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temperature equal to 5500° K) (see Fig. 12). While ultraviolet radiation (UVR) is
required for fluorescent light emission, the actual amount of UVR emitted
through the glass varies according to the glass wall thickness, phosphors used, and
luminaire design. UVR can have both harmful and beneficial health effects; these
effects are modified depending on the characteristics of other wavelengths present.
There is some disagreement regarding measurements of ultraviolet emissions from
lamps; this problem has become one of the most controversial in understanding
the health effects of general illuminants.

Much of the research on ultraviolet radiation and its effects has been sum-
marized by the World Health Organization.®® Some of the salient findings follow.

Errects oF ULTRAVIOLET RaD1ATION

While UV-C (ultraviolet light in the range of 200-280 nm) can damage cells,
artificial lighting sources normally do not emit in this range. Of greater interest,
cell damage by UV-C can be repaired by exposure to longwave UVR or visible
radiation (320-550 nm), a process known as photoreactivation. This repair
mechanism has been demonstrated in all types of living organisms, including
mammals. However, repair is not necessarily cormplete and the remaining damage
may cause health effects later.

An example of synergy among environmental constituents is the effect of
concomitant caffeine on UV-exposed cells or tissues. Repair system activity is
inhibited by the ingestion of caffeine, and at otherwise nontoxic doses, caffeine
increases the harmful effects of UVR. Thus, people who drink caffeine-containing
beverages during or immediately prior to sunlight exposure or exposure to UV-
emitting lights may experience more severe health effects than those who do not
consume caffeine. The same ultraviolet region (UV-B) that causes tanning and
sunburn can cause skin cancer, depending on skin type, occupational exposures,
latitude, seasonal exposure, and other factors, such as nutrition, that affect
reaction to UV exposure. ‘

Ultraviolet radiation makes possible the production of vitamin D necessary
for proper calcium and phosphorous metabolism, prevention of rickets, and
retarding development of dental caries. This activity is maximal at 280 nm, which
is UV-B.68.6

Types of ultraviolet radiation are sutnmarized in Table 6,

Ultraviolet radiation has been used to treat skin diseases such as psoriasis,
acne, atopic dermatitis, and recurrent boils and has also been used in the
treatment of chronic pneumonia and rheumatic diseases. This effect is due to its
stimulating effect on white blood cells. Thus, UV can be beneficial or harmful
depending on the conditions of the subject and the dose distributions.?-68.6%

EFrecTs oF SpeciFic WAVELENGTHS OF VISIBLE LIGHT

R.M. Gerard, in a 1958 doctoral thesis, described differential effects of
colored lights on psychophysical functions.!? Gerard tested humans with red, blue,

TABLE 6. Types of Ultraviolet Radiation

UV A 320-420 nanometers* Near UV, longwave, and black light
UV B 280-320 nanometers Mid UV and sunburn UV
uvce 200-280 nanometers Far UV, shortwave UV, and germicidal UV

* A nanometer = 1 » 10 9 meters or approximately 4 billionths of an inch.
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and white light. He found effects on blood pressure, pulse, and brain waves, the
red having stimulating effects, blue relaxing effects, and white intermediate effects.
Wurtman et al., measuring pineal hydroxindole-o-methyl transferases (HIOMT)
in rats, found that green, blue, or yellow light caused decreased HIOMT activity,
green being the most effective.”! (HIOMT is the enzyme used for the synthesis of
melatonin.) Red light produced no change. Retinal HIOMT was also measured,
with green producing a decrease, blue producing an initial decrease followed by an
increase, and no change produced by red light.

Significant differences in activity responses of mice to various environmental
lighting conditions—blue, green, yellow, red, daylight, and dark—were found by
Spaulding, Holland, and Tietjen.6?

Other researchers have investigated the effects of broader spectrum sources in
general use. Many studies have compared the effects of the standard cool-white
fluorescent, and the Vita-Light fluorescent, a full-spectrum source, having a
spectral distribution very close to that of sunlight (see Fig. 12). The following are
some of the effects reported in these and related studies.

¢ Both male and female rats had smaller genitalia and larger spleens when
raised under cool-white light compared to Vita-Light, Male golden hamsters
raised under Vita-Light had greater total body weight and greater gonad
and submandibular gland weights than those raised under cool-white
light’7 Rats exposed to cool-white light showed decreased HIOMT
compared with rats under Vita-Light.12
Elderly men showed increased calcium absorption with Vita-Light exposure
and decreased calcium absorption under cool-white light. Calcium absorp-
tion is important in the elderly because its absence is related to bone matrix
loss (osteoporosis), a painful, common condition among the elderly who
receive little exposure to daylight.42-44
Male golden hamsters raised under Vita-Light had one fifth the incidence
of dental caries compared to those raised under cool-white lamps. J.M.
Dunning!¢ found that the incidence of human dental caries is inversely
proportional to sunlight exposue.¥’

A small sample of college students studying under Vita-Light showed less

visual and central nervous system fatigue than students who studied under

cool-white light. These changes were measured by the critical fusion

frequency. ¥ ,

College students studying under Vita-Light showed improved visual acuity

compared with students studying under cool-white lamps. Measurements

were made using the Snellen eye chart.

e A significant decrease was observed in the hyperactive behavior of school
children after 60 days’ exposure to Vita-Light compared with children
exposed to cool-white light.3

FrLicker

Individual sensitivity to flicker varies, and it may produce effects ranging
from visual irritation to epileptic seizures. As fluorescent tubes age and flicker
increases, epileptics may be at particular risk in spaces illuminated by flickering
lamps; theoretically, those who are not epileptic could become more prone to
epilepsy by exposure to flickering lamps.?! Flicker can be controlled by luminaire
design, but maintenance practices and lamp replacement are the most important
factors in determining the occurrence of flicker. The inconvenience of relamping
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fluorescent fixtures results in the widespread occurrence of flickering tubes (where
active maintenance programs are not a matter of course).

Hum is frequently a result of ballast operation, and proper design can reduce
audible hum. However, quieter ballasts are more expensive, and efforts to save
money in construction costs or fixture replacement costs often result in the choice
of an inadequate fixture. Hum is an irritant and the noise, depending on its
frequency, may act synergistically with other noises or with other environmental
stressors to produce undesirable stress-related health effects.5?

PsvcraovLocicaL ErrecTs

Most light research has been concerned with questions of visual comfort and
task performance. In recent years there has been increased concern with more
subtle effects of light. Research has shown that light has biochemical effects at the
single cell level in plants and animals.” It is becoming increasingly clear that light
has effects on the central and autonomic nervous system. Other experimental work
has shown the effects of light also influence such processes as heart rate, blood pres-
sure regulation, electrical brain wave patterns, hormonal secretion, and circadian
rhythms. These basic physiologic responses to light also may have counterparts on
the psychological level in terms of light’s influence on emotions and feelings.?’

Limitations of Lighting Research

Most lighting research experiments are conducted in the laboratory. This
approach clearly has the advantage of providing better control on the experimental
conditions. On the other hand, the laboratory setting contains the potentially
confounding variable of the subjects’ awareness that they are participating in a
scientific laboratory vision experiment. Furthermore, the artificial conditions of
laboratory experimentation may skew the results.

Kiiller has identified several factors that raise questions about the validity of
light research, particularly that which has focused on visual comfort and per-
formance for application to lighting design.?’” He argues that there is a general
failure to incorporate the findings of health and physiologic effects research into
a more general model of man-environment interaction. The first of these is the
failure to acknowledge and use the understanding that light is not only radiation
but also perception. Kiiller suggests that scientists use two different languages for
dealing with light, one physical and one perceptual, thereby confusing “almost
every single piece of scientific work on the subject.”?7

Discussion

Lighting, like all indoor pollution sources, must be addressed in the complex
context of the built environment. Designers, researchers, regulators, manufacturers,
and users must consider the systemic nature of lighting. It is important to
appreciate that, while we know far less than we would like, we are beginning to act
on some of the information already in hand, although most decisions are still made
out of habit and the desire for convenience. When we consider the potential
significance of the health, physiology, comfort, satisfaction, and productivity
implications of the choices we make about lighting, we are impelled to carefully
consider the information currently available,

We ultimately must exercise informed judgment and apply our values,
intuitions, and the knowledge available to design healthy, productive, satisfying
environments. Where information is not yet available, careful research may bear

PuysicaL FACTORS IN THE INDOOR ENVIRONMENT 89

valuable fruit in terms of public health, energy, cost, and economic productivity.
The information already available strongly supports a number of changes in
current practice to minimize potential health hazards, energy waste, economic
loss, and indoor environmental degradation.

The following points should be considered when a lighting scheme is being
designed:

1. Electrical illumination should be accomplished with user-controlled task
lighting wherever practical.

2. Lighting controls in buildings should be localized, permit variable levels of
light, and be accessible to users wherever practical.

3. A variety of lighting conditions through diverse illumination sources
should be provided to allow maximum user choice in control and regulation of
interior lighting,

4. Design of lighting and performance standards for lighting shouid be based
on light delivered to actual task stations in buildings, not on illumination of
general spaces, Standards should discourage delivery of over-illumination to
nontask areas.

5. Public health authorities and building operators and occupants should con-
sider the possible connection between occupant discomfort or ifiness and environ-
mental lighting, including spectral characteristics, illumination levels, electromagnetic
and chemical emissions from fixtures, and user access to effective lighting control.

6. The use of newer light sources should be restricted until sufficient research
into the health effects indicates that the impacts are within acceptable limits.

7. Light sources should be selected for the best possible match between
spectral characteristics and the needs of the users.

COMBINED EFFECTS

Eula Bingham and Hans Falk® found that a relatively nontoxic substance,
together with a known carcinogen, can enormously increase the carcinogenic
potency of the known carcinogen. They give the example of exposure of mice to
benzo[a]pyrene and benz{aJanthracene when n-dodecane is used to dilute these
chemicals. The result is a 1,000-fold increase in potency although n-dodecane itself
is considered relatively benign and certainly not carcinogenic. They also noticed
that the effect is greatest or at least most apparent at low concentrations of the
carcinogen. This has enormous implications since it is simply not conceivable that
we will identify all the interactive or synergistic effects, let alone be able to protect
people against exposures to them. Yet the cocarcinogenic compounds they studied
are commonly found in the environment. The carcinogens themselves are common
byproducts of combustion of some fossil fuels and of tobacco and wood burning.

The findings of Bingham and Falk included the following:

+ Cutaneous tumorigenesis in mice is accelerated 1,000-fold by the enhance-
ment of potency at low concentrations of benzo[aJpyrene and benz[a]an-
thracene when n-dodecane is the diluent.

# Carcinogens used are polycyclic aromatic hydrocarbons and the cocarcin-
ogens (accelerators) are long-chain aliphatic compounds possessing industrial
or environmental significance.

o The effect is most obvious during exposure to low concentrations of
carcinogens, as shown by the cutaneous tumorigenesis in mice, which is
accelerated 1,000-fold by the enhancement of potency at low concentrations
of the carcinogen benzo[alpyrene and benz[alanthracene.”
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SBS: TaE “CoMBINED EFFeCT” SYNDROME?

Authorities agree that SBS is generally multifactorial in origin. While the
majority of contributing factors addressed in the literature to date are indoor air
pollutants, there are virtually unlimited numbers of physical factors that can
exacerbate the human response to air pollutants or that can canse typical SBS
symptoms on their own.

The combinations of implicated causal factors are too numerous to analyze
effectively, and there is insufficient data to do so in most cases. In any particular
building, the multitude of effects considered part of the syndrome are likely to
have diverse and overlapping causes, thus producing many associations without
necessary causal linkages. This complicates the process of studying the causes of
SBS symptoms and leads to many inconclusive studies.

The Danish Town Hall Study showed clusters of causal factors that plausibly
act in concert to produce higher prevalences of symptoms.$! Table 7 shows the
clusters of factors identified by the Danish researchers. We have attempted to
hypothesize synergistic effects between and among the factors in these clusters to

TABLE 7. Building and Occupant Factors®! and Their Possible Connection
to the Etiology of Sick-Building Syndrome

Factors from the Hypothesized Connection
Danish Town Hall Study to Building Sickness Etiology

Temperature Proliferation of microorganisms
Higher VOC emissions/air levels
Reduced airflow, ventilation
Less tolerance for discomfort

Fleecy material More VOC sources
More VOC adsorption surface area
More airborne fiber sources
Difficult housekeeping

Open shelves More adsorption sites
Fine particle deposition sites
More difficult housekeeping
More source surface area

Newer buildings < 30 years More fleecy surfaces
Fewer private offices
Less occupant control

Job category Less mobility during the day
Less control over time/work
Lower status
Less control over work area

Type of work More exposure to toxins
More exposure to irritants
Stressful work posture

Occupant density Lack of privacy
Inadequate ventilation
More local pollutant sources

Number of work stations Anonymity, impersonal environment
Lack of privacy, control

More local pollutant sources

From Levin H: Sick building syndrome: Review and exploration of causation hypotheses and control
methods. In IAQ 89, The Human Equation: Health and Comfort. Atlanta, ASHRAE and the Society
for Occupatijonal and Environmental Health, 1989, pp 263-274; with permission,
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TABLE 8. Identification of Possible Synergistic Risk Factors for Sick-Building Syndrome
Based on Risk Factors in the Danish Town Hall Study

Temperature + fleecy material + open shelves
More organic sources, emissions
More biologic activity

Job category + type of work
Low status = logs of control, mobility, job satisfaction
Reduced proximity to windows—light, views, outside air
Combined stressors of work posture, toxins, irritants

Number of work stations + age of building
Higher density in open office plan, newer buildings
More local sources
Less privacy, control, space
Sex + job category
Females in subordinate {clerical) positions
Type of work (see #2 above)

From Levin H: Sick building syndrome: Review and exploration of causation hypotheses and control
methods. In IAQ 89, The Human Equation: Health and Comfort. Atlanta, ASHRAE and the Society
for Occupational and Environmental Health, 1989, pp 263-274; with permission.

suggest possible additive and synergistic effects. These hypotheses are also shown
in Table 7,

Table 8 shows some possible synergisms among the risk factors identified in
the Danish Town Hall Study and shown in the first column of Table 7. It is clear
that physical factors are likely modifiers of the exposures to indoor air pollutants
and, apparently, of the effects they have on building occupants.

VDT Work and Indoor Air Pollution

Research concerning work with VDTs has included measurements of particle
deposition velocities on a mannequin and modeling of factors determining
deposition velocities.®® The researchers concluded that particle deposition velocity
on operator facial skin and eyes may increase tenfold by electrostatic fields and air
currents from visual display terminals. The weaker the air currents, the greater the
influence of the electrostatic fields. The electrical field influences are greatest,
according to the model, for particles near 1 um; air currents are most important
for particles near 10 pm. Results are important for assessing the contributions of
particles to “office eye syndrome™ attributed to particles and, particle-bound
surfactants in office environments.¢

Electromagnetic Fields

Considerable concern has emerged regarding possible adverse health effects of
exposure to electromagnetic fields. Concerns have focused on high-voltage trans-
mission lines, transformers, and residential electrical wiring, Concerns have included
leukemia and tumor production. Studies to date have been unable to show consistent
relationships between exposure (dose) and effects. Nevertheless, a cautious approach
of prudent avoidance has been adopted by most authorities wherever feasible. An
example is the incorporation in modern video display terminals of reduced
emissions to reduce exposure of those who work at VDTs. High-voltage transmis-
sion lines are avoided for planning new projects. Concern about children, in
particular, has focused on transmission lines so that schools and other facilities for
children are located a reasonable distance from any such equipment.
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