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In 1996, the National Institute for Occupa-
tional Safety and Health (NIOSH) and diverse
partners within the US occupational health
community, with input and review by more
than 500 organizations and individuals in-
cluding employers, employees, safety and
health professionals, public agencies, and in-
dustry and labor organizations, developed the
National Occupational Research Agenda
(NORA). NORA identified 21 priority areas in
which new research could most effectively re-
duce work-related illnesses, injuries, and
deaths in the coming decade.' For each prior-
ity area, NIOSH convened a multidisciplinary,
multistakeholder team of individuals internal
and external to NIOSH to further define and
then facilitate this national research agenda.
This article presents a defined research
agenda for 1 NORA priority area—the indoor
work environment.

INDOOR WORK ENVIRONMENTS
AND HEALTH

Almost 70% of US workers—approxi-
mately 89 million persons—are employed in
nonindustrial, nonagricultural indoor settings,
referred to here as indoor work environ-
ments. Scientific studies have associated
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Indoor nonindustrial work environments were designated a priority research area
through the nationwide stakeholder process that created the National Occupational Re-
search Agenda. A multidisciplinary research team used member consensus and quan-
titative estimates, with extensive external review, to develop a specific research agenda.
The team outlined the following priority research topics: building-influenced communicable
respiratory infections, building-related asthma/allergic diseases, and nonspecific build-
ing-related symptoms; indoor environmental science; and methods for increasing im-
plementation of healthful building practices. Available data suggest that improving build-
ing environments may result in health benefits for more than 15 million of the 89 million
US indoor workers, with estimated economic benefits of $5 to $75 billion annually. Re-
search on these topics, requiring new collaborations and resources, offers enormous po-
tential health and economic returns. (Am J Public Health. 2002;92:1430-1440)

some indoor environmental conditions with
increased risks of nonspecific symptoms, res-
piratory disease, and impaired perform-
ance.””® These findings suggest that im-
proved building practices could prevent many
health and performance problems associated
with indoor environmental conditions. The
potential health and economic benefits of im-
proving indoor work environments are
largely unrecognized in the United States. Es-
tablishment of a national research effort with
strategic priorities selected to aid both identi-
fication and implementation of health-protec-
tive features and practices in buildings could
result in a broad reduction in illness and dis-
comfort for the 89 million indoor workers in
the United States. Fiscal constraints on occu-
pational safety and health research, however,
make a coordinated and focused research
agenda necessary.

Epidemiological studies, mostly Euro-
pean,®™" have provided hypotheses to focus
future research. In the United States, the Envi-
ronmental Protection Agency has surveyed
representative institutional and commercial
buildings (via the Building Assessment and
Survey Evaluation [BASE] Study) to provide
baseline data; however, no comprehensive na-
tional research effort has been undertaken to

provide a scientific basis for improving health
in indoor work environments.

Despite the limitations in available scien-
tific documentation, some guidance and stan-
dards are available on health-protective
building practices. Many current building
codes, standards, and guidelines, however, al-
though intended to be health protective, are
based primarily on practical experience
within the building sector or on non-health-
related criteria such as perceived acceptabil-
ity of air (e.g., immediate perception of odor
or irritation), and these codes are not always
sufficiently health protective. Additional sci-
entific research is needed to provide a health
basis for standards and practices and to de-
velop knowledge of indoor environmental
and building science to implement these
practices while considering cost and energy
efficiency.

Furthermore, the availability of information
on health-protective building practices and of
adequate building science and technology
does not in itself guarantee implementation in
buildings for the benefit of occupants. A com-
plex set of institutional and economic barriers
and incentives affects decisions on design, op-
eration, and maintenance of buildings
throughout their lifetimes. Even with recog-
nized potentially fatal building-related ill-
nesses such as Legionnaires’ disease, imple-
mentation of available prevention strategies is
not universal. Current building codes gener-
ally regulate only the design and construction
of buildings. Few US legal standards, except-
ing ordinances in several states, mandate that
occupied buildings provide healthful indoor
air quality, comfortable thermal conditions, or
even some minimum amount of outside air.
Thus, nonregulatory incentives now deter-
mine most postconstruction decisions on
building environments.

American Journal of Public Health | September 2002, Vol 92, No. 9



Benefits from investing in good indoor en-
vironmental quality (IEQ) have been little
documented and may not be currently evi-
dent to building decisionmakers. The conse-
quences of poor IEQ, if considered at all, may
be perceived as remote long-term risks prima-
rily affecting others, e.g., occupants. Building
owners often keep immediate costs lower
through design, construction, equipment,
maintenance, operation, and renovation that
do not consider IEQ. This cost-saving strategy
may, however, cause adverse consequences
later for the employers and workers, includ-
ing impaired health and quality of life and in-
creased costs associated with health care, ab-
senteeism, and impaired performance. In the
event of widespread health problems related
to a building, the employer and sometimes
the owner bear the high costs of environmen-
tal investigation, mitigation, relocation, and
loss of productivity. In this situation, the
owner may also suffer from devaluation of
the property, difficulty in finding new tenants,
and possibly litigation.

THE PRESENT OBJECTIVES

The NORA Indoor Environment Team (i.e.,
the authors) included expertise from the fields
of engineering, architecture, occupational
medicine, epidemiology, industrial hygiene,
physiology, and chemistry. The deliberations
of the team, supplemented by external review
from diverse interested individuals and organ-
izations, form the basis of the priorities de-
scribed here for research on health in indoor
work environments. These priorities will re-
quire new collaborations and resources. Im-
plementation of this research agenda will pro-
vide knowledge on which employers and
unions, building owners and managers, finan-
cial institutions, professional associations, and
government can base policies.

METHODS

Selection of Priority Research Needs
With the practical goal in mind of protect-
ing the health and performance of indoor
workers, the Indoor Environment Team con-
sidered “research” as including the following:
development of new knowledge or technol-
ogy, critical synthesis of existing knowledge,
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or development or evaluation of methods, di-
agnostic procedures, and other tools needed
to improve IEQ or evaluate human health
and performance. The team accordingly con-
sidered research needs in 3 interrelated
areas: (1) causation and prevention of adverse
health effects among indoor workers; (2) sci-
ence and technology of indoor environments
and buildings, necessary to evaluate and im-
prove the healthfulness of indoor work envi-
ronments; and (3) barriers to and incentives
for implementation of healthful building prac-
tices. The first 2 of these areas involve learn-
ing what needs to be implemented, and the
third involves learning how to implement
what is known.

On the basis of the members’ multidiscipli-
nary expertise and judgment, the team lim-
ited its scope of assessment to health effects
thought to result from exposure to indoor
contaminants. (Not considered here, although
constituting substantial public health prob-
lems, were adverse effects caused by ergo-
nomic factors and by psychosocial or work
organization—related job stressors; each of
these effects is the focus of another NORA
team.) For eligible types of health effects, we
estimated both health and economic impacts
related to indoor work environments, includ-
ing the magnitudes of current adverse effects
as well as the potential benefits from improv-
ing IEQ.

Selection of a specific health effect for pri-
ority research (based on the team’s judgment)
from among the eligible adverse health effects
required (1) important morbidity, mortality,
or economic loss from the health effect;

(2) substantial evidence that characteristics of
the nonindustrial occupational indoor envi-
ronment influence the prevalence or severity
of the health effect; and (3) insufficient
knowledge about causation of the health ef-
fect to direct prevention strategies. Research
priorities in the areas of indoor environmen-
tal and building science and of barriers and
incentives were based on the multidiscipli-
nary experience and judgment of the team.

Estimates of Health and Economic
Effects

Measures of health-related adverse effects
included number of workers affected; severity
(including mortality), frequency and duration

of the health effect; and proportion of mor-
bidity or mortality potentially preventable
through improved indoor work environments.
We estimated the number of indoor workers
with each type of health effect (generally
from both work and nonwork exposures), ei-
ther by using available prevalence estimates
directly or by applying general prevalence es-
timates for the US population to the popula-
tion of indoor workers. For each type of
health effect, we multiplied the number of
workers with the health effect by the propor-
tion of the health effect estimated as prevent-
able through improved indoor work environ-
ments. Most estimates were for 1996.

We calculated economic costs by applying
available estimates of the costs of health care,
of absence due to illness, and of other per-
formance losses to the numbers of workers
with each kind of health effect. Estimates of
economic costs and potential benefits did not
include a monetary equivalent for deaths. We
estimated potential economic benefits from
improving indoor work environments by mul-
tiplying economic costs by the proportion of
the health effect estimated to be preventable
through improvements to work environments.
Estimates of benefits do not reflect costs of
research or of necessary indoor environmen-
tal improvements and thus may overestimate
net benefits; however, example cost—benefit
analyses have shown economic benefits to ex-
ceed costs by approximately a factor of 10."

RESULTS

Causes and Prevention of Building-
Related Adverse Health Effects

For each type of health outcome known or
suspected to be caused by contaminants in in-
door work environments, Table 1 provides es-
timates (when available) of the total adverse
health effects produced by US indoor work
environments and of the proportions of ad-
verse effects preventable by improving these
environments. The estimated potential annual
reductions in adverse health effects include 5
to 7 million communicable respiratory infec-
tions, a 6% to 15% reduction in exacerba-
tions of asthma among the 4.7 million indoor
workers with asthma, and a 20% to 50% re-
duction in nonspecific building-related symp-
toms. (Sources for and details on the esti-
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TABLE 1—Estimated Health Impacts of Contaminants in Indoor Work Environments in the United
States, and Potential Benefits of Improved Environments

Contaminant-Related
Health Effect

Health Impacts

No. of Workers With Health
Effect Due to Work or Nonwork
Exposures® (of 89 Million
Total Indoor Workers in US)

Severity

Frequency (Duration)

Estimated Potential Annual
Reduction (% and No.) in Health
Effect From Improved Work
Environments Among Indoor Workers

Communicable respiratory infections:
building-influenced, occupant
sources (e.g., influenza, common
cold, tuberculosis)

Asthma, hypersensitivity pneumonitis,
and allergic disease

Nonspecific building-related

symptoms (acute effects of indoor
exposures or conditions, including
so-called sick building syndrome)

Respiratory infections: building
sources (Legionnaires’ disease,
Pontiac fever, fungal infections)

Health effects of environmental
tobacco smoke

Influenza and common cold:
52 million cases; tuberculosis
not in health care or prison
settings: unknown

Asthma: 4.7 million; allergies:
18 million

35-60 million workers with one or
more weekly building-related
symptoms (effects from work
exposures only)

2700-6000 estimated cases per
year of Legionnaires’ disease;
unknown number of Pontiac
fever and fungal infection
cases

Among 10-30 million exposed,
acute irritation, respiratory
effects, reproductive effects:
unknown; cardiovascular
effects: 2000-11000 deaths;
lung cancer: 100-600 cases
(effects from work exposures only)

Usually moderate, fewer than
70000 hospitalizations and
unquantified fatalities

Allergies: mild to severe; asthma:
mild to fatal

Usually mild to moderate

Legionnaires’ disease: often severe,
5% to 15% of documented
cases are fatal; Pontiac fever:
moderate; fungal infections: can
be severe or life threatening

Acute irritation: mild to moderate;
respiratory and reproductive
effects: moderate to severe;
cardiovascular effects: severe
to fatal; lung cancer: fatal

~0.58 cases of common cold and
influenza per year among
working-age population
(duration varies, days to months)

Asthma and allergies: many to all
days per year (duration of both
usually chronic)

Often while at work (chronic with
chronic exposure)

Legionnaires’ disease and Pontiac
fever: usually once per lifetime
(duration varies); fungal
infections: varies

Acute irritation with exposure;
respiratory effects: chronic;
cardiovascular effects and
cancer: chronic, often fatal

Estimated 10% to 14%; 5-7 million
cases (estimate has substantial
uncertainty)

Estimated 6% to 15%; asthma
episodes among 0.3-0.7 million
cases; allergy episodes among
1-3 million cases (estimates have
substantial uncertainty)

Estimated 20% to 50%; 8-30 million
cases (estimate has substantial
uncertainty)

Unknown, probably fairly high (e.g.,
>50%); Legionnaires’ disease:
1400-3000 cases, including
>70 deaths; Pontiac fever, fungal
infections: unknown

100%; 2000-11 000 cardiovascular
disease deaths; 100-600 lung
cancer cases including 90-530
deaths

Note. Sources for and details on effect estimates are available from the authors and as a supplement to the on-line version of this article.
“Estimates in this column that reflect the effects of work-related exposures only are identified.

mates of effects described in Tables 1 and 2
are available from the authors and as a sup-
plement to the on-line version of this article.)

Table 2 provides estimates of the adverse
economic consequences of contaminant-re-
lated health effects in indoor work environ-
ments and of the potential economic benefits
from improved indoor work environments.
The most uncertain estimate—and, at $20 to
$70 billion, the largest—is that for productiv-
ity losses from building-related symptoms.
The estimates shown in Table 2 indicate that
the combined annual costs of these adverse
health effects range from $50 to $100 bil-
lion, with about $5 to $75 billion potentially
preventable.
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On the basis of the criteria described ear-
lier and the estimates of cost shown in
Tables 1 and 2, the team identified 3 types of
health effects as priorities for increased re-
search: (1) building-influenced communicable
respiratory infections, (2) building-related
asthma and allergic disease, and (3) nonspe-
cific building-related symptoms. In the case of
each of these priorities, implementation of the
findings from research on causation and pre-
vention could prevent adverse health effects
among estimated millions of indoor workers
and could provide annual economic benefits
of several hundred million to many billions of
dollars. Despite substantial limitations from
multiple assumptions, missing data, and un-

certain precision, these quantitative estimates
of impact and potential benefit yield valuable
information for prioritizing research. Esti-
mates here on the costs of indoor work-
related illness exceed previous estimates."
The team has not proposed research on all
adverse health effects potentially related to
indoor work environments. Rather, on the
basis of current evidence, the team has tar-
geted health conditions that affect large num-
bers of indoor workers and for which re-
search on indoor environments holds promise
to fill key information gaps, allowing develop-
ment of effective preventive strategies. For
some exposures, such as those that might in-
fluence cancer, neurotoxic effects, reproduc-
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TABLE 2—Estimated Annual Economic Impacts of Contaminant-Related Health Effects in Indoor
Work Environments in the United States, and Potential Benefits of Improved Environments

Contaminant-Related
Health Effect

Annual Economic Impacts

Health Care Costs of Effects due
to Work or Nonwork Exposures®

Costs From Absence Due
to lliness and From Other
Performance Losses due

to Work or Nonwork Exposures®

Estimated Economic Consequence
for Indoor Workforce due
to Work or Nonwork Exposures®®

Estimated Economic Benefits
Possible From Improved
Indoor Work Environments®®

Communicable respiratory infections:
building-influenced, occupant
sources (e.g., influenza, common
cold, tuberculosis)

Asthma, hypersensitivity
pneumonitis, and allergic disease,
building related

Nonspecific building-related
symptoms (acute effects of indoor
exposures or conditions, including
so-called sick building syndrome)

Respiratory infections: building
sources (Legionnaires’ disease,
Pontiac fever, fungal infections)

Health effects of environmental
tobacco smoke

$10 billion in health care costs

Asthma, $2.6-$2.8 billion; allergic
rhinitis, $580 million; other, not
estimated

Unknown (effects from work
exposures only)

Legionnaires’ disease: $26-$40 million
in health care costs; Pontiac
fever: minimal health care
costs; fungal infections:
unknown costs

$30-$140 million in health care
costs for cardiovascular disease
and lung cancer (effects from
work exposures only)

$19 billion in absence from work;
$3 billion from reduced
performance at work

Asthma, $340 million; allergic
rhinitis, $377 million; other, not
estimated

$20-$70 billion (effects from work
exposures only)

Legionnaires’ disease: $5-$8 million
in absence from work; Pontiac
fever: unknown absence costs

(1 week/case); fungal infections:

unknown costs

Costs of absence from work and
other performance losses not
estimated

$32 billion

$3.9-$4.1 billion

$20-$70 billion (effects from
work exposures only)

Greater than $30-$50 million

$30-$140 million (costs of
absence from work and other
performance losses not
estimated; effects from work
exposures only)

$3 to $4 billion (estimate has
substantial uncertainty)

$200 to $600 million (estimate
has substantial uncertainty)
$4-$70 billion (estimate has

substantial uncertainty)

Tens of millions of dollars

$30-$140 million (costs of absence

from work and other performance
losses not estimated)

exclude any monetary equivalent for deaths, 53¢t emments’

tive effects, or “multiple chemical sensitivity,”
insufficient evidence was available to estimate
health or economic effects in indoor work en-
vironments. For other exposures, such as
radon, asbestos, and carbon monoxide, effects
and strategies for prevention in indoor envi-
ronments are well understood.
Building-influenced communicable respira-
tory infections. Indoor workers in the United
States experience approximately 52 million
cases of common cold or influenza per year,
with estimated annual costs of $32 billion re-
lating to health care, absence from work, and
reduced performance at work (Table 2). If
practical changes in indoor work environ-
ments could reduce transmission of these res-
piratory illnesses among occupants even
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°Estimated benefits do not reflect costs of research or of necessary indoor environmental improvements.

slightly, public health and economic benefits
would be substantial.

Theoretical relationships between charac-
teristics of indoor environments and inci-
dence rates of communicable respiratory dis-
eases depend on disease-specific routes of
transmission. Routes may include direct con-
tact (person to person), indirect contact (per-
son to object to person), or inhalation of in-
fectious bioaerosols (e.g., small virus—
containing aerosols expelled by coughing or
sneezing). Infection by short-range transport
of bioaerosols can occur through coughing or
sneezing toward an uninfected person, but in-
fection by long-range transport of bioaerosols
requires infectious particles to remain both
airborne and viable for several meters or

Note. Sources for and details on effect estimates are available from the authors and as a supplement to the on-line version of this article.
“Estimates in this column that reflect only the effects of work-related exposures are identified.
®Estimated economic consequence includes estimated health care costs, value of absence from work, and value of productivity decreases at work when health effect is experienced. All estimates

more. Infectious aerosols are known or
thought to contribute substantially to trans-
mission of the common cold (e.g., rhinovirus
infections), influenza, adenovirus, measles, tu-
berculosis, and other common respiratory ill-
nesses.'*%* Still, the relative importance of
possible transmission mechanisms for many
common respiratory illnesses, as well as the
period of infectivity,”® remains unresolved.

In theory, disease transmission by inhala-
tion of airborne infectious aerosols may be in-
fluenced by factors affecting indoor concen-
trations of infectious agents, transport
pathways between individuals, viability of in-
fectious agents, or susceptibility of individuals.
Related building or indoor environment fac-
tors include the following:
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* rate and effectiveness of outdoor air ven-
tilation, which dilutes concentrations of in-
door aerosols

» rate and efficiency of air filtration

» disinfection, as by ultraviolet light, which
may deactivate infectious organisms

« rate of air recirculation, which influences
transport between regions of the building

+ density of occupancy, use of private work
spaces, or use of barriers between occupants,
which influence the effective distance be-
tween individuals

* temperature and humidity of air, which
affect the period of viability of infectious
aerosols and human susceptibility*

» indoor toxic or fungal exposures, which

may alter human susceptibility to infection®**°

All of these factors may theoretically influ-
ence long-range airborne transmission of dis-
ease. The first 4 factors may have little or no
effect on disease transmission that occurs
only through short-range airborne transport
or contact.

Although the distances involved in air-
borne transmission of common diseases in the
indoor work environment have not been
clearly documented, readily available strate-
gies such as increased ventilation rate or en-
hanced treatment of recirculated air have the
theoretical potential to reduce disease trans-
mission indoors, particularly any long-range
transmission. In addition to theoretical consid-
erations, several kinds of real-world evidence
suggest that building factors do influence dis-
ease transmission, even if that influence is not
apparent to building occupants or operators.
First, long-range indoor airborne transmission
has been well documented in nonviral dis-
eases such as Q fever, legionellosis (Legion-
naires’ disease), tuberculosis, histoplasmosis,

brucellosis, and inhalation anthrax,2%%”

as
well as for viral diseases such as chickenpox,
smallpox, measles, coxsackievirus, (probably)
influenza and adenovirus, and many animal
viruses, 2021262829

Second, an influence of the physical char-
acteristics of indoor environments on the risk
of communicable respiratory infections is sug-
gested by findings from several observational
and experimental studies. A large US Army
study revealed 50% higher rates of clinically

confirmed acute respiratory illness with fever
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among recruits housed in newer barracks
with closed windows, low rates of outside air
supply, and extensive air recirculation than
among recruits in older barracks with fre-
quently open windows, more outside air, and
less recirculation.* Low ventilation rates and
recirculation of air are suspected risk factors
because of their theoretical impact on expo-
sures to infectious aerosols.** An experimen-
tal field study conducted in US Navy barracks
revealed a 23% lower rate of respiratory ill-
ness with fever among recruits housed in bar-
racks with ultraviolet irradiation of air near
the ceiling than among recruits in comparison
structures without irradiation.*® A study in a
crowded jail showed that, during an epidemic
of pneumococcal disease, the disease attack
rate was 95% higher in jail cells with the low-
est volume of outside air supply per person.*!

Thus, building factors influencing primarily
long-range transport of infectious bioaerosols
had strong effects on the incidence of com-
municable disease even in densely populated
settings where short-range airborne transmis-
sion or contact would seem primary. As a re-
sult, these findings are relevant to less
crowded settings such as offices, where long-
range transport of bioaerosols would be rela-
tively more important.

Two findings from less crowded indoor
work settings offer some direct evidence in
regard to this issue. In 1 study, increased risk
of tuberculin conversion among health care
workers in hospitals was strongly associated
with inadequate ventilation rates in hospital
rooms.** A 34% lower rate of short-term ab-
sence resulting from illness, considered likely
to be related to respiratory disease, was found
in office buildings with twice the recom-
mended levels of ventilation relative to other
buildings occupied by the same company
with lower levels of ventilation.>> Other stud-
ies of work or residential environments have
also revealed building or ventilation charac-
teristics to be significantly associated with oc-
currence of communicable respiratory dis-
eases among occupants.”**** Overall, 6 of
the 11 studies cited here showed that some
particular characteristic of the building or in-
door environment was associated with a 50%
or greater difference in the metric of illness.

These reported associations do not confirm
a causal relationship between aspects of in-

door work environments and communicable
respiratory infections. However, theoretical
principles, documentation of long-range air-
borne transmission for viral and nonviral dis-
eases, and suggestive epidemiological find-
ings, together with the large potential public
health benefits, make research on this rela-
tionship a priority. It is critical that future
studies isolate the effects of specific building
risk factors on infection by specific agents.
Measurement tools for confirming infections
and identifying causal organisms are now
available to facilitate this research.*’

The reduction in communicable respiratory
illness estimated here as a potential benefit of
improving indoor environments—prevention
of 5 to 7 million cases of disease annually
(Table 1)—would also produce an estimated
$3 to $4 billion annual benefit from reduced
health care costs and reduced absenteeism
(Table 2). While there is substantial uncer-
tainty regarding the estimated preventable
proportions of these infections, even a small
proportional reduction in respiratory infec-
tions among indoor workers would have an
important impact on the national burden of
disease and on related costs.

Building-related asthma and allergic disease.
About 18 million (20%) indoor workers have
allergies, and about 5 million (5.3%, most
with allergies) have asthma.*** Asthma inci-
dence is increasing globally in much of the
developed world, and part of this increase
may be related to IEQ. Studies conducted in
residences and in schools have indicated that
moisture and mold problems, also common in
nonindustrial workplaces, are related to
lower-respiratory-tract symptoms, associated
with asthma.*>** Serious allergic diseases
such as hypersensitivity pneumonitis and
asthma have been documented among office
workers.*>*® Causes have included microbio-
logical exposures resulting from water leaks,
contaminated ventilation system components,
or other building inadequacies.””*”*® Expo-
sures to allergens from dust mites, pets, cock-
roaches, rodents, and pollen, as well as expo-
sure to tobacco smoke, have been associated
with allergy and asthma in residential studies.
These same exposures occur in the nonindus-
trial work environment; however, their mag-
nitude and effects are poorly understood.
Research is also needed to assess building-
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related influences on allergic rhinitis and
chronic sinusitis, widely reported anecdotally
but virtually unstudied.

Few data exist that directly link causation
or exacerbation of allergic disease to indoor
work environments. Up to 20% of all cases of
adult-onset asthma are estimated to be work
related.*® Although agricultural or industrial
materials implicated in sensitizing exposures
are well known (e.g., compost, toluene diiso-
cyanate), many work-related cases occur in in-
door work settings.*” The increase of allergic
disease as a public health problem and the
clear documentation that specific conditions
in residential buildings can cause or exacer-
bate allergic disease®® dictate priority re-
search attention. A recent review noted that
the effectiveness of specific exposure-limiting
prevention strategies has been inadequately
studied and offered suggestions for further re-
search.*® As with communicable respiratory
illness, even small decreases in incidence or
exacerbation of allergic disease achieved
through improved indoor environments
would result in large savings from reduced
medical costs and increased productivity
(Table 2).

Nonspecific building-related symptoms. Be-
cause symptoms such as eye, nose, and throat
irritations, headaches, and fatigue may be re-
lated to many different disease processes,
they are sometimes called nonspecific symp-
toms. Recent studies examining a total of
more than 115 US office buildings, almost all
without a history of publicized indoor envi-
ronmental complaints, indicated that more
than 400% of workers experienced frequent
work-related symptoms®*—>2 (H. Brightman,
US EPA BASE Study, written communication,
October 1998). Thus, the relatively few publi-
cized “problem” buildings are apparently only
the visible part of a larger phenomenon.

Problem-solving investigations have often
shown symptoms in buildings to be accompa-
nied by new construction or renovation, mois-
ture incursions, or deficiencies in ventilation,
but practical investigations have rarely re-
ported systematic testing of these relation-
ships. Scientific studies provide evidence for
the influence of building factors on nonspe-
cific building-related symptoms. Increased oc-
currence of symptoms or of objectively mea-
sured adverse health effects has been
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associated with building features such as air
conditioning or mechanical ventilation sys-
tems, with inadequacies in ventilation sys-
tems, and with lower outdoor air ventilation
rates.>***7°° Improvements in symptoms or
in objective health measurements have been
associated with experimentally improved in-
door environments.”*~*' Building-related
symptoms have also been associated with ab-
senteeism,®* objectively measured adverse
health effects,”®%* and impaired performance
on work-related tests.®*6*=

Scientific findings of associations suggest a
number of causes biologically plausible for
building-related symptoms. These causes in-
clude exposures to allergenic or irritating
aerosols (particularly bioaerosols) and to
volatile or semivolatile organic compounds
(VOCs or SVOCs). Sources include ventilation
systems, building structures, building materi-
als, furnishings, office equipment, or products
such as cleaning compounds or pesticides.
Physical factors (particularly temperature),
psychosocial stressors, and individual suscep-
tibility are considered important cofactors.
Widespread reduction of building-related
symptoms will require either identification of
causal agents and protective indoor exposure
limits or more rigorous documentation of ef-
fective health-protective building practices.

Few scientifically based indoor exposure
guidelines are available for preventing build-
ing-related symptoms, and it may not be pos-
sible to establish such guidelines with con-
ventional indoor exposure measurements
(e.g., total concentration of VOCs, total
counts of fungi and bacteria), because these
conventional metrics of indoor exposure
have seldom been associated with occupant
health problems. Furthermore, recent re-
search has revealed increases in symptom
prevalence associated with exposure metrics
not traditionally used indoors: microbiologi-
cal toxins such as endotoxins or 8-1,3-glu-

69,70

cans, correlated clusters of VOC concen-

trations indicating recognizable sources such

7172 and combina-

as paint or vehicle exhaust,
tions of low-level VOCs with additive irrita-
tion effects.”® Other research has shown pro-
duction of aldehydes and other highly
irritant VOCs, not usually or easily mea-
sured, from reactions among common chemi-

cals in indoor air, as well as increased pro-

duction of these irritant compounds at lower
ventilation rates.”*”> We need to assess expo-
sure in ways more relevant to place (e.g.,
personal rather than area samples), time (e.g.,
integrated rather than “grab” samples), and
human response (targeting specific agents
with documented adverse effects) than is
currently customary or feasible.

Table 3 identifies recommended research
priorities associated with the cause and pre-
vention of these 3 types of building-related
adverse health effects. Research is needed to
better define the relationship of health effects
to exposure and building factors, to test the
effectiveness of proposed intervention mea-
sures, and to improve exposure assessment
methods. (Closely related research on build-
ing science, essential to this health-related re-
search, is described in the following section
and in Table 4.)

Science and Technology of Indoor
Environments and Buildings

We have an inadequate understanding of
the interrelationships among indoor pollutant
exposures, features and practices in buildings,
and activities of occupants. Building features
potentially affecting IEQ and occupant health
include the design and materials of the build-
ing (e.g., the outside envelope, air handler,
ventilation distribution system, indoor sur-
faces) and the contents (e.g., furnishings, of-
fice equipment). Building practices potentially
affecting IEQ and occupant health include
those related to (1) construction, commission-
ing, operation, maintenance, renovation, and
repair of the building and ventilation system;
(2) selection of materials in buildings and
ventilation systems; and (3) protection of oc-
cupants from contaminants produced during
construction and renovation.

The occurrence of incompletely under-
stood chemical reactions indoors, producing
irritant compounds not emitted directly by
the materials present, provides an additional
layer of complexity. Even to the extent that
we can identify certain pollutants of concern,
we have limited knowledge of the most effec-
tive means of reducing exposures.

We know that outdoor air ventilation can
effectively reduce exposures to widely gener-
ated indoor pollutants, such as those from oc-
cupants, indoor surfaces, or indoor chemical

Mendell et al. | Peer Reviewed | Public Health Matters | 1435



TABLE 3—Priority Research Needs for Improving Health of US Workers: Causes and
Prevention of Building-Related Health Effects
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Building-influenced communicable respiratory infections

occupancy, and physical separation of occupants)

Building-related asthma and other allergic disease

and surface dust)

(e.g., toxins, allergens, immunogens, and adjuvants)

Nonspecific building-related symptoms

building-related symptoms

reactions, but may increase indoor exposures
to outdoor pollutants, such as ozone and par-
ticles. However, the complexities, costs, limita-
tions, and inaccuracies of currently available
methods for measuring ventilation rates in
buildings have impeded research on ventila-
tion and health and have also made it difficult
for building professionals to maintain desired
ventilation rates.

A vigorous research program on the sci-
ence and technology of indoor environments
and buildings that closely complements the
research focused on specific health effects is
needed. This program would include research
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- Document and quantify the association of communicable respiratory infections among indoor workers with specific
characteristics of indoor work environments (e.g., ventilation rate, filtration, pattern of outside airflow, density of

- Estimate the proportion of these infections preventable by specific building practices
- Improve and apply tools (e.g., in molecular biology) to identify specific viral infections, their routes of transmission, and
periods of infectivity and to assess exposure to infectious agents and agents that may alter susceptibility

- Quantify, for hypersensitivity pneumonitis, asthma, and allergic rhinitis, the associations between onset or exacerbation of
disease and specific characteristics of indoor work environments (e.g., ventilation rate, ventilation design and
maintenance, sources of moisture or allergens indoors or in ventilation system, surface materials, housecleaning, air

- Estimate the proportion of causation or exacerbation of these diseases attributable to specific indoor environmental
characteristics and the proportions preventable by specific exposure-reduction practices
- Improve and apply quantitative exposure assessment measures for bioaerosols, particularly their bioactive components

- Develop appropriate uses in this area for human biomarkers of exposure or disease
- Evaluate the impact of exposure-reduction strategies on reducing relevant bioaerosol exposures
- Characterize exposure-response relationships for these diseases and measured indoor contaminants

- Quantify the relationships between building-related symptoms or sensory reactions and factors of building design,
operation, maintenance, furnishings, equipment, and occupancy (with selection of research targets based on existing
scientific evidence, further analyses of relevant existing data sets, and current empirically based knowledge, e.g.,
standards of best building practice among indoor environmental professionals)

- Quantitatively evaluate effectiveness of preventive measures

- Identify physiological processes and biochemical parameters that are associated with building-related symptoms or
sensory reactions and identify or develop assessment tools

- Improve and apply strategies to identify chemical, microbiological, and physical exposures that are toxic, irritant,
allergenic, or highly odorous and that cause occupant symptoms or sensory reactions in buildings; consider improving
methods to predict adverse effects of indoor exposures, singly or in combination (e.g., prediction from known
“structure-activity relationships” for related chemicals) (see also Table 4)

- Quantify exposure-response relationships for measured indoor contaminants and specific health effects represented by

- Establish the mechanisms by which causal agents alter the occurrence of nonspecific symptoms or sensory reactions

on selected indoor pollutants of concern that
are toxic, highly irritating, allergenic, or
strongly odorous, such as VOCs, SVOCs (e.g.,
pesticides, fire retardants, plasticizers), bio-
aerosols, and other particles, as well as the
precursors of these pollutants (Table 4). The
relationship of these pollutants to source,
building, and ventilation system factors should
be studied as well. Research is also needed on
measurement and control of ventilation rates
and improvement of ventilation systems. Find-
ings from such research would facilitate the
design, implementation, and interpretation of
health studies. They would also enable build-

ing professionals to design and operate indoor
environments in ways consistent with building
standards and guidelines.

Implementation of Health-Protective
Features and Practices in Buildings:
Barriers and Incentives

Research is essential to document the key
features and practices in buildings that can
make indoor workers healthier (as de-
scribed earlier) and to achieve parallel ad-
vances in indoor environmental and build-
ing science (Tables 3 and 4). Success in
these research areas, however, will not be
sufficient to protect the health of indoor
workers. Exposure to environmental to-
bacco smoke, for instance, still occurs in
some workplaces despite its known hazards.
Many social and economic forces, acting as
barriers or incentives, influence whether
available health-related knowledge is trans-
lated into action.”® Decisions affecting TEQ
are made primarily by building profession-
als (e.g., architects, engineers, operators) and
owners, although decisions made by em-
ployers and workers also may have conse-
quences for IEQ. These decisions occur at
many stages of the life cycle of each build-
ing: during design, construction, operation,
maintenance, and renovation and in the
course of other activities related to sales,
rental, and use.

Barriers that may obstruct consideration of
IEQ in decisions include the following:

» lack of meaningful metrics for assessing
IEQ or IEQ-related health effects

* limited information, guidelines, and stan-
dards on the relation of IEQ to health

« lack of necessary products and services
for measuring or controlling IEQ

» lack of documentation of the costs vs ben-
efits of specific health-protective building
practices

* decisionmaking habits based on lowest
first costs

* a legal and economic system in which
the cost burden of poor IEQ generally falls
on occupants rather than on building deci-
sionmakers who did not consider IEQ

Incentives that may increase the implemen-
tation of healthful features and practices in
buildings include the following:
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TABLE 4—Priority Research Needs for Improving Health of US Workers: Science and
Technology of Indoor Environments and Buildings

including temporal and spatial variation

exposures

buildings

Research to improve ventilation designs
components highly accessible)

- Incorporate natural ventilation
- Increase effectiveness in removing contaminants

Ventilation rate measurement and control

* codes, regulations, and laws (local, state,
or federal) based on science, professional
consensus, or both

* nonregulatory government actions (e.g.,
tax incentives, subsidies, demonstration proj-
ects, guidelines, education)

» guidelines from professional consensus
groups or other sources establishing a “stan-
dard of care”’”"®

« financial-sector incentives’®

« client-based incentives (e.g., IEQ-protec-
tive construction guidelines or lease terms for
use by architectural clients or tenant groups)

» avoidance of liability

» scientific data documenting that improv-
ing IEQ can diminish adverse effects among
building occupants

September 2002, Vol 92, No. 9 | American Journal of Public Health

Improving exposure assessment for indoor contaminants of concern
- Develop improved and more practical methods of assessing indoor exposures of concern, preferably personal exposures,

- Using standardized methods, establish reference distributions of indoor concentrations and, if possible, of personal

- Characterize size distribution and composition of indoor particles
Relationships of indoor pollutants to building and ventilation factors

+ Identify pollutant sources and rates of emissions for contaminants of concern

- Identify strategies that reduce or prevent indoor chemical and particulate pollutants of concern over the life cycle of
buildings, including consideration of design, material choice, construction, and renovation; commissioning,
operation, ventilation, thermal control, and filtration; and maintenance, cleaning, and pest management

- Characterize the influence on indoor microbiological colonization and bioaerosol exposures of features and practices in
buildings, including building envelopes, indoor materials, indoor thermal conditions, ambient climate, filtration,
ventilation operation and design, biocidal radiation, maintenance and cleaning activities, and occupant activities

- Characterize and quantify the sources (indoor and outdoor), concentrations, size distributions, composition, and fate of
indoor particles (including consideration of transport and transformation), in relation to features and practices in

- Develop models predicting indoor air contaminant levels resulting from sources in conjunction with specific building and
ventilation system design, operation, and maintenance features

- Reduce risk of producing contaminants (e.g., through control of moisture or contamination within systems, or by making

- Improve efficiency of outdoor air delivery to the breathing zone
- Improve the control of indoor temperature, with consideration of individual control
- Improve the control of indoor humidity, especially in humid climates

- Develop accurate yet practical measurement technologies for determining ventilation rate
- Develop and evaluate improved strategies and systems to control ventilation rates, including demand-controlled systems
using pollutant sensors and more accurate measurement of airflow within the system

« educational or informational activities®*®!

for building professionals and occupants

Such strategies can facilitate action at cur-
rent levels of scientific knowledge, even as
societal investment in research further
strengthens the scientific basis for recom-
mendations.

We suggest that increasing the implemen-
tation of health-protective features and prac-
tices in buildings may require multiple so-
cial strategies, including both voluntary and
regulatory approaches, to reduce barriers
and increase incentives for health-protective
building practices. Research is necessary to
develop effective approaches, including
some promising new strategies: (1) private-

sector incentives that would lead building
decisionmakers to consider or experience
the economic costs to others of poor IEQ
(e.g., proactive loss prevention strategies by
financial-sector organizations such as insur-
ance companies or lenders to reduce IEQ-
related risks); (2) evidence-based guidelines
for healthful buildings and indoor environ-
ments produced jointly by engineering,
health science, and other groups; (3) dissem-
ination of critical new scientific information
to mobilize market forces among building
professionals and occupants; and (4) strate-
gies used successfully in related fields or in
other countries to foster action among
building professionals (e.g., the strategies
used to stimulate increased energy effi-
ciency in buildings).

We outline in Table 5 a broad framework
for research in this area, without specific pri-
ority research needs. Methods may include
social research techniques (e.g., surveys,
focus groups, interviews) focused on behav-
ior, motivation, attitudes, and knowledge re-
lated to IEQ and health among key stake-
holders (e.g., financial participants, designers,
building owners and managers, employers,
and employees).

DISCUSSION

Summary

The research priorities identified here
broaden the scope of research on the health
of indoor workers to include communicable
respiratory infections and suggest expanded
research on the relationships between IEQ
and asthma, allergies, and building-related
symptoms. Research priorities also include in-
door environmental and building science and
technology related to IEQ, along with barriers
and incentives to the implementation of
health-protective features and practices in
buildings. We aim to stimulate the commit-
ment of new resources to support expanded
research through partnerships among govern-
mental agencies, professional societies, foun-
dations, industry, academia, and other af-
fected groups that share an interest in IEQ,
public health, and worker performance.
Healthy indoor work environments will bene-
fit many groups in society that now pay for
poor IEQ, some unknowingly.
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TABLE 5—Framework for Research on Barriers and Incentives for the Implementation of
Health-Protective Features and Practices in Buildings

| PUBLIC HEALTH MATTERS |

buildings. Consider:

building process

in buildings

effects of choices in building practices

benefits of new strategies

recommendations

Suggested Research Strategies

Implicit in our agenda is recognition that
multidisciplinary research efforts are critical
to understanding the complex relationships
between indoor environments and human
health. Epidemiologists, physicians, molecular
biologists, chemists, microbiologists, archi-
tects, engineers, economists, industrial hy-
gienists and other exposure assessment ex-
perts, behavioral scientists, and aerosol
scientists need to work together to under-
stand the risk factors and mechanisms under-
lying health effects associated with building
environments and to document means of pre-
vention. Research projects lacking key disci-
plines have often fallen short in generating
data convincing to the entire scientific com-
munity or to building professionals. To be ef-
ficient and persuasive, this research should
use robust research methods, including ex-
perimental, cohort, or case—control studies;
specific, relevant exposure metrics; and ob-
jective or other specific measures of health
outcomes. Also critical is the parallel devel-
opment of technologies designed to minimize
the energy consumption and the economic
and environmental costs of more healthful
building practices.
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Identify and characterize, using social research techniques, the key decisionmakers in the life cycle of the building
process and the decision processes that influence the implementation of key health-protective features and practices in

* Key trigger points (e.g., transactions) in the building process
+ Parties with leverage at trigger points (e.g., lenders, realtors, municipalities)
Evaluate the effectiveness, costs, and benefits of alternate social strategies, including market-based strategies and public
policies, either existing or available, that target key barriers and incentives related to health-protective decisions in the

Develop estimates, methods, or syntheses necessary to allow more effective decisionmaking related to buildings
* Quantitatively estimate the implementation costs and the health and economic benefits of key features and practices

*Identify gaps in the health, building, and economic data needed for the above estimates to guide research priorities
related to health in indoor work environments; fill these data gaps
- Develop methods allowing decision makers to consider both economic and non-economic (e.g., health, quality of life)

- Assess the prevalence of specific higher risk building features and practices, to help estimate potential costs and

- Synthesize the current findings of indoor environmental quality research to enable evidence-based public health

Potential Benefits of Suggested
Research

Implementation of findings from this pro-
posed research agenda, according to the best
available information, will potentially improve
health and productivity among millions of in-
door workers in this country, with benefits for
business, government, and other organiza-
tions and also for nonworking building occu-
pants such as customers, patients, and stu-
dents. Potential public health benefits include
a reduction of 6 to 11 million cases of mild to
severe illness annually, the prevention of a
number of deaths associated with communi-
cable disease and asthma, avoidance of fre-
quently experienced acute symptoms among
8 to 30 million workers, and an improved
quality of life in the work environments
where most adults spend one fourth of their
lives.

The accompanying net economic benefits
from reducing these adverse health outcomes
(Table 2) are estimated at $7 to $75 billion
annually, including more than $1 billion from
estimated reductions in costs of health care
and more than $6 billion from estimated re-
ductions in illness-related absence and im-
paired performance at work, less the costs of

research and of building-related improve-
ments. The productivity and competitiveness
of the US workforce would benefit as well.
Most of these estimated economic benefits
would derive from potential reductions in
communicable respiratory infections and
building-related nonspecific symptoms.

Total federal research expenditures on in-
door air in nonindustrial work settings and
the associated health effects discussed here
(excluding research on asthma and allergy in
children, residential IEQ, and environmental
tobacco smoke) are less than $28 million an-
nually.®* If the estimates here of potential
benefits from improving indoor work environ-
ments are reasonably accurate, then a sub-
stantially expanded program of research is
justified on the priority topics described in
this report. With proper planning and prioriti-
zation, expanded research would enable im-
portant improvements in the health and per-
formance of indoor workers. Despite
uncertainty about precise benefits, the health
and economic return on this research invest-
ment applied to the nation’s indoor work-
places is potentially very large. ®
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