). We analyzed monthly sick 
leave, controlled for covariates, by Poisson regression. 
Robust standard errors, including compensation for 
overdispersion, were computed using Generalized Es
timating Equations in SAS Proc Genmod (Diggle et al., 
1994). Working correlation assumptions were chosen 
based on within person correlation of residuals from 
the regressions: exchangeable for analysis of total sick 
leave, and independent for short-term sick leave. At
tributable fraction among the exposed was computed 
as the difference between the absence rates in the ex
posed and the unexposed divided by the rate in the 
exposed using rates adjusted for other covariates in the 
Poisson regression. 

The cost of ventilation was estimated from the aver
age cost of increased outdoor air supply in the buildings 
studied ($3.22/cfmp per year, $6.83/ls-1). We assume 
that the associations observed among hourly workers 
would also occur among salaried workers. Therefore, 
the attributable cost of sick leave was estimated using 
the attributable days of sick leave from regression analy
sis and the cost of all employee compensation at Polar
oid ($40 per h) and for all full-time US workers ($20.37 
per h) (U.S. Department of Commerce, 1998). 

Results 
Age distribution was skewed_ towards older workers 
(Table 1); 41 % of the workers were 50 yrs and older, 
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lata Table 1 Demographics 
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Number of Workers 
Mean Age 
Mean Senority 
Male 

Job type 
Office 
Trades 
Manufacturing 

Shift 
A shift (day) 
B shift (evening) 
C shift (night) 
Other or rotating 

Ethnicity 
Native American 
Asian 
Hispanic 
African American 

Caucasian 

Data 

3,720 
47.0* ±9.24 
18.6* ±8.5 

2,479 66.8% 

705 19.0% 
1,003 27.0% 
2,012 54.1% 

2,457 66.0% 
703 18.9% 
392 10.5% 
168 4.5% 

11 0.3% 
27 0.7% 
68 1.8% 

805 21.6% 

2,809 75.5% 

Data 

3,364 
46.8* ±9.22 
18.5* ±8.50 

2,266 67.4% 

636 18.9% 
919 27.3% 

1,809 53.8% 

2,185 65.0% 
654 19.4% 
364 10.8% 
161 4.8% 

9 0.3% 
22 0.7% 
59 1.8% 

724 21.5% 

2,550 75.8% 

while 4.7% were under the age of 30 yrs, two-thirds 
were men, and 75% were white. Only 10% had less 
than 5 years seniority. 

The average building system was 30 years old. The 
average floor had 68 employees (median=45, Table 2), 
and the median floor area per employee was 337 ft2 
(31.3 m2). Ventilation was "moderate" (=25 cfmp, 12 
ls-1) in areas occupied by 17.5% of workers (44 floors) 
and high (=50 cfmp, 24 ls-1) for the remainder. Hu
midification was provided to 90% of workers (98 
floors, 3,382 hourly wqrkers). Ventilation category was 
not associated with crowding (x2=0.35, p=0.56); 23% 
of areas with moderate and 39% of areas with high 
ventilation had reported complaints (x2=3.14, p.:=0.08). 
No significant elevations of airborne total bacteria 
counts, culturable bacteria, culturable fungi, spore 
counts, endotoxin, or volatile organic compounds were 

Table 2 Floor occupancy 

Number Rate Number Rate 

All employees 3,720 3.49% 3,364 1.53% 
Male 2,479 3.24% 2,266 1.42% 
Female 1,241 3.99% 1,098 1.75% 
Office workers 705 3.57% 636 1.71% 
Skilled Trades 1,003 3.09% 919 1.33% 
Manufacturing 2,012 3.66% 1,809 1.56% 
workers 
A shift (day) 2,457 4.02% 2,185 1.50% 
B shift (evening) 703 2.29% 654 1.54% 
C shift (night) 392 3.13% 364 1.67% 
Other shift or rotating 168 1.65% 161 1.45% 
Complaint Area: 

No 2,306 3.69% 2,084 1.52% 
Yes 1,414 3.17% 1,280 1.54% 

Ventilation: 
Moderate 665 4.87% 595 1.66% 
High 3,055 3.19% 2,769 1.50% 

Crowding: 
No 3,081 3.67% 2,774 1.54% 
Yest 240 2.15% 224 1.32% 

Humidification: 
None 338 2.67% 307 1.31% 
Some 3,382 3.57% 3,091 1.64% 

* Rates are hours absent as percentage of hours scheduled. t <100 
ft2 (9.3 m2) per employee 

observed by comparison with outdoor background 
levels. No evidence of dissemination of endotoxin from 
humidifiers using recirculated water could be demon
strated by sampling both up and down stream of the 
units and in the supplied office areas. 

Moderate ventilation and use of humidifiers were 
associated with greater amounts of total and short
term sick leave (Tables 3 and 4). Crowded areas tended 
to have lower sick leave rates. Complaint areas were 
not associated with increased amounts of total sick 
leave. However, short-term sick leave of office workers 
was greater in complaint areas. 

Using Poisson regressicn, we found that the relative 

Total Workers per Floor* All Workers Areas With Office Workers 

Floors (%) Total (%) Floors (%) Hourly (%) 
Workers* Office 

Workerst 

0-9 per floor 25 (21.7) 69 (0.8) 5 (6.0) 6 (0.9) 
10-24 per floor 12 (10.4) 187 (2.3) 6 (7.2) 12 (1.7) 
25-49 per floor 17 (14.8) 587 (7.1) 13 (15.7) 56 (7.9) 
50-99 per floor 37 (32.2) 2677 (32.4) 36 (43.4) 363 (51.5) 
100-149 per floor 10 (8.7) 1147 (13.9) 9 (10.8) 62 (8.8) 
150-199 per floor 6 (5.2) 1028 (12.5) 6 (7.2) 64 (9.1) 
More than 200 per floor 8- (7.0) 2558 (31.0) 8 (9.6) 142 (2tl.2) 

totals 115 8253 83 705 
- -

* Includes both hourly and sa:aried workers in occupied areas: t Total number of hourly office :-vorkers 
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Table 4 Office Workers Only: Annual Sick-Leave Rates* 

Total Absence Short-term Absence 

Number Rate Number Rate 

All office workers 705 3.57% 636 1.71% 
Male 186 2.92% 168 1.44% 
Female 519 3.81% 468 1.81% 
A shift (day) 618 3.73% 556 1.72% 
B shift (evening) 53 2.12% 49 1.61% 
C shift (night) 23 3.88% 20 1.94% 
Other shift or rotating 11 1.11% 11 1.11% 
Complaint Area: 

No 459 3.77% 418 1.60% 
Yes 246 3.21% 218 1.91% 

Ventilation: 
Moderate 323 3.90% 299 2.00% 
High 382 3.30% 337 1.45% 

Crowding: 
No 545 3.65% 491 1.73% 
Yest 66 2.59% 61 1.43% 

Humidification: 
None 41 2.09% 36 1.49% 
Some 664 3.66% 600 1.72% 

*Rates are hours absent as percentage of hours scheduled. t <100 
ft2 (9.3 m2) per employee 

risk for total sick leave (data not shown) with lower 
ventilation was 2.30 (95% confidence 1.54-3.44) con
trolled for age, gender, race/ ethnicity, employment cat
egory, seniority, amount of other absences, presence of 
IEQ complaints, crowding and humidification. The 
relative risk was 1.96 (1.25-3.08) with humidification, 
0.99 for complaint areas, and 0.54 (0.39-0.76) in 
crowded areas. The working correlation within person 
was 0.33. These results imply that 57% of all sick leave, 
or approxima�ely 5 days per year, was attributable to 
lower ventilation among exposed workers. However, 
these results are dominated by a small number of out
liers, and confounding by job type i:nay be incom
pletely controlled. Therefore, we analyzed short-term 
sick leave of employees who did not receive disability 
payments during 1994, and restricted the analysis to 
office workers. 

Poisson regression of short-term sick leave among 
office workers gave a relative risk of 1.5 for work in 
moderate ventilation areas. Inclusion of data on hu
midified areas and control for humidification, com
plaints, and crowding did not change the estimates. 
Because power to examine humidification was low, we 
dropped 36 workers in unhumidified areas from the 
analyses. In the final analysis of ventilation and com
plaints, we controlled for age, gender hours of non
illness absence, and crowding (Table 5). Additional fac
tors examined and eliminated as not significant and 
not confounding the associations of interest included 
shift worked, ethnicity, and seniority. Interactions of 
ventilation with complaint area and with crowding 
were not significant. The relative risk of 1.53 for sick 
leave implied that 35% of short-term sick leave was 
attributable to lower ventilation among exposed 
workers, or 1.2 to 1.9 days of increased sick leave per 
person per year, depending on age and gender. 

We further examined whether outliers, person
months with large amounts of sick leave, dominated 
the results for short-term sick leave among office 
workers by performing repeated analyses that in-: 
eluded only person-months with progressively smaller 
amounts of sick leave (Tables 6 and 7). The effects of 
ventilation and complaints were robust to these ex
clusions - and the overdispersed variance of the Pois
son regression decreased as the subjects became more 
homogeneous in their sick leave experieri.ce. 

An economic analysis, assuming that the association 
we have observed is causal (Table 8), shows that the 
additional cost of delivering outdoor air to workers 
would be more than offset by the savings from reduced 
sick leave, particularly in the highly paid corporate en
vironment studied. If we assume that the 93.5 million 
full-time workers in the US are being provided the cur
rently recommended ventilation rates, then the esti
mated lost productivity would be $22.8 billion, and 
$15.3 billion in net savings per year could be obtained. 

Table 5 Office Workers: Poisson Regression of Monthly Short-term Sick-Leave* 

Parameter Estimate Std Err z Pr>IZI Rate Ratio 

Estimate 95% Confidence Limits 

INTERCEPT -4.538 0.153 -29.64 0 
Age �so -0.221 0.105 -2.12 0.0341 
Female 0.250 0.140 1.79 0.0734 
Hours Non-Illness Absence 0.015 0.004 3.68 0.0002 
Complaint Area 0.421 0.132 3.18 0.0015 1.52 1.18 1.97 1:/twer Ventilation 0.428 0.115 3.71 0.0002 1.53 1.22 1.92 

5.243 

*Short-term absence excluded data from workers who received short-term disability payments anytime during the year, or were absent 
due to illness �50% of the year. Office workers in areas without humidification (36) were excluded. Poisson regression of monthly 
absence was performed using generalized estimating equations to obtain empirical estimates of variance from independent working -
correlation assumptions. Varian�e corrected for overdispersion (<!>) 
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Table 6 Office Workers Without Disability: Monthly Mean Short-Term Sick-Leave 

Exclusions* Ventilation Person-Months Complaint Area 
Category 

No Yes 

None Moderate 3152 1.96% 2.48% 
High 3943 1.16% 1.77% 

Months with <80 Scheduled Hours Moderate 3143 1.97% 2.49% 
High 3934 1.15% 1.77% 

Months with Sick-Leave >50% Moderate 3136 1.89% 1.88% 
High 3926 1.06% 1.60% 

Months with Sick-Leave >25% Moderate 3118 1.69% 1.71% 
High 3908 0.96% 1.40% 

Months with Sick-Leave > 10% Moderate 2977 1.02% 1.08% 
High 3787 0.61% 0.77% 

Months with Sick-Leave >5% Moderate 2793 0.52% 0.59% 
High 3624 0.28% 0.41% 

Months with Sick-Leave >2% Moderate 2473 0.018% 0.242% 
High 3352 0.010% 0.009% 

Months with Sick-Leave > 1 % Moderate 2448 0.0016% 0.0027% 
High 3334 0.0008% 0.0006% 

* Exclusions are cumulative from the top to the bottom of the table, thus the person months in each analysis and the amount of sick
leave decrease progressively 

Table 7 Poisson Regression-Based Estimates of Attributable Short-Term Sick-Leave Among Office Workers* 
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Exclusionst � Attributable Fraction Exposed 

Estimate 95% Confidence Limits 

None (All Person-Months) Complaint Area 5.24 34.3% 14.9% 49.3% 
Lower Ventilation 34.8% 18.3% 48.0% 
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Months with <80 Scheduled Hours Complaint Area 5.25 34.3% 14.9% 49.3% 
Lower Ventilation 34.9% 18.3% 48.0% 

Months with Sick-Leave >50% Complaint Area 4.53 27.3% 11.7% 40.2% 
Lower Ventilation 33.7% 21.0% 44.3% 

Months with Sick-Le-tve >25% Complaint Area 4.03 27.4% 12.4% 39.9% 
Lower Ventilation 34.2% 22.1% 44.5% 

Months with Sick-Leave > 10% Complaint Area 3.12 21.8% 5.6% 35.3% 
Lower Ventilation 34.9% 22.5% 45.4% 

Months with Sick-Leave >5% Complaint Area 2.60 31.0% 13.3% 45.2% 
Lower Ventilation 40.3% 26.9% 51.2% 

Months with Sick-Leave >2% Complaint Area 1.71 8.7% -108.5% 60.0% 
Lower Ventilation 51.3% -6.8% 77.8% 

Months with Sick-Leave >1% Complaint Area 1.18 32.5% -272.6% 87.8% 
Lower Ventilation 58.3% -174.8% 93.7% 

* Controlled for age, gender, hours of non-illness absence, and crowding. t Exclusions are cumulative from the top to the bottom of 
the table . · ·  

Table 8 Potential Economic Benefits of Increased Ventilation 

Outcome 

Ventilation Costs 
2500cfm/100 workersX$3.22/cfm/year* 
Sick Leave Costs 
Sick leave avoided (150 days per 100 workers)t 

-Net Savings 

Annual Cost (Saving) 
per 100 Corporate 

Employees 

$8,050 

($48,000) 
($39,950) 

Annual Cost (Savings) 
per 100 Full-time US 

Workers (1997 Dollars) 

$8,050 

($24,444) 
($16,394) 

* An increase of 25 cfmp (11.8 ls-1) priced at the average cost of increased outdoor air supply in the buildings studied 
t Costs of sick leave were estimated at $20.37 per hour for full-time workers, on the basis 1997 data on the employer cost per hour for 
all full-time workers in the U.S. (U.S. Department of Commerce, 1998) 
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Discussion 
In this evaluation of sick leave among employees of a 
large Massachusetts manufacturer, we found a consist
ent association of increased sick leave with lower levels 
of outdoor air supply. Humidifier use and IEQ com
plaints were also associated with increased sick leave. 
The large number of work areas (115 floors, 83 floors 
for office workers) with independent ventilation 
spread over 40 buildings occupied by a single em
ployer, the a relatively homogeneous workforce, and 
control for possible confounding in the analysis leaves 
little likelihood that these results are due to chance or 
selection bias. The time card data that we used, primar
ily designed for pay roll purposes, identifies where 
workers receive their checks or submit time cards. We 
are aware that these data may not always accurately 
reflect actual work area - this error in measurement 
probably affected small numbers and would bias the 
results toward the null. However, given that this analy
sis was part of an observational health surveillance 
program, and given that exposure assessment relied on 
expert judgement and limited C02 data, confirmation 
of these findings by prospective, and preferably experi
mental, studies using detailed continuous ventilation 
measurements is needed. 

There are two likely mechanisms for a causal associ
ation of ventilation and humidification with illness-re
lated absence: irritant and allergic reactions, or in
creased respiratory illness due to either airborne 
spread of infectio� or an increase in susceptibility. If 
irritant and allergie'reactions were the explanation for 
these findings, we vvould expect complaints associated 
with ventilation and humidification to be on the causal 
pathway leading from these environmental factors to 
increased sick leave. Then, controlling for complaints 
would reduce the association of the environmental fac
tors with sick leave. However, we found that com
plaint areas were not associated with lower ventilation, 
and that controlling for complaints did not affect the 
observed association of ventilation with sick leave. The 
absence of an association of complaints with venti
lation in these buildings, given the relatively high level 
of ventilation we observed, is consistent with earlier 
reports (Mendell, 1993; Menzies et al., 1993). However, 
our measure of complaints, corporate industrial hy
giene records, would not have been sensitive to small 
symptom gradients. Thus, a possible explanation for 
the association of humidification with increased ab
sence is that humidification may have promoted in
creased bioaerosol _exposures with concomitant in
crease in non-specific building related symptoms -
even_ though bioaerosol monitqring was unable to 
demonstrate increased levels_ of airborne fungi or en-
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dotoxin in humidified areas. Our findings of an associ
ation of humidification with increased absence is in 
agreement with the findings of Preller et al. (1990) and 
in contrast with those of Green among school children 
(1974, 1985). 

The apparent reduction in sick leave rates associated 
with increased ventilation or absence of humidification 
(35%) is similar to the reduction in sick leave observed 
during the flu season with influenza vaccination of a 
healthy working population (36-43%) (Nichol et al., 
1995). Airborne transmission of respiratory infection 
may be an important factor determining the relation
ship of building ventilation with health and pro
ductivity. Experimental human exposures suggest that 
airborne transmission of rhinovirus (Dick et al., 1987), 
adenovirus (Couch et al., 1969), and coxsackievirus 
(Couch et al., 1970) is a potential, and for some agents 
a common, route of infection. Airborne transmission of 
influenza has long been recognized (Riley, 1974). 
Studies of military recruits in the early 1980s, and of 
troops stationed in the Persian Gulf demonstrated an 
increased risk of febrile respiratory illness among sol
diers housed with lower levels of ventilation with out
door air (Brundage et al., 1988; Richards et al., 1993). 
These military studies suggest that the airborne route 
accounted for transmission of a significant number of 
common colds, especially those from adenoviruses, 
and influenza (Klontz et al., 1989). However, some of 
these data are also compatible with an effect mediated 
through increased susceptibility rather than increased 
transmission. Recent reports suggest that building 
architecture and ventilation have important impacts on 
transmission of colds and influenza outside military 
barracks in confined residential populations (Warshau
er et al., 1989; Drinka et al., 1996). 

The impact of airborne transmission, and thus of 
ventilation, on common respiratory infection rates in· 
offices and other non-residential environments, espe
cially schools, is more controversial (Gwaltney, 1990). 
We are aware of only one recent study that addresses 
the risk of colds in relation to the office environment 
Gaakkola and Heinonen, 1993). That study suggested 
an increased risk of colds for workers sharing offices 
with other people. Whether this increased risk de
veloped because of direct contact, short-range large 
droplet aerosols, or inhalation of droplet nuclei as in 
true airborne infections such as tuberculosis (Nardell 
et al., 1991) is not known. The lack of confounding by 
crowding in this report may imply airborne trans
mission, or merely that crowding was minl!nal (only 
7% of all workers, and 11 % of office workers had <100 
ft2 per person). An extensive s_tudy of office workers at 
a large insurance company in the 1960s (Gwaltney et 



sod- al., 1966 al., 1968; Hendley et al., 1969) suggested that 
is in working adults were responsible for introducing 32% 
and of the colds into families. However, demonstration that 

dren 
I the infections were acquired at work and of trans-

mission among office workers was not possible due to 
�ated 1 statistical power constraints with technology of the 
i.tion day. Thus, the impact of air recirculation on the trans
rved mission of respiratory disease in the indoor work en-
of a vironment is unknown, but may be large (Wells et al., 

t al., 1942; Riley, 1979). 
:tion The analysis of total absence data found an associ
tion- ation of humidification with increased sick-leave rates. 
pro- Experimental data show that survival of common 
that respiratory pathogens is affected by relative humidity 

987), (RH). Rhinoviruses have improved survival with in
rirus creased (RH) (Karim et al., 1985). Chlamydia pneumoniae 
�ents aerosols also show improved survival at high RH 
m of (Theunissen et al., 1993). Conversely, coronavirus may 
974). have reduced survival at mid to high RH (Ijaz et al., 
td of 1985). However, since rhinovirus is a more common 
d an cause of the common cold, it is likely that the net effect 

sol- of increased RH in buildings would be to promote air
out- borne transmission. 

993). Drying of mucous membranes may affect host sus
"Oute ceptibility to infection. However, there is little evidence 
er of to support the concept that low RH promotes suscepti
uses, bility to respiratory infections. Viral respiratory ill-
1e of nesses follow a seasonal pattern around the globe, 
_ated even in tropical climates with little variation in RH. 

ased School opening may be a major factor determining the 
ding timing of many respiratory infections (Johnston et al., 
ts on 1996). 
itary If airborne spread of respiratory infections is an im
hau- portant cause of sick leave, then alternatives to venti-

lation may be effective for the control of this problem. 
LS of In particular, upper room ultraviolet (UV) radiation 
�s in may be an effective and relatively inexpensive means 
!spe- for controlling the airborne spread of tuberculosis 
990). (Nardell et al., 1991), and has been suggested as an 
�sses approach to the control of the epidemic spread of viral 
nent infections (Wells et al., 1942; Riley and Nardell, 1989). 
!Sted The workers whose sick leave we examined are em
fices ployees of a large corporation and as such, although 

de- somewhat older and more highly paid than the general 
_arge population, are likely to be reasonably representative 
i.s in of workers in U.S. industry. The results of this health 
rdell and safety evaluation should therefore be generalizable 
g by to other working adults. The lower ventilation rates in 
:ans- this study were at or above the currently rec
only �mmended levels for offic�s (ASHRAE, 1989). As- _ 

:::100 suming that the association we observed is a causal 
�rs at one, our economic analysis suggests tI:tat lost pro-
�y et ductivity �ttributable to ventilation �t currently rec-
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ommehded levels, compared with approximately 
double that amount, accounts for over $240 of lost pro
ductivity per worker per year, or $22.8 billion per year 
for full-time US workers. We used short-term sick 
leave as our measure of productivity impact, and as
sumed that most workers receive the recommended 
amounts of outdoor air supply. We did not consider 
impacts of ventilation on productivity other than via 
sick leave, although recent experimental studies dem
onstrate that tasks such as typing speed are adversely 
affected by poor air quality (Wargocki et al., 1999). 
Thus, even though our cost estimates may be conserva
tive, these data suggest that the impact of ventilation 
on productivity and health care costs may be greater 
than recent estimates (Fisk and Rosenfeld, 1997). Ad
ditional studies, including experimental interventions 
are needed to confirm these associations, identify the 
underlying mechanisms, and to examine whether 
alternatives to increased outdoor air supply have a sig
nificant impact on sick leave. 
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