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Historical Context.:

In the 1930’s the Massachusetts Depariment of Public Health engaged William Firth
Wells, a sanitary engineer at Harvard, to investigate the possibility that workers in New
England textile mills were becoming sick as a result of exposure to bacteria in stagnant

water aerosolized to keep down dust!. Wells had invented an air centrifuge to sample air
for viable bacteria and vsed it to successfully recover the same bacterial species from
factory air that he found in the water used for the acrosol. He had thus shown that
respiratory pathogens could spread by the airborne route following aerosolization. His
brilliant intellectnal leap was to consider the possibility that person-to-person

transmission of respiratory infections might also be due to airborne microorganisms2. He
hypothesized that large droplet aerosols, whether generated artificially in a factory or by
the humnan respiratory tract by coughing or sneezing, evaporated into tiny residua he
called dreplet nuclei, which were buoyant enough to remain airborne indefinitely under
ordinary conditions of room air movement. It would be decades before he and Richard
Riley, then a Harvard medical student working with him on the textile mill investigations,

would prove that tuberculosis was spread by airbome droplet nucleis. Riley would goon
to a brilliant career as a preeminent respiratory physiologist as well as Chairman of the
Department of Environriiental Health Sciences, Johns Hopkins University, where he
continued the work begun by Wells on airborne infection and its control.

Having conceptualized the droplet nuciei mode of transmission, Weils investigated a
number of potential environmental coritrel strategies. This was before the discovery of
streptomyein in 1946, so effective treatinent of tuberculosis, or any other airborne
pathogen, was not an option. Wells investigated the use of aerosolized chemical
disinfectants, but none of these were satisfactory. He also did both basic experimenis and
field trials on ultraviolet germicidal irradiation (UVGI) which he found to be both highly
effective and practical. In the 30s, Wells demonstrated that upper room UV(31 was
highly effective in preventing the transmission of measles in suburban Philadelphia day
schools4. Ry this time Wells hiad moved from Harvard to the University of Pennsylvania.
However, attempts by others to reproduce Wells’ findings in a L.ondon school district or
in schools in rural upstate New York failed, but an important lesson had been learned>.
Air disinfection can only be effective if applied at the principle sites of transmission. In
the failed clinical irials, measles transmission prevented by UVGI in day schools
occurred elsewlere as children inieracted in crowded urban tenements in London, or on



school buses in rural upstate New York. Wells’ early work stimulated others to study
UVGI. Luckiesch published his detailed monograph in 1946, nine years before Wells’
own comprehensive work: Airborne Contagion and Air Hygiene, which summarized his

most important ﬁndings6’7. Among Wells’ most important research plans was an
experimental TB ward, which was carried out in the late 50s and early 60s in Baltimore
by his old student, Richard Riley, who was then at Johns Hopkins University.

By the late 50s tuberculosis was widely believed to be spread by droplet nuclei, but there
was no scientific proof, nor had the efficacy of UVGI against TB been demonstrated.
Wells had envisioned an experimental hospital ward with 6 beds continuously occupied
by newly diagnosed patients with infectious TB. Ward air was ducted to a penthouse .
room above the ward where hundreds of guinea pigs were housed in a special chamber to
assure uniform exposure. This was (and remains) the only effective way to sample air for
human-source TB. As discussed below, it is possible to use mechanical air sampling for. .
mycobacteria, but only if they are artificially aerosolized in relatively large
concentrations. As the Wells-Riley experimental ward would ultimately show, under
clinical conditions, viable TB organisms are produced in small numbers and their
concentrations in air are so low that | :

air sample cultures are uniformly overgrown with the much more numerous and faster

growing ambient bacteria and fungi.3-8-10. Over the 4-year duration of the study,
patients on the ward generated an average of only 1.25 infectious doses (droplet nuclei)
per day. Presumably, many more particles wers produced, but they appeared not to be
infectious and were presumed to be dead or dving.

Riley’s studies on the experimental ward established with certainty the airborne mode of
TB infection, the best estimates of production rates by untreated patients and thogce started
on therapy, the great variability in infectiousness among patients, and the complete
efficacy of UVGI in ductwork in rendering air noninfectious. Riley, Middlebrook and
Permutt went on to carry out seminal experiments on upper room air disinfection — the
UV susceptibility of various organisms, including virulent tuberculosis, and the
interaction of rocm air mixing and upper room UY 11-13, The last of this basic
experimental work was published in 197614, Despite the enerraous amount of work
generated by Riley and associates and Luckiesch betore him, many of the details of
applying ultraviolet air disinfection were left unresolved. The rules of thumb curiently
used to plan upper room UVGI installations are bascd primarily on Riley’s 1976 rocin
studies usinig BCG as a surrogate organism for TB13,16, Newer building designs have
much lower ceilings than did the older buildings used for the experimental studies, cmd
the safety and efficacy of available UV fixtures in these settings has never been
demonstrated experimentally, or in field trails. For this reason, and despite the fact that
the efficacy of other air disinfection strategies has not been scientificaily proven either,
CDC and US regulatory agencies have been cautious in recommending UV as a primary

intervention to prevent TB transmission. 17



Recent ou‘tbré’dks:

Research on air disinfection all but ended with the advent of effective therapy for TB and"
the widespread use of immimization to prevent respiratory viral infections. However,
with the resurgence’sf TB in the US and other developed countries between 1985 and
1992, multidrug resistant (MDR) strains spread within hospitals and other congregate
settings, resulting in deéths‘ among patients, prisoners, caregivers and

guards, espec1ally among those co-infected with HIV1 8. The tesult of these outbreaks
was a renewed emphasis’ 01‘1 TB ififection control in ¢ongregate settings, including
env1ronmental control strategles Hospitals have reported improved infection control
using a'combination of administrative and environmental controls, and personal
respiratbty protectlon although the exact contribution of each intervention is not known.
Outbréaks are far fewer n()w that public health interventions have brought case rates in
the community under control in reSource—rich countries, but institutional transmission is a
growing ptoblem in rnanﬁ_' resource-poor countries, such as Russia and South Africa.
Transmission of MDR TB in prisons in Russia threatens TB control in that region of the
world, and beyond. While treatment remains the mainstay of TB control, there is a
pressing need to révive research on air disinfection, especially methods like upper room
ultraviolet air disinfection, which may be useful in preventing transmission in high-
prevalence countries. The remainder-of this paper reviews current and future research
efforts 4t Harvard School of Public Health and affiliated institutions. :Other work on UV
air disinfection is being done at Leeds University in the UK, Colorado State University, -
and in Brazil under the ausplces of NIOSH a branch of the CDC in the US.
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Current and F uture Research on U?travrolet Germtczdal Irradzatzon (UVGI):

The research needed to fully explolt the pote’ntral of UVGI in’ reducmg TB transmission *
can be considered as four interdependent strategies, listed in figure I. Each of these
research strategies i§ designed to answer 1mportant ‘questions that cannot be answered any
other way. In the first two strategies mechanical air sampling is done, but this requires
artificial aerosolization of surrogate test.organisms'in high concentrations in order to
avoid long collectlon perlods and overgrowth by the more numerous, rapldly growing
bacterial present in air. In the second two. experlmental strategies, humans are the source
of aerosols.of human, tubcrculos1s but mechanical ajr sampling cannot be used due to low
concentratmns of airborne TB, and bacterial overgrowth In the third strategy, large
numbers of g gumea pigs are used to sample the air from an expenmental TB ward, the
methodology developed by Wells and Riley more than 40 years ago. The final and
ultimate research strategy is a large clinical trial of upper room UVGI in high-risk
settmgs, where humans are tuberculin skin tested as quantitative indicators of TB
infection cfurmg perlods with and without UVGI. Three

of the four research efforts are well underway. Only the third strategy, the expenmental
TB ward, has yet to begin.

The focus of this research is on upper room UV rather than UV air disinfection in
ventilation ducts. Although there are good applications for ventilation duct irradiation,



and for portable air disinfection devices that utilize UV in ducts, upper room UV was
quickly recognized by Wells, Riley and Luckiesch as potentially far superior under many
practical circumstances. While the in-duct approach must rapidly move all room air
through relatively small irradiation duct, upper room UVGI uses the entire upper room as
an irradiation chamber, depending on convection currents and other slow air motion
within the room to deliver infectious air for disinfection. Studies by Lukiesch and by
Riley and Permutt have demonstrated high rates of air turnover through the upper room,
resulting in rates of air disinfection beyond that achievable by the in-duct approach
without unacceptable ventilation noise and drafts. Moreover, disinfecting air in the
ventilation duct after it leaves a room will reduce the chance of recirculation, but does
little to protect occupants in the room with the source. Finally, many facilities where
transmission occurs have little or no mechanical ventilation, especially in resource-poor,
high-prevalence countries. The efficacy of UV air disinfection in ventilation ducts can be
no greater than the ventilation system. Portable units provide the ventilation as well as
the UV, but despite potential noise and drafts, may not produce as many air turnovers in a
large room as convection currents and upper room UV. In-duct UV prevents any
potential UV exposure of room occupants, but at the low levels of UV permitted in: the
lower room, health risks are neither a theoretical nor practical concern. UVGI is 254 nm
wavelength, highly active against minute airborne organisms, but unable to penetrate the
outer dermal layer to cause dermatitis or skin cancer, or reach the lens to.cause cataracts,
all consequences of exposure to more penetrating, longer wavelength solar UV.

1. Bench-scale exposure chamber research. Among the most basic questions that
require answers is the susceptibility of various organisms to known doses of
UVGI under various conditions. Riley and Middlebrook vsed a bench-scale
exposure chamber to establish the susceptibility of M. tuberculosis as well as
BCG and other surrogate bacteria. They found that human TB and BCG were
approximately equally susceptible to UV(GI, and that E.coli and Serratia were
about seven times easier to inactivate. Having established the relative
susceptibility, they subsequently used these more rapidly growing ordinary
bacteria to test the effects of high humidity on susceptibility. As previously
shown by Wells. humidity over 70% greatly reduced the UV susceptibility ot E.
coli and Serratia. High humidity experiments were never performed with human
TB or BCG. Riley hypothesized that the mycobacterial hydrophobic waxy coat
might minimize the humidity effect, but decades past without this question being
put to the test. We recently constructed a bench scale exposure chamber
specifically to confirm Riley’s studies, and to perform the humidity studies with
mycobacterial species. The results show reasonable correlation with Riley’s
susceptibility data, highly dependent on particle size, which appears to be the
variable most atfected by humidity. At very high humidity (> 80%), the studies
show that bacterial aerosols dehydrate incompletely, and the resulting larger
particles are relatively more resistant to inactivation by UVGI. Although higher
UV doses can be effective, the implications for UVGI application under high-
humidity conditions remain unclear. = -
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Room-scale exposure chamber research. Establishing UV susceptibility in a
small ‘exposure charber, where uniform exposure of organisms to a UV dose
(time x intensity) is assuréd, is'hot predictive of the effect in a room where air and
organisins move unpredictably, and variable UV exposure occurs only in the
upper portion of the room. Although Riley, Middlebrook and Permutt performed
elegant foom experiments with surrogate organisms, many questions were left
unafiswered!1-14 What are the best fixture designs for various room
conﬁguratlons and how should they be placed in rooms for optimal effectiveness.
How cén upper room UV fixtures and room ventilation‘interact optimally, when
rnechamcal ventilation is present" Finally, the avallablllty of computatlonal fluid
dynamlcs (CFD) has the potential to predict the interaction of room air movement
and upper room UVGI, and if confirmed ‘experimentally, allow optimal design of
UVGI systems in a variety of room configurations. These experiments are
underway in a full-scale experimental rooin at Harvard School of Public Health.
As expected, greater room air mixing has again been shown to increase air
“disinfection in the loWer room. Surpnsmgly, higher room temperature has been
assogiated with ‘greater UV GI inactivation, This finding needs to be confirmed
under the more controltéd conditions in the lower room. Since many parts of the
world where UVGI could be applied are both hot and humid, it is possible that
hlgh temperature may mitigate to some extent the reduced UVGI efficacy due to
“hdiidity. CFD expefnments are underway. Modeling UVGl-ventilation
interactions has proveén more difficult than expected; but promising results are
begmmng to appear. It will be critical to confirm CFD results by aerosolization
étudles in the same chamber modeled for CFD.

Expernmental ward. As previously noted, Riley’s experimental TB ward in
Baltimore mdy Have been the most important study of all time on airborne
infection and its comrol However, after 4 years the ward was reclaimed by the
ho'spital for other g:ses and many old and new questions remain unanswered.
There were plans to study the efficacy of upper room UVGI, but this was never
done. UV in ventllatlon ducts was used to prove that all of the guinea pig
mfecﬁons were from the expenmental ward. Over a 2-year period, no guinea pigs
breathmg irradiated air became infectéd whereas the infection rate among guinea
" 'pigs breathmg umrradlated air became infected at the same rate as had occurred
durmg ‘the first 2 years of the study Desplte variable temperature and humidity,
“and little if any maintenance, UVGI in the exhaust duct was 100% effective in
protectmg lnghly susceptlble guinea pigs over a 2-year period. We have proposed
to repea; Rsley s experiment with a number of variations designed to answer new
and old unanswered questions. A umque experimental design is planned to
qu1ckly evaluate the efficacy of upper room UV or any other environmental
cofitrol measures. Some basic transmission questions will also be addressed. How
infectious is MDR TB compared to drug-susceptible TB? When, on the best
aviilable treatment, do patients with MDR TB patients become non-infectious?
What clinicdl chardcteristics predict infectiousness? Are some RFLP fingerprint
patterns of TB organisms more transmissible than others?



Unfortuna:ely, this experimental ward cannot be established in the US, or other
low-prevalence country. Our current plan is to establish the ward outside of
Pretoria, South Africa, in collaboration with the Medical Research Council of
South Africa.

4. Epidemiologic field trial. Regardless of the results of experiments in bench-
scale or room scale exposure chambers, or the results of studies on an
experimental hospital ward, the question will remain: “Does upper room UV GI
work in practice as a practical intervention to prevent the spread of tuberculosis?”
UVGI could be highly effective under controlled conditions but fail to reduce
transmission under field conditions, just as it failed to stop measles transmission

in schools where children congregated on school buses or in crowded tenements>.
To put UVGI to the test under field conditions, a large, multi-center, double-blind,

placebo-controlled trial has been undertaken in 6 American cities!9. The study is
known as TUSS, the Tuberculosis Ultraviolet Shelter Study. The study tests at
least 2 hypotheses simultaneously: that UVGI is an effective means of air
disinfection, and that air disinfection in shelters (by any means) is effective.
Positive results for the study requires that both hypotheses are true.

At least 2 shelters are participating in each city. Both employees and homeless persons
who consent have 2-step baseline TB skin testing. Those who are negative after the
second test are eligible to participate. All study shelters is fully outfitted with UV GI
fixtures, but are allocated by an outside, unblinded committee of epldemlologlsts to be
either in an active or placebo mode. Placebo fixtures have lamps that look identical to
UVGI lamps, but put out no UV irradiation. Half way through the study the shelters in
each city switch status, with placebo lamps being replaced with active ones, and vice-
versa. Skin test conversion rates under placebo and control conditions are the study
parameter of primary interest. The study is underway in New York City, Birmingham,
New Orleans, and Houston. The Rio Grande Valley in Texas and Los Angeles will be
the 5™ and 6" cities.

Although it is too early to know anything about efficacy of UVGI, the study has already
generated a great deal of data on fixture installations, reliability, lamp life, maintenance,
UVGI safety, and skin test positivity rates among the homeless in several cities. Much
more will be learned before the study is concluded at least 5 years from now.

Conclusion:

The study of airborne infection and its control has a long tradition at Harvard University,
beginning with the pioneering work of William F. Wells and Richard Riley. Although
TB control in many resource-rich countries has resulted in falling case rates, rates in
many parts of the world are rising, compounded by both AIDS and multidrug resistance.
Health care workers, patients, prison workers, and prisoners are among the many
occupants of congregate settings where TB transmission is occurring. While effective
treatment is the mainstay of TB control, environmental control through isolation of
known cases and air disinfection for unsuspected cases remains a plausible, although



unproven control strategy. Current research at Harvard an 1 other universities is
attempting to better understand airborne infection and the relative value of engineering
control strategies, such as ventilation and UVGI. The four-component research strategy
underway at Harvard is reviewed, and its rationale explained. Although progress is being
made, many more questions remain to be resolved before the promise of UVGI will be

fully realized.
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Figure 1 — Research strét_cgi’es for Upper Room Ultraviolet Air Disinfection
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