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1. Summary
In the developed world people now spend about 90 per cent of their time indoors. Most of
the air they breathe is indoor air. Infections caught in buildings are a major global cause of
sickness and mortality. Understanding how they are transmitted is pivotal to public health.
Yet current knowledge of how infections spread indoors is poor. So, there is only a limited
understanding of how to control or prevent them doing so.
This report surveys the literature on the subject. It looks at how the indoor environment
can affect outbreaks of contagious diseases. In particular, it examines the role of
ventilation and natural light in infection control. This is timely, because preventing the
spread of infections is going to become more of a concern in the years ahead. There is a
consensus that the threat to global public health posed by drug-resistant bacteria, new
viruses and other pathogens will increase. There will be more of them; and they will be
more difficult to treat. This means infection control must become a higher priority.
Before the development of antibiotics, ventilation was one of three pillars of infection
control. The others were natural light and cleanliness. All three were considered key in
preventing diseases spreading in buildings. But then, thanks to antibiotics, bacterial
infections became treatable. And for a time there was a widespread belief that infectious
diseases had been defeated. So there was less emphasis on fresh air, light and hygiene in
buildings than there had been. Further, over the last hundred years, expert opinion has
changed markedly on the airborne transmission of diseases. It has swung from belief to
denial; and then begun to move back. This, in turn, has had a direct influence on the
design of buildings. Currently, there are few incentives for designers to arrange lighting or
ventilation to protect building occupants from airborne contagion.
The airborne route of infection has been, and continues to be underestimated. All viral
respiratory infections should now be considered airborne. Ventilation rates and standards
of environmental hygiene in buildings should reflect this. At present, they are based on
inadequate research. The findings of this report also suggest the modern practice of
designing buildings for human comfort rather than health may increase susceptibility to
communicable infections. Before antibiotics became widely available, healthcare buildings
were often designed to create an environment that prevented airborne diseases spreading.
Typically, they had extensive south-facing glazing, cross-ventilation via windows, and tall
ceilings. The findings of this review support such an approach.
It has been known for more than a century that direct sunlight kills germs in buildings.
Hospitals and tuberculosis sanatoria used to admit the sun for this purpose. The findings of
this study suggest sunlight may prevent communicable diseases spreading in buildings
both directly, and indirectly. First, solar radiation is the primary germicide in the
environment. Second, direct sunlight may increase resistance to infection in those who
receive it; even behind glass. Research suggests this preventive effect could be due to the
the intensity of sunlight, or the sun's infra-red rays, or both. Light from the sun helps to
synchronise the body's biological rhythms. In doing so, it may improve the immune
function of occupants and their resistance to pathogens. In addition, there is evidence that
the sun's infra-red radiation, via window glass, may improve immunity to infection. Other
findings include:
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 Increasing ventilation rates may significantly reduce airborne infections in buildings.
 The minimum amount of ventilation needed to prevent them is unknown.
 Natural ventilation may be more effective than mechanical air handling systems in
preventing disease transmission.
 Outdoor air is toxic to bacteria and viruses.
 Sunlight has a marked germicidal effect in the environment; and indoors.
 Guidance recommends direct sunlight should be excluded from healthcare
buildings.
 The evidence-base for cleaning as an infection control measure is lacking.
 The environment within modern buildings may encourage the growth of pathogens.
 No one infection control measure is effective in isolation.
 Those examined in this report have been under-researched for decades.
The post-antibiotic era may be upon us. Pandemic influenza is a continuing threat to global
health. Then there is the prospect of severe acute respiratory syndrome (SARS) returning;
of old diseases coming back in more virulent forms, or new ones that prosper indoors.
Without a large body of scientific evidence to draw on, practical experience and common
sense should form the basis of infection control. Together they suggest in future, a high
standard of personal and environmental hygiene must be an absolute requirement in
healthcare buildings. A greater appreciation of sunlight penetration, cleanliness and natural
ventilation would help in this.
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2. Introduction
There is evidence that building ventilation can influence the spread of infectious diseases
such as measles, tuberculosis, influenza, smallpox, chickenpox, anthrax and SARS.1
There is also evidence that daylight, and especially sunlight, kills the bacteria and viruses
that cause these and other diseases.2 However, far less importance is now given to
ventilation and sunlight in preventing infections in buildings than was the case in the past.
One reason for this is that during the 1960s and 70s, the belief grew that infectious
diseases had been conquered.3 Thanks to antibiotics, bacterial infections were amenable
to treatment. An over-reliance on antibiotics meant there was less emphasis on infection
control.4 Also, the transmission of airborne diseases in buildings was not considered as
important as it had been. So today, there is less fresh air, light and cleanliness than there
was during the pre-antibiotic era. Then, all three were considered important hygienic
safeguards.5
Worldwide there is now an epidemic of antibiotic resistance.6 And the development of new
antibiotics has stalled.7 So the `golden age' of antibiotic therapy may soon be at an end. In
2010, the European Centre for Disease Prevention and Control published the results of a
survey on communicable diseases. They concluded micro-organisms that are resistant to
antibiotics are the most important disease threat in Europe.8 And in 2011, the World Health
Organisation warned the situation had reached a critical point. If no action was taken, 'the
world is heading towards a post antibiotic era, in which many common infections will no
longer have a cure and, once again, kill unabated.' 9 The only protection left in this postantibiotic age would be infection prevention and control of the first order.10 Unfortunately,
the evidence base for some infection control measures is lacking. For example, finding
proof of the benefits of keeping surfaces clean in the control of infection is difficult.11
Similarly the roles of ventilation and lighting, which used to be the mainstays of infection
control, has received little attention from the scientific community.
2.1 New and Re-emerging Diseases
To compound the problem, over the last three decades outbreaks of new viruses and other
pathogens have become more common. Many of them have come from animals. Recent
outbreaks of SARS, avian influenza, and others suggest zoonotic diseases - those that
can pass from wild or domesticated animals to humans - are now major threats to global
health.12,13 New and potentially lethal viruses are on the rise due to population growth and
increased contact between humans and animals. In an article in the New York Times in
2009, the American epidemiologist Dr. Lawrence Brilliant argued we may soon be entering
an `age of pandemics'. He stated:
`In our lifetimes, or our children's lifetimes, we will face a broad array of dangerous
emerging 21st-century diseases, man-made or natural, brand-new or old, newly resistant
to our current vaccines and antiviral drugs. You can bet on it.' 14
In the years ahead, there will be challenges from other directions; including healthcare
associated infections, multidrug-resistant tuberculosis, and pandemic influenza.15 So
infectious diseases are set to become more of a public health issue than they have been.
And many of them are diseases of the indoor environment.
Bioterrorism poses a further potential threat to public health indoors.16 The anthrax attacks
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that occurred in the USA in 2001 showed the vulnerability of building occupants to airborne
pathogens.17 There is concern that other more virulent biological agents could be used for
bioterrorism.18 Given this background, it is timely to examine infection control in the built
environment. There are ways to design or adapt buildings to limit the damage from
infections. As this review will show, much that was known about this comes from the preantibiotic era; and much of it has since been overlooked.
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3. How Infections Spread in Buildings
In order to control infections it is necessary to know how they spread. This report is mainly
concerned with respiratory tract infections. These are common, often debilitating, and
sometimes fatal. Their economic cost in terms of medical care and lost productivity is vast.
Yet surprisingly little progress has been made in understanding how many of them pass
from one host to the next.19 Broadly, since the 1930s, four mechanisms of transmission
have been recognised. They are: contact; dust; respiratory droplets and droplet nuclei.20
Unfortunately, the way these mechanisms are defined in the literature can be can be
confusing. For example, contact can mean the inhalation of large droplets from a
contagious individual when they cough, sneeze or talk. This is also known as droplet
transmission. But contact also refers to infection from contaminated surfaces.21
Large respiratory droplets from coughs and sneezes can cause environmental
contamination once they fall onto horizontal surfaces, or the ground. They can then form a
part of the viral or bacterial component of dust. This, in turn, can be suspended and resuspended by activities such as dressing, sweeping, or bed making.20 It is said that the
range of such droplets is generally no more than about 1 metre.22 So, in theory, anyone
standing more than this distance from an infected person would be protected. But this is by
no means certain.
Smaller respiratory droplets quickly evaporate, leaving residues which, in turn, become
minute suspended particles (droplet nuclei). They can contain any organism originally
present in the droplet. In contrast to larger droplets, these smaller particles can stay
airborne for minutes to hours depending on size and density. And they can reach deeper
lung tissues than droplets.24 Droplet nuclei are also exhaled during normal breathing and
talking, as well as in aerosols during coughing and sneezing.20 The importance of airborne
transmission (the spread of infection by droplet nuclei or dust) has been a matter of
dispute for decades and remains controversial. The relative importance of droplets, and of
droplet nuclei initially in the air, and those raised again as dust in the spread of respiratory
infections is not known. All three modes of spread probably occur.25 Significantly, there is
no agreed classification of airborne droplets.26 The particle cut-off diameter at which
transmission changes from exclusively droplet to airborne, or vice versa, has never been
set. Potentially all pathogens that colonise or replicate in the respiratory tract could cause
airborne infections.27 Nevertheless, current infection control procedures make a clear
distinction between droplet and airborne transmission. The latter requires more demanding
precautions.
In healthcare premises, a disease known to spread via the air, such as Mycobacterium
tuberculosis, requires the use of negative pressure isolation rooms if it is to be contained.
Anyone who enters an isolation room must wear a special, high filtration respirator; not just
a surgical face mask.28 These precautions do not apply to diseases thought to be spread
by droplet transmission such as the influenza virus, rhinoviruses, adenoviruses, and
respiratory syncytial virus (RSV). 29 However, activities such as breathing, coughing,
sneezing, and talking generate different sizes of particles. So infectious particles do not
exclusively spread as droplets or as droplet nuclei. Rather, both are produced
simultaneously. The authors of a recent literature review of the subject concluded that
infection control precautions should be updated. Particles in a cough or sneeze can spread
both as droplets and as droplet nuclei. This means controls should include airborne
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precautions whenever there is a risk from an infectious aerosol. 24
3.1 Contact Infection
For centuries, contaminated air was regarded as the main cause of most infectious
diseases.30 By the the middle of the 19th century, the dominant theory was that the spread
of disease was miasmic. Leading figures in the movement for sanitary reform were
adherents. They believed infections were caused by foul atmospheric emanations from
stagnant water, human waste, rotting vegetable and animal matter. So they campaigned
for closed drainage and sewage systems, clean water, refuse collection, public baths, and
improvements in housing and hospital design. Such improvements included high levels of
natural ventilation and sunlight admission. While the sanitarians were mistaken in
attributing so much disease to contaminated air, their reforms brought major improvements
in public health.31
Gradually, scientists discovered water, food, insects and direct contact could pass
diseases. When the germ theory became established, the focus moved to identifying and
controlling single infectious agents and away from environmental causes. The miasmic
theory fell into disrepute; and with it went the idea that diseases could contaminate air. By
the start of the 20th century there was an almost total denial of airborne transmission of
respiratory infection; other than that due to droplet spray within close range of an infectious
individual.32 For the next fifty years, the dominant view was that prolonged intimate contact,
including droplet infection, was responsible.20
In the 1890s, the German scientist Carl Flügge showed infective droplets expelled during
coughing had a limited range of about about 1metre. He also showed guinea-pigs could be
infected much more easily by having tuberculosis patients cough on them than by the
inhalation of dried infected sputum.33 At the time there was a widespread belief that
tuberculosis and other respiratory infections could be caught by the inhalation of dried
infective material floating in the air. Florence Nightingale, a leading sanitarian, was a
strong advocate of damp-dusting and -sweeping for getting rid of dust. As she said:
`No ventilation can freshen a room or ward where the most scrupulous cleanliness is not
observed'.34(p86 )
However, Flügge's work led to the doctrine of the spray or droplet spread of respiratory
diseases. The thinking was that transmission was only by close contact, instead of an
aerial spread. Although droplets do travel short distances through the air, they came to be
seen as an intrinsic aspect of contact infection. Further support for the contact theory
came in 1910, when the influential American epidemiologist Charles V. Chapin published a
review of the evidence for and against airborne spread.35 He concluded respiratory
infections were transmitted by large droplets over short distances or through contact with
freshly contaminated surfaces; not via the air, or dust.
Chapin believed germs had little viability outside the body. Their virulence was reduced by
drying and exposure to sunlight. In his view, people were the source of infection; not the
inanimate environment. So the contamination of walls, floors and other surfaces was not
important. Tuberculosis was the only exception to his contact theory. Even then, Chapin
was not convinced tuberculosis was chiefly airborne and thought contact infection played a
large part in infections. In all other cases, Chapin held infections spread by direct
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transference of fresh secretions, or excretions, from the sick to the well. This occurred
either immediately as in kissing, or mediately on fingers, cups, spoons, etc. As he wrote in
1907:
`We must teach those who have the care of the sick not to waste so much time on the
invisible, dry and dead micro-organisms of the air, but to use more soap and water on their
hands.' 36(p62)
Chapin's doctrine went unchallenged until the 1930s, when the American engineer William
Firth Wells produced the first experimental evidence for droplet nuclei in airborne
contagion. He demonstrated that a variety of pathogens, including streptococci,
pneumococci, diphtheria and staphylococcus aureus, could be atomized into a chamber
and remain viable in the resulting aerosols for hours or days.37 Wells argued that droplet
infection was essentially localised and concentrated; while infection by droplet nuclei was
dispersed and dilute.23 The denial of airborne spread derived from Carl Flügge's lack of
understanding that his experimental techniques were incapable of detecting it.38 As Wells
concluded:
`Failure to discover air-borne infection bacteriologically no more proves its absence,
therefore, than failure to isolate B. typhosus from a sewage polluted water proves that
typhoid fever cannot be conveyed by drinking water.' 23(p618)
Wells's research on the infectivity of measles undermined Chapin's concept of contact
transmission. But he lacked epidemiological evidence to support it.38 So contact remained
the dominant model for most communicable respiratory disease. In 1946, at the annual
meeting of the American Public Health Association, a research committee reported there
was not enough evidence to show the airborne transmission of infection was predominant
for any disease.39 By the 1950s, investigators had demonstrated airborne transmission of
tuberculosis by droplet nuclei. They did so by exposing guinea pigs to exhaust air from a
tuberculosis ward and infecting them.40,41 By the 1960s, airborne infection had regained
some scientific acceptance. In addition to measles and tuberculosis, there was evidence of
the airborne transmission of staphylococcus aureus.42 Nevertheless, Chapin's views on
the primacy of contact infection prevailed.43
3.2 Airborne Infection
In the following decades, relatively little research work was done on the airborne
transmission of bacteria and viruses. It seems that the threat to health posed by airborne
microbes was underestimated. More attention is now being paid to airborne infection
following the severe acute respiratory syndrome (SARS) epidemic in 2003. But there is still
scepticism about airborne transmission.44 For a common disease such as influenza, the
role of airborne infection is still a matter of debate. There is agreement that it is at least
possible. But there is strong disagreement about its importance.45 So infection control is
based on the assumption that large-droplet transmission is the predominant mode of
transmission. However, there is evidence to the contrary. A recent review of the literature
concluded infection-control protocols must take airborne transmission into account;
especially during a pandemic. And aerosol transmission may be responsible for the most
severe cases of influenza involving viral infection of the lower respiratory tract.46 So in
practice, special air handling and respirators should be used to prevent influenza
spreading.
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Each year, epidemics of this highly contagious disease cause three to five million cases of
severe illness, and about 250,000 to 500,000 deaths.47 There are also pandemics of
influenza. The largest of these was in 1918-19. It was the most severe outbreak of
pestilence the world has seen to date. Between 50 and 100 million people may have died.
Should the next pandemic prove to be as pathogenic as that of 1918, there could be 180
million to 360 million deaths globally.48 Influenza continues to have a major impact on
global health, but knowledge of its transmission and control is poor.
The current H5N1 avian influenza virus has high virulence and lethality. So far it has not
readily transmitted from person to person.49 Until recently, this form of influenza could only
pass between humans via close physical contact. Most of the reported cases have been
traced to contact with diseased poultry and other birds.50 But researchers have modified
the H5N1 strain of avian influenza so that it can be transmitted through the air.51 And
another highly infectious respiratory disease has been modified in the laboratory in a
similar way; and that is smallpox.
3.2.1. Smallpox
At one time endemic in many parts of the world, smallpox was greatly feared because of
its high mortality rate and painful disfiguring symptoms. At the beginning of the last century,
smallpox was more widely believed to be airborne than any other disease.35 It was thought
to be capable of spreading over long distances; such as from a hospital to its
neighbourhood.52 But by the 1960s, when the World Health Organisation launched its
campaign to eradicate smallpox it did so on the basis that the virus spread by face-to-face
contact.53 Confidence in this assumption was shaken following a smallpox outbreak in a
hospital at Meschede, Germany in 1970. A patient was admitted to the hospital who was
suspected of having typhoid fever. He was placed in a separate room of the isolation wing
of the hospital under the sole care of two trained nurses. Strict isolation techniques were
enforced. Six days later a diagnosis of smallpox, rather than typhoid, was confirmed.
Within a few days, 17 people contracted smallpox and three of them died. All three floors
of the hospital were affected. The pattern of spread suggested airborne transmission of the
virus. This was later confirmed by smoke tests. The flow pattern matched the distribution of
smallpox cases within the hospital. No alternative mechanisms of transmission were
identified.54
One factor in this outbreak was the design of the hospital building. This seems
inadvertently to have led to relatively strong air currents being set up when the heating
system was on. These currents seem to have spread the virus particles throughout the
building. Further evidence of the airborne transmission of smallpox came in 1978. A
medical photographer at the University of Birmingham, England contracted the disease
and died. The virus passed from a research laboratory to a room above, in which the victim
spent much of her time. An investigation concluded the virus may have travelled in air
currents up a service duct from the laboratory.55
There was also an accidental outbreak of the disease in the former Soviet Union in 1971. A
naval scientist caught smallpox on a ship while offshore from a smallpox testing site at
Aralsk, on the Aral Sea in Kazakhstan. It seems the virus travelled downwind over a
distance of at least 15 kilometers to reach the ship. This has raised concerns that
scientists in the former Soviet Union not only `weaponised' smallpox, but succeeded in
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aerosolising it. And they may have hardened the virus so that it stays infectious once
airborne.56
3.2.2 SARS and Hantavirus
Another example of the airborne route being underestimated is the SARS epidemic of
2003. The official investigation that followed the outbreak did not consider airborne
infection to be important.57 As with influenza and other respiratory infections, the current
paradigm supports the belief that most of them are transmitted by means of large droplets
over short distances, or through contact with contaminated surfaces. At the time of the
SARS outbreak it was assumed that contact was the main route of transmission.57 Most of
it was. Healthcare workers who avoided face-to-face contact with SARS patients while
caring for them did significantly reduce the risk of contracting the virus. This may have
been due to decreased exposure to infected droplets.58 But an analysis of the initial spread
of the disease at an apartment block in Hong Kong suggests longer range airborne
transmission was also involved. An infected individual developed diarrhoea and used a
lavatory in one of the apartments. This person `shed' the virus in their faeces. A virus-laden
aerosol from the contaminated sewage passed through faulty floor drains into apartment
bathrooms, where initial exposures occurred. The virus-laden air then rose up a ventilating
shaft and prevailing winds carried it to adjacent buildings. The outbreak affected 321
residents and caused 42 deaths.59,60
Meanwhile, faulty ventilation may have played a role in the spread of the SARS virus
during the outbreak in the Prince of Wales Hospital of Hong Kong.61 And the transmission
of SARS on aircraft suggests that airborne droplets may have infected passengers during
the flights.62 Prior to the SARS outbreak, the dynamics of virus-laden aerosols had
attracted little research.19 So controlling and preventing SARS spreading was difficult. As
yet, there is no definitive proof that it can be transmitted successfully by air. But if it is,
healthcare architecture and engineering will have to adapt.63 One thing the SARS epidemic
confirmed was the mechanisms of respiratory disease transmission are still poorly
understood:
`...it is quite astonishing to encounter exactly the same questions asked decades ago in an
area that is important not only to well being, but also to the survival of people worldwide:
infection spread.' 19(p335)
Viruses such as SARS can be shed in large numbers. Some of them can survive for long
periods on surfaces or objects commonly found indoors.64 Hand-washing and surface
hygiene plays a major part in preventing outbreaks.65 But ventilation may also have a
considerable impact on their control and prevention. The SARS virus was the first new
lethal pathogen of the 21st century. Ten years before SARS emerged, another virus had
jumped from animals to humans and was claiming lives. This time there was no question
that it was airborne and could travel over distances. The hantavirus spreads to humans
through the inhalation of aerosolised excreta and saliva from chronically infected wild
rodents.66 Infection can cause haemorrhagic fever, with renal syndrome. There were some
2,500 cases of hantavirus cardiopulmonary syndrome in 1993-2007, with an overall
mortality of 30 per cent. This is comparable to the fatalities among 8096 cases of SARS
during the 2003 epidemic.67 A key preventive measure is ventilating rooms or buildings
showing signs of rodent infestation. The airing should last for at least 30 minutes before
anyone occupies the space. Cross-ventilation should be used if possible. During the airing12

out period, those involved should stay upwind. And when cleaning after ventilation, they
are advised to use disposable respirators and gloves.66,68
3.2.3 Staphylococcus Aureus
Drug-resistant bacteria pose an increasing threat to health. The most notorious of them is
methicillin resistant staphylococcus aureus (MRSA). This has long been a serious problem
in wards and nursing homes where it infects patients weakened by disease or injury. But
strains have emerged that can infect healthy young people who have had no prior hospital
exposure. Such infections are increasing in the wider community, and these strains have
now entered the health care setting.69,70 Hand-hygiene by healthcare workers is thought to
be the most important method of control of MRSA and other hospital infections.71
Healthcare workers' hands are the most common vehicle for the transmission of
pathogens from patient to patient.72
The airborne transmission of staphylococcal infection has been known about since the
1960s.42 There is strong evidence that the nasal cavities of susceptible adults can become
colonized with staphylococcus aureus by inhaling particles from the air.73,74 Transmission is
likely when there is movement in patient rooms or during activities such as bedmaking.75,76
The dispersal of staphylococci into the air can also be increased by a concurrent viral
upper respiratory infection. This turns a carrier into a so-called `cloud shedder.' 77
Changing the dressings of burns patients can generate MRSA aerosols. Airborne
transmission has been implicated in infections in hospital burns and surgery units.78-80 And,
staphylococci can travel long distances on air currents and still remain viable.81 Case
studies suggest airborne infection has been underestimated in hospital infections. It could
also be a factor in the growing prevalence of MRSA infections in the community. Resistant
strains of airborne MRSA have been found in higher concentrations inside homes than
outside them. And the bacterium is present on hand-touch sites in otherwise healthy
homes.82,83 Contamination of household surfaces may play a major role in communityacquired MRSA transmission.84 But the health effects associated with indoor residential
exposure to airborne S. aureus appear not to have been investigated. There is renewed
interest in the the aerial spread and environmental contamination in hospitals by other
pathogens. Acinetobactor has been linked to airborne transmission.85,86 Clostridium difficile
has been found in the air of hospital wards.87,88 Research suggests there is a risk for C.
difficile contamination via the air, particularly in patients with active symptoms.89
3.2.4. Gastro-intestinal Diseases
As with respiratory infections, the global burden from infectious intestinal diseases is vast.
Microbes responsible include Salmonella, Campylobacter and adenovirus. In the
developed world, the most significant cause of infectious gastrointestinal illness is probably
norovirus.90 This highly infectious organism is easily transmitted by contact between
individuals, by contact with contaminated surfaces and objects, in food, and as airborne
particles.91,92 A recent review of documented outbreaks of norovirus in hospitals concluded
18.5 per cent were person-to-person infections, while 3.7 per cent of the total were foodborne. For the remaining 77·8 per cent the route of infection was unknown.93
A large proportion gastrointestinal diseases are spread within households. They can be
transmitted in food prepared in the home by an infected person. Direct hand-to-mouth
transfer is another route.94 Intestinal infection can also be transmitted by aerosolised
particles from vomiting or fluid diarrhoea. A sick person can produce 107 virus particles per
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millilitre of vomit. And faecal material can contain up to 1012 viruses per gram.65Barker
Projectile vomiting is probably a major source of cross-infection. And the droplets
generated by flushing toilets can be inhaled or deposited on surfaces.95 The high attack
rates during norovirus outbreaks may be due to dispersion via aerosols.96
The airborne route could be important in the transmission of C. difficile; but this is not
adequately addressed by current control measures.97 Patients infected with C. difficile
shed large numbers of spores in faeces. These can contaminate their skin, clothing,
bedding, and nearby surfaces. Skin scales are a source for airborne dispersal of spores.
As many as 106-107 skin squama are shed in a 24 hour period.98 One potential source of
airborne spread are the lidless toilets commonly used in hospitals. When a toilet is flushed
without a closed lid, aerosol production can contaminate the surrounding environment with
C. difficile.99
As with communicable respiratory illness, even small decreases in incidence of
gastroentiritis, diarrhea or other intestinal infections would result in large savings from
reduced medical costs and increased productivity. Some of it could be reduced by
improved personal hygiene. Reducing indoor contamination and airborne transmission
would also reduce the burden to society.
3.2.5 Tuberculosis
Many potentially lethal respiratory diseases have been linked to housing. They include
diphtheria, scarlet fever, pneumonia, meningitis, whooping cough, measles, mumps, and
rubella.100 But perhaps the most significant is tuberculosis. This used to be the leading
cause of death in developed countries. At the end of the 19th century, it claimed more than
1 million lives in Europe each year.101 Figures for the Britain show that tuberculosis caused
the deaths of about 1 in every 8 of the population at this time.102 An earlier estimate, from
1840, put the figure at 1 in 5 deaths.103
A number of theories have been put forward to explain the steady decline of tuberculosis in
Britain from the mid-19th century onwards. One was that improved standards of living,
especially better nutrition, were responsible. Others have argued the sanatarians' prebacteriological public health campaign was decisive. For some, it was improved housing,
rather than better nutrition, which was the major factor.104 During the 19th- and into 20th
century, there was a belief that people who lived in sub-standard, overcrowded housing
were at higher risk. Statistical evidence supported this view. Improvements in ventilation,
lighting, and crowding are credited with helping to reduce the prevalence of the disease.
105-107

In the 1970’s, TB was thought to have been nearly eliminated; but it has re-emerged as a
major health concern. Tuberculosis is now the world's most deadly bacterial infectious
disease.108 One reason is co-infection with the human immunodeficiency virus (HIV). The
two diseases act synergistically and so magnify the burden.109 Another reason is the
increase of resistant TB strains. There are an estimated half a million cases of multidrugresistant TB worldwide, including so-called extensively resistant TB (XDR-TB).110 There
are high rates of MDR-TB in Asia, parts of Eastern Europe and countries of the former
Soviet Union.111
Tuberculosis is mainly passed in the air by droplet nuclei.112 Transmission of M.
tuberculosis bacteria to a non-infected person is more likely if there is overcrowding and
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poor ventilation. So there is a greater risk of contracting the disease in confined
environments such as prisons, shelters for the homeless and long-term care facilities.113
And anyone who lives and sleeps in the same household as an infected person is at risk.
However, there are no studies that address ventilation in private houses in terms of
tuberculosis transmission.114 Indeed, there do not appear to any for any respiratory
disease. In a similar manner to hospitals, the potential for airborne transmission in nonhealthcare settings has received little attention.
The transmission of tuberculosis, like human viral diseases, is chiefly an indoor event. The
economic burden of this is huge. One estimate for the United States, published in 2002,
put the heath-care costs of building-influenced communicable respiratory infections
(influenza, cold, tuberculosis) at $10 billion. There were also $19 billion from absenteeism
caused by illness, and a further $3 billion in other performance losses. There were some
52 million cases of influenza and common cold a year in the USA of which 10-14 per cent
(5-7 million cases) could have been prevented. This would, in turn, have resulted in a
saving of $3-4 billion.115
3.3 Dust-borne Infection
Charles Chapin attached little importance to the infectivity of dust. But experiments and
observations made during the first half of the 20th century led many experts to consider
whether dust and disintegrating sputum were major sources of infection.64walther While there
was no absolute proof, there was strong circumstantial evidence that large secreted
droplets drying on bedclothes, floors, dressings and elsewhere could be harmful.116 Large
numbers of hemolytic streptococci, staphylococci, pneumococci, diphtheria bacilli, and
tubercle bacilli had been isolated in the floor dust on hospital wards. And it was known that
the dispersion of these micro-organisms into the air from floor sweeping, bedmaking, and
dressing, resulted in a general contamination of the whole ward environment.25 However,
in spite of much laboratory evidence that the dust in scarlet fever, diphtheria and ear-noseand-throat wards could contain many millions of haemolytic streptococci or diptheria bacilli,
clinicians were reluctant to believe that dried bacteria were capable of causing infection.117
There were few instances in which hospital infection could directly be attributed to dust.
One study of infected burns implicated dust. This showed that 11 per cent of newlyadmitted patients to hospital had small amounts of haemolytic streptococci on their burns.
But within 3 to 6 days 66 per cent were grossly infected with the haemolytic streptococcus.
And two out of every 100 patients developed scarlet fever. Haemolytic streptococci were
found in considerable numbers in the air and dust of the burns wards.118 Another example
of probable infection via dust was that of someone developing acute tonsillitis having
swept the floor of a room that had been vacated by a patient with streptococcal puerperal
fever three days earlier. The sweeper was infected with the same strain of streptococcus
as the fever patient.119
During the 1940s, research work was done on dust suppressive measures in wards. There
was good evidence this reduced the amount of bacteria in the air. However, few reports of
the successful control of disease emerged. Dust-borne infection was hard to prove
because of the many modes of transmission of infection which exist at the same time. One
study from 1944 showed a dramatic reduction during a measles epidemic. At the time, a
serious hazard for measles patients was secondary infection with haemolytic
streptococcus. The virus-damaged mucous membranes of their respiratory tracts were
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highly vulnerable to the pathogen. Also, the catarrhal nature of measles favoured heavy
contamination of bed-clothes and garments. On movement, infected dust particles were
released into the air. These factors, together with the overcrowding of patients in hospitals
at epidemic times, favoured the acquisition and spread of streptococci. The complications
of streptococcal infection for measles patients, who were mostly children, were severe.
They included otitis media, mastoiditis, and broncho-pneumonia. During the measles
outbreak reported in the 1944 study, rigorous anti-dust measures were taken in one of two
identical wards. In the ward where dust was controlled, the cross-infection rate was 18.6
per cent. In the other ward, where dust was not controlled, secondary infections with
streptococcus rose to 73.3 per cent.120
It was also in 1944 that Dr. Lawrence Garrod published the results of a study in which he
tried to determine how far dust was responsible for streptococcal cross-infection in surgical
wards.121 At the time, Garrod was the professor of bacteriology at the University of London
University and bacteriologist to St. Bartholomew's Hospital. Dr. Garrod was unable to find
direct evidence that dust caused infection. But he did show that dust could remain highly
infective for long periods. Garrod's study was prompted by an outbreak of scarlet fever in a
hospital. With the aid of a vacuum cleaner he took dust samples from wards and tested
them for haemolytic streptococci. He concluded there were enough bacteria in the dust in
some of the wards affected to have caused the epidemic. Garrod found dust could contain
these organisms in large numbers, particularly near infected patients' beds, and in floor
dust. But he discovered there were no streptococci in many specimens of dust in the same
wards collected from sites on or close to the windows. Garrod also found more
streptococci in dust from dark wards than in comparable specimens from normally lit
wards. So he then carried out a series of experiments to find out if daylight was killing the
streptococci. He found it was.121 At the time, a number of studies of the bactericidal
effectiveness of natural light on bacteria were published. The findings are reviewed later in
this report.
3.3.1 Staphylococcus Aureus in Dust
In the years that followed Dr. Garrod's experiments, staphylococci replaced streptococci in
hospitals. Other pathogens have emerged such as vancomycin-resistant enterococci
(VRE), Pseudomonas aeruginosa, Acinetobacter spp., and C difficile. The results of an
international survey published in 2001, showed staphylococcus was the most common
cause of hospital- and community-acquired skin, soft tissue, bloodstream, and lower
respiratory infection in many parts of the world.122 Patients infected with staphylococcus
aureus can shed large numbers of infected scales.123 And staphylococcus, like other
dangerous hospital pathogens, can survive for months in dust.64 Hospital floors can have
high levels of staphylococcus contamination, especially the area around beds.124 Dust
particles with staphylococcus on them can be transmitted to near-patient hand-touch
surfaces via air currents.75
Some studies suggest removing dust may reduce the risk of infection. One example
followed a 21-month outbreak of infection and colonization with MRSA on a male surgical
ward. Despite aggressive measures being introduced, including isolation of affected
patients and the closure and cleaning of ward bays, it could not be controlled. What finally
ended the outbreak was cleaning the ward to almost double the usual level; with the
emphasis on continuous removal of dust from ward surfaces, floors, furniture and medical
equipment. The authors of this study concluded that a dusty ward is an important source of
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MRSA infection for surgical patients. They also concluded that no one measure, on its
own, is enough:
`Control of hospital-acquired infection with MRSA requires a combination of measures,
none of which are completely effective in isolation.' 125(p109)
Similarly, an outbreak of MRSA in a Scottish surgical unit also responded to cleaning. The
outbreak, which involved fourteen patients, ended following a major cleaning programme
in all areas of the unit; and improvements in the ward fabric. The conclusion drawn from
this was resources should be directed to cleaning, and the improvement and maintenance
of wards, rather than being diverted to the retro-active control of MRSA outbreaks.126
There are also reports of hospital patients becoming infected by MRSA-contaminated dust
from mechanical ventilation systems.127,128 In one case, the system in question was
working on an intermittent cycle from 4 pm. to 8 am. The daily shut-down temporarily
caused negative pressure. So air from the ward was drawn into the ventilation system and
contaminated the outlet grilles. It seems contaminated air was then blown back into the
ward when the ventilation system started up. Cleaning the system, and putting it on a
continuous running cycle, prevented further outbreaks of the MRSA infection.128 In another
incident, researchers identified MRSA in the exhaust duct of an isolation room as the
source of an outbreak in an adjacent intensive care unit. MRSA bacteria in exhaust air
were coming back into the unit through a partially open window. The infections stopped
once the ventilation system was repaired and the window was sealed.129 Similarly, dust
may have been a factor in an outbreak of Bacillus cereus in a neonatal intensive care unit
(NICU) in a Japanese hospital. Vigorous cleaning of the NICU, adequate ventilation and
covering air vents to prevent dust falling from them ended the outbreak.130
3.3.2 Dust in Vacuum Cleaners
Research shows vacuum cleaners are effective collectors of contaminated dust. And
pathogens can survive in them for long periods. An investigation of salmonella infections in
young children has shown this. Historically, salmonella infection has been linked to
contaminated food or direct contact with animals. But some cases of infant salmonellosis
in the home may result from contact with contaminated dust or dust aerosols. In one study
researchers found salmonella in 3 of the 76 household vacuum cleaners they examined.
And they found the bacterium could survive in dust in a vacuum cleaner for up to two
months.131 A similar study from the United States found 15 of 55 vacuum cleaners tested
were contaminated with salmonella.132 While vacuum cleaners are an aid to hygiene,
emissions from them can contribute to indoor exposure to biological aerosols if dust is not
filtered properly.133
3.4 Ventilation and Infection
There is a growing body of evidence that the aerial dispersion of pathogens may be
contributing to the spread infection in hospital wards. But the minimum amount of
ventilation needed to prevent the spread of infectious diseases, such as SARS, influenza
and tuberculosis, is unknown. As a World Health Organisation report recently concluded:
`Despite more than 100 years of ventilation and infection study, the information is still
sparse and incomplete. There are insufficient data to estimate minimum ventilation
requirements in isolation rooms or in non-isolation areas in hospitals to prevent the spread
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of airborne infection. There are also insufficient data to estimate the minimum ventilation
requirements in schools, offices and other non-hospital buildings to prevent the spread of
airborne infection.' 134(p19)
Down the years, building design and ventilation have been linked to infectious disease
outbreaks. But there have been few recent well-designed studies. One explanation for the
dearth of published data is the challenging nature of this kind of research. Another is a lack
of dedicated funding.135 Whatever the reason, there is little scientific basis for current
ventilation standards regarding infection. This was the conclusion of an expert panel that
reviewed the literature following the SARS pandemic. Of the 40 papers that met their
selection criteria, they considered ten to be conclusive. Overall, the panel found there was
strong evidence of a link between ventilation, air movement in buildings, and the spread of
infectious diseases. These included smallpox, anthrax, measles, chickenpox, influenza
and SARS.1 However, in 2006, another multidisciplinary expert panel convened to review
the literature on ventilation and health. They judged that 27 peer-reviewed papers
published in scientific journals gave enough information to inform the relationship. Of these
24 were conclusive; of which just three were on ventilation and communicable respiratory
infections. The panel members were divided as to whether the evidence was strong or only
suggestive. Finally, they concluded the three papers in question only suggest infection
rates increased with lower ventilation rates in the building environments studied.135
The first of them was published in 1988. This large study of US Army recruits compared
the prevalence of respiratory illness among trainees living in barracks. The results showed
rates of acute respiratory illness with fever were 50 per cent higher among recruits
housed in newer barracks than in older ones. The newer buildings had low rates of
mechanical outside air supply, extensive air recirculation and closed windows. The older
barracks had frequently open windows, or higher rates of mechanical air supply with less
recirculation.136 The second paper, again from the United States, describes an outbreak of
pneumococcal disease in a jail. During the epidemic, the disease attack rate was 95 per
cent higher in jail cells with the lowest volume of outside air supply per inmate.137 The third
paper, from Canada, reported on tuberculosis infection among workers in hospitals. This
was strongly associated with inadequate ventilation rates - below two air changes an hour
- in general patient areas.138
Taken together, epidemiological evidence and reports of airborne transmission of viral and
non-viral diseases points to a causal relationship between ventilation rates and respiratory
infections. One recent study has shown the amount of potentially pathogenic airborne
bacteria in a ventilated space decreases with increased airflow rates.139 However, opinion
has been, and continues to be divided on the subject. So at this point, it might be useful to
examine what happened in British hospitals from the 19th to the 21st century. Ventilation
and infection control were at the forefront of hospital design for much of this period.
3.4.1 Mechanical or Natural Ventilation
In 1864, Britain's Chief Medical Officer John Simon presented a report on hospital hygiene
to the Privy Council. In it, he wrote that ventilation of wards was of the utmost importance.
It should be perfect; leaving no corner untouched by its currents.140 At this time, natural
ventilation was thought to be the best way to achieve this. Simon stated the open window
was the essential inlet for fresh air. Windows were also the preferred outlets for used air in
most circumstances - working in conjunction with chimneys. Like Florence Nightingale
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before him, Simon recommended oblong wards with windows on the two long sides.
These were to be sash windows reaching to the top of the ward. Between each two
windows there should be enough space for one bed-head.
His report describes how ventilation in hospitals had changed in the preceding years.
Many British hospitals had originally been built with mechanical ventilation. But, in Simon's
words, artificially ventilated wards had been `costly and fatal failures.' 140(p66) York County
Hospital had to close because it was so unhealthy. Other hospitals, such as Bristol
General Hospital, the West Kent Hospital, Maidstone, the Liverpool Royal Infirmary, and
the Edinburgh Royal Infirmary tried mechanical ventilation and abandoned it. The system
at Guy's Hospital in London was judged a failure because of the poor sanitary condition of
the wards. By the time of Simon's report, no British hospital used artificial ventilation;
except as a supplement to natural ventilation.140 However, by 1971 the position had
changed. Mechanical ventilation was thought superior to natural ventilation.
In 1971, a Scottish study showed patients had fewer wound infections in a new type of
artificially ventilated ward than in the old fashioned Nightingale type.141 The new ward
design had controlled ventilation with 40 per cent of its patients isolated in single rooms.
Following the transfer of patients from the old ward to the new, postoperative
staphylococcal wound infections fell by about 55 per cent. At first sight, this demonstrated
the superiority of the new design. But one could argue it was not a fair comparison. First,
by the 1970s the crowding of open wards seems to have become common practice; and a
recurring infection hazard. So the aim was to tackle overcrowding. And the only way to do
this was to design the new wards so that extra beds could not be fitted in. Second, there is
no mention in this study of the respective ventilation rates. Nightingale wards were
designed for cross ventilation via open windows. But in this case, smoke tests showed the
old ward had no set ventilation pattern. There were, however, reports of `wild' air streams
from occasionally opened windows. So it seems the old ward was not being used as the
designers intended: there were too many beds and not enough fresh air.141
Recently, the position has changed again. Current guidance recommends passive
ventilation in British hospitals. The aim now is to reduce the need for mechanical
ventilation or air-conditioning. But this seems to be driven more by the need to control
energy use and reduce carbon emissions.142 Significantly, a recent review of ventilation in
hospital wards concluded relatively little research work has been done on the clinical
benefits. While the the risks of airborne transmission of infection are recognised in
specialist facilities, such as operating theatres, bronchoscopy suites, and isolation rooms
they are not in wards. Guidance on the ventilation of patient rooms, general ward spaces,
and intensive care units does not consider the impact of ventilation on the transmission of
infection. Rather, ventilation is specified in terms of patient comfort and minimising energy
costs.143 Meanwhile, there is growing evidence that the part played by airborne
transmission in the spread of infection within wards has been underestimated.76,144 If so,
the potential of ward ventilation to control infection needs to be reassessed.
Field studies have shown that ventilation systems in many hospitals fail to work properly
because of poor design or construction, or because of poor maintenance. Such failings
have been implicated in several outbreaks of tuberculosis.145-150 Contaminated hospital
ventilation systems have been implicated in outbreaks of fungal infections.151,152 The
source of an outbreak of Serratia marcescens infection in a baby unit of a hospital in
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United Arab Emirates was traced to an air conditioner duct.153 And, as noted earlier, faulty
and contaminated ventilation has been linked to MRSA outbreaks.127-129,154
Britain's hospitals are adopting passive ventilation; to reduce energy consumption.
Paradoxically, new housing in Britain and other countries now makes increasing use of
mechanical ventilation. Again, this is to meet demanding energy and carbon emissions
targets. Until recently, little published research was available on the health effects. But
there have been concerns. And there are doubts about the technology. In 2012, the
findings of a study of 299 mechanically ventilated Dutch homes confirmed some of them.
This work, commissioned by the the Dutch Ministry of Housing, identified major problems
with the installation, operation and maintenance of the ventilation systems in homes.155
Researchers found dust and dirt in the air supply ducts in 67 per cent of houses fitted with
mechanical ventilation heat recovery (MVHR). Air filters were dirty in almost half of them.
And a third had dirt in their ventilation units. In addition, exhaust air was being recirculated
in more than half of all homes with MVHR. And about half of the homes had at least one
room with insufficient ventilation. Most occupants did not control ventilation systems as
recommended. They often did not know how to. And many of them did not use the highest
ventilation settings because of noise levels.155
So, as in hospitals, mechanical ventilation has not always performed as well as it should.
This was a small study. And there is no published evidence that mechanical ventilation has
been a factor in the spread of infection in houses. However, a wide range of microorganisms, including some potentially pathogenic ones, are commonly found indoors.156
And the airborne ones could become more virulent. Figures from Germany, Canada, and
the United States show that people spend most of their time indoors in private homes.157159 It follows from this that most of the air people breathe is indoor air. According to one
estimate, more than half of the body’s intake during a lifetime is air inhaled in the home.160
Leaking or contaminated ductwork, and clogged filters favour the build up of the bacteria,
viruses and fungi. As in hospitals, poorly installed and maintained ventilation systems may
aid the spread of infectious agents. And mechanical ventilation may not be capable of
delivering enough air changes to dilute airborne pathogens such as avian influenza or
SARS.
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4. Mechanisms for Reducing Infection
This section of the report reviews evidence that ventilation, light and cleanliness can
neutralise or remove the pathogens in buildings.
4.1 Cleaning
The role of the inanimate hospital environment, such as surfaces and equipment, in the
spread of infection remains controversial; and its significance is unclear.161 In particular,
the the precise role of environmental cleaning in the control of hospital infections is
unknown.162 While there is general consensus that environmental cleanliness is important
for controlling infection, the scientific evidence for this is limited.163
Charles Chapin's model of infection emphasised hand hygiene; and this continues to be
the focus of infection control in hospitals, and not only those targeting MRSA. Some
studies show this to be effective. But others have failed to find a significant link between
hand hygiene and MRSA acquisition rates.164 Indeed, recent studies suggest increasing
hand hygiene may not reduce MRSA infection.165 One explanation for this is that with so
much emphasis on clean hands, less is paid to the surfaces they touch.166 Like other
pathogens, MRSA contaminates surfaces.167 A recent study of MRSA on nurses’ hands
found more on them after contact with the environment than following contact with
patients.168 So it would appear both hand hygiene and cleaning are needed to reduce the
risk of infection. Yet experts continue to debate the importance of cleaning to prevent
hospital acquired MRSA. In common with other recent research on infection in buildings,
the findings on this are contradictory. Some studies show cleaning reduces MRSA
infections. Others seem to show it does not.161
The part played by environmental contamination in the spread of MRSA is not well
documented.169 But as noted earlier, the presence of contaminated dust, and its removal,
seems to affect the course of hospital outbreaks. The risk of catching another type of
hospital pathogen, vancomycin-resistant enterococcus, has been reduced when cleaning
and hand hygiene are combined.170 Years ago, these measures formed the basis of
infection control. It is worth noting that in her Notes on Nursing Florence Nightingale
insisted on rigorous environmental cleaning and regular hand washing to prevent hospital
infections.34
Recent studies do confirm what Florence Nightingale, Professor Lawrence Garrod and
others from the past suspected but were unable to prove. Putting patients in rooms
previously occupied by patients infected or colonised with hospital pathogens is potentially
dangerous. They have an increased risk of acquiring the same pathogen compared to
patients not occupying such rooms.171,172 But many other unsolved problems remain. For
example, the extent to which reducing the contamination of environmental surfaces from
prior room occupants reduces the risk of infection. One recent study shows aggressive
cleaning may reduce MRSA and VRE transmission. It may also eliminate the risk of MRSA
acquisition due to an MRSA-positive prior room occupant. But aggressive cleaning was not
able to eliminate the increased risk from VRE. Reasons put forward for this included a
higher burden of VRE contamination; and that such contamination may be a major factor
intransmission. It may also be due to a greater difficulty in eliminating VRE
contamination.173,174
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4.2 Ventilation
A century ago, building codes and standards set high ventilation rates to dilute air to
minimise the risk of airborne contagion. Figures from the period show recommended air
change rates were about ten times higher than they are now. For example, in 1914 a
British Admiralty Ventilation Committee recommended the air change rate on the Royal
Navy's ships should be some 3,000 cubic feet (85 m3) per man per hour.175 This was also
recommended for British housing.176,177 By the 1920s, scientific opinion had turned against
airborne infection; the contact route assumed greater importance. Natural cross-ventilation
remained popular in hospitals. The sanatorium regimen of treating diseases, such as
tuberculosis, in the open air had a direct influence on hospital design.178 But gradually, the
rationale for ventilation changed. Tuberculosis, smallpox and other common infectious
diseases posed less of a threat to public health than they had done. So rather than prevent
infection, the aim was to create comfortable conditions and remove odours produced by
building occupants. Standards based on comfort remained in place until the Arab Oil
Embargo in October 1973, when energy efficiency became a priority. Air change rates fell
further to save fuel. Soon the phenomenon that became known sick building syndrome
(SBS) appeared. This was characterised by a range of temporary symptoms and
conditions, such as headache, dry eyes, nasal congestion, fatigue and nausea. The
syndrome was linked to poor ventilation and was sometimes called ‘tight building
syndrome’.179
In 1976, an outbreak of respiratory illness at a hotel in Philadelphia proved a turning point.
Delegates at an American Legion convention suffered 182 cases of pneumonia and
29 deaths. The infection was caused by a previously unrecognised bacterium later named
Legionella pneumophilia. The hotel’s ventilation and humidification system was later found
to be the source of the bacterial exposure.180 This outbreak revived interest in indoor air
quality and health in buildings.181 Then the 1980s saw an epidemic of tuberculosis in New
York City and a resurgence of the disease in other urban centres in the USA. These
outbreaks included new strains of difficult-to-treat, multiple-drug-resistant M. tuberculosis
(MDRTB).182 They stimulated further interest in the control and prevention of airborne
disease.113 Then, in the wake of the 2003 severe acute respiratory syndrome epidemic, it
became clear the potential for airborne transmission in hospitals has received little
attention. And there are still insufficient data on which to base minimum ventilation rate
guidelines for this. Those that are in place are not based on sound scientific evidence.183
4.2.1 Ventilation and the Common Cold
Typically, adults have between two and five common colds each year, and children
between four and eight colds.65Barker Rhinoviruses cause the great majority of them.184
Despite many years of study, the preferred route rhinovirus takes to inflict the common
cold on susceptible individuals remains controversial. The conventional view is that most
transmission is by contact.185 Sharing office space increases the risk of the common
cold.186 And a study carried out in mechanically ventilated office buildings found evidence
supporting aerosol transmission of the rhinovirus. The results suggested an increased risk
of inhaling infectious droplet nuclei in buildings when the supply of outdoor air is low.187 A
more recent study, one of the first of its kind, looked at the number of colds among
students in college dormitories. There was a strong link between infection rates, ventilation
rates and crowding. Students in 6-person rooms were twice as likely to have common
colds 6 or more times a year than students in 3-person rooms. There was a also a dose22

response relationship between infections with colds and outdoor-to-indoor air flow rates.
Some 35 percent of students caught more than 6 colds each year when the ventilation rate
was 1 litre a second per person. With a ventilation rate of 5 litres a second, the number of
students catching colds 6 times or more fell to 5 per cent. So strong was the evidence in
this study, the authors concluded that airborne transmission may be the main route for
colds.188 If this is the case, droplet nuclei could be a major route for other acute respiratory
infections. So, ventilation may be more important in diluting and dispersing the viruses that
cause them than is currently appreciated.
4.2.2 Preventing Infection: Natural or Mechanical Ventilation?
Recent measurements of air change rates suggest that the risk of transmission of airborne
diseases can be significally lower in naturally ventilated spaces than in mechanically
ventilated ones. Older buildings with large windows and high ceilings may be far safer than
more modern designs in this respect. In 2007, researchers measured natural ventilation in
70 different rooms in hospitals where tuberculosis patients were being treated. They
compared air exchange rates in respiratory wards, general medical wards, outpatient
consulting rooms, waiting rooms and emergency departments with those in mechanically
ventilated, negative-pressure respiratory isolation rooms. They then used an airborne
infection model to predict the effect of these ventilation rates on tuberculosis transmission.
The highest risk of infection was in closed, unventilated spaces. By contrast, clinical rooms
in hospitals built before the 1950s with high ceilings and large windows on more than one
wall gave the greatest protection.189
There was an increased risk of airborne contagion in modern wards with low ceilings and
small windows. Mechanically ventilated rooms with sealed windows posed an even greater
risk, despite being ventilated at the rates recommended by guidelines. The results from the
model suggested that, after 24 hours of exposure to untreated tuberculosis patients, some
39 per cent of susceptible individuals in mechanically ventilated rooms would become
infected. This compared with 33 per cent in modern, naturally ventilated clinical rooms with
windows and doors open; and just 11 per cent in pre-1950 ones. Overall, natural
ventilation, with windows and doors opened, was more than double that of mechanically
ventilated, negative-pressure rooms. And even at the lowest wind speeds, natural
ventilation performed better than mechanical ventilation. This research also showed that
protective rates of ventilation are achievable with windows only partially open.189
The large windows and high ceilings of many older buildings allowed up to 40 air changes
per hour. However, these and other ventilation rates this study will have been influenced
by climatic conditions, such as wind velocity and direction. But no details of this were
reported. The study also assumed that the mechanical ventilation plant would deliver 12
air changes per hour. However, a subsequent inspection found poorly maintained electric
motors, corroded fan blades clogged with deposits, and air extraction and supply fans
unprotected by filters. In practice, the mechanically ventilated rooms in this study only
achieved half the air changes they should have. This is not unusual. As the authors of the
paper noted, respiratory isolation rooms often do not deliver the recommended air
exchange rates.189
A recent study of hospitals in Hong Kong also shows naturally ventilated wards can
achieve higher air change rates than those with mechanical systems. Measurements in a
tuberculosis hospital and an outpatient clinic found much higher rates than the 12 air
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changes an hour specified for isolation rooms. In a ward with all the doors and windows
open, cross ventilation occurring, and a strong breeze the maximum rate was 69 air
changes an hour. Even without cross-ventilation, rates were between 14 and 31.6 air
changes an hour.190 A study from Thailand also reported high air change rates in naturally
ventilated facilities; and that mechanical ventilation failing to meet performance
standards.191
It is notable that when a new lethal virus did emerge in 2003, patients were safer in crossventilated wards. Case studies from China following the SARS outbreak indicate crossventilation is one of the most effective ways of controlling SARS infection in hospitals. And
there were no reports of SARS cases caused by cross-infection in hospitals with high
ventilation rates.192 Another study of isolation wards in Chinese hospitals showed those
with a high proportion of openable windows were more effective in preventing outbreaks of
SARS among healthcare workers than other designs.193
There is, as yet, no direct epidemiological evidence to support, or challenge, the
superiority of ventilation through open windows over that achieved with mechanical
systems. Historical evidence suggests high rates do have a protective effect. To cite just
one example, during the notorious 1918 influenza pandemic, patients with severe
symptoms who were cared for outdoors survived in greater numbers than those indoors.
Some of the worst affects of the virus were seen below decks on troop ships.194 According
to one report, those who suffered most on ships were in the most badly ventilated spaces.
And patients put outside in tents survived in greater numbers than those treated
indoors.195,196 Eighty years later in Saudi Arabia, during Operation Desert Shield,
respiratory disease among military personnel followed a similar pattern. Upper respiratory
tract infections were more frequent in troops housed in air-conditioned barracks than
among those housed in tents.197
4.2.3 The Open Air Factor
During the Second World war, far more emphasis was placed on ventilating hospital wards
than is the case today. In 1944, Britain's Medical Research Council published a
memorandum on the control of infections in hospitals. It included guidance on ventilation,
as follows:
`This should be as free as possible, winter and summer, day and night. Wards should be
thoroughly aired immediately before and after blackout, and several times during the night.'
198(p17)

The protective effect may be more than just high ventilation rates diluting germs. What the
Nightingale ward, and tuberculosis sanatorium had in common was they were designed to
make conditions indoors as close to those outdoors as possible. This was thought to both
therapeutic and hygienic. The majority of bacteria and viruses that cause airborne
infections in humans cannot tolerate sunlight, oxidants or the temperature extremes that
occur outdoors. In the 1960s, scientists at the Chemical Defence Establishment, at Porton
Down, Wiltshire discovered that outside air was much more lethal to micro-organisms than
indoor air. They used the term Open Air Factor (OAF) to describe the agent or agents in
outdoor air that reduce the survival and infectivity of airborne pathogens, and their
transmission by the airborne route.199 Research continued into the 1970s, showing this
ephemeral property of outdoor air had an adverse effect on viability and virulence of both
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airborne viruses and bacteria. One of them was Francisella tularensis which is a potential
bioterrorist agent.200
However, the natural disinfecting characteristics of outdoor air were then ignored for more
than two decades.26 Weber One early research finding was the OAF disappeared rapidly in
any form of enclosure. It was subsequently shown that experimental containers could be
ventilated at rates that enabled the toxic properties of open air to be fully preserved.201 So
far there is no scientific evidence that maintaining high natural ventilation rates in buildings
preserves OAFs and reduces the survivability of pathogens. This has not been
investigated. But it seems reasonable to suggest designing to admit outdoor air at high
rates may decrease microbial survival. Historical evidence supports this. The greatest of
hospital reformers, Florence Nightingale, said the first rule of nursing was to keep air
indoors as pure as that outside, without chilling the patient:
`Always air from the air without, and that, too, through those windows, through which the
air comes freshest.' 34(p13)
4.2.4 Open Windows
Natural ventilation has a number of advantages, including relatively low cost and low
maintenance. However, the mere presence of doors and windows is no guarantee they will
be opened to encourage air movement. And natural ventilation usually depends on climatic
conditions being favourable for its use. Regarding infection, one advantage it has over
mechanical ventilation is that air can enter a building by more than one route. With
mechanical ventilation it comes in through an outdoor intake. As Florence Nightingale was
keen to point out years ago, there is no guarantee that incoming air does not mix with
contaminated air. Also, mechanical ventilation could be used to spread biological agents.
Following the anthrax attacks of 2001, relocating air intakes to publicly inaccessible
locations was recommended. Ideally, intakes on large buildings should be put on secure
roofs or high sidewalls.202
A recent review of design strategies for infection prevention in US hospitals concluded that
it was unlikely that natural ventilation would be used in future acute care facilities. First, the
North American climate precluded its use, except in a few temperate regions. Second,
natural ventilation compromised the integrity of the building envelope, allowing in unfiltered
air with outdoor air contaminants such as fungal spores. A further obstacle to the use of
natural ventilation was that it:
`...is not compatible with modern life safety and infection prevention principles.' 202(pS6)
In British hospitals, staff and patients can only partially open windows because of safety
concerns. So natural ventilation is not as easy to achieve as it used to be. A maximum
opening of 100 mm is recommend for windows within reach of patients.203 But the risk of
unsupervised patients injuring themselves has to be weighed against hazards of crossinfection due to inadequate ventilation. Virulent pathogens have been less of a problem in
modern hospitals than they were during the pre-antibiotic era. Ventilation rates have fallen.
But they may need to increase significantly. In the days when hospital windows were left
open, wards were often designed so that one nurse could see all the patients. So one
solution to present day concerns about the safe use of widows would be to ensure patients
are watched at all times. Alternatively, windows could be designed both for ventilation and
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patient safety.
It is true that outdoor pathogens can come straight into hospital wards in through open
windows. But a recent investigation found that the amount of potentially pathogenic
bacteria was no higher in window-ventilated patient rooms than in mechanically ventilated
rooms.139 Significantly, the modern practice of designing buildings for human comfort
rather than health could influence the ecology of indoor microbes. And not for the better.
As the authors of this study noted:
`... reducing direct contact with the outdoor environment may not always be an optimal
design strategy for bacterial pathogen management.' 139(p9)
4.3 Natural Light and Disinfection
The idea that sunlit spaces are healthier than those in shadow and darkness is ancient.
Scientific confirmation of this belief came in 1877, when Arthur Downes and Thomas Blunt
reported to the Royal Society that sunlight inhibited the growth of bacteria in test tubes.204
Their classical investigations showed sunlight has a bactericidal effect; even behind glass.
This has been described as one of the most influential discoveries in all of photobiology.205
From 1877 to 1895, a series of studies showed sunlight could kill a range of bacteria. This
research coincided with the discovery that bacteria could cause potentially fatal diseases
such as typhus, typhoid fever, anthrax, cholera, diphtheria and tuberculosis. 2 In 1882, the
German physicist and bacteriologist Robert Koch identified the tubercle bacillus, or
M.tuberculosis.206 By doing so, Koch disproved the widely held belief that tuberculosis was
inherited and non-infectious.
In 1890, Koch gave an address at the International Medical Congress in Berlin where he
announced sunlight was lethal to the tubercle bacillus. He stated that direct sunlight could
kill the bacillus in a few minutes, or several hours, through glass. The time depended on
the thickness of the layer of bacteria exposed. Also, ordinary diffuse daylight, such as is
found near windows in houses, could kill the bacterium in five to seven days.207 Even
before Koch's discoveries it was recognised by many that transmission of the disease was
less likely to occur in clean, well-lit, well-ventilated houses or hospitals; even in those for
tuberculosis patients.208
In the years that followed Koch's observations, other scientists investigated the effects of
natural light on the tubercle bacillus. In general, they supported Koch's findings. This early
research showed direct sunlight was more bactericidal than had Koch proposed; but
diffuse light was less effective in killing the bacillus in dust.209 What is notable from the
literature of the time is how few studies were made. According to one estimate, at the
beginning of the 20th century, tuberculosis was killing one-seventh of the human race. Yet
there was little research into the survival of the bacillus.210 Four decades later, in 1942, the
results of more tests appeared. They followed an investigation of the risk of tuberculosis
infection among staff and patients at the Barlow Sanatorium, Los Angeles California.
Patients at the sanatorium were treated according to the `open air' regimen. So they were
exposed to the elements day and night. When daylight and sunlight entered their rooms it
did so `for the most part unfiltered by glass'. It had only to pass through a wire screen. 211
The rooms and immediate surroundings of patients were tested for viable tubercle bacilli.
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Cultures were made from swabbings of bed-side tables, lamps, bed frames and other
hand-touch sites. Cultures were also made from room dust and sweepings; and from
cotton filters through which room air had been sucked. Without exception, all of the results
were negative. So a series experiments then followed to see how effective diffuse daylight
was at making tubercle bacilli non-viable and non-infectious. The results showed dried
bacilli exposed in an unglazed north window died within four or five days; depending upon
the mass of the dose. In a drawer in the same room they survived for two or three months,
and in a refrigerator for over six months. The results also showed the bacillus survived
longer in winter than in the spring and summer.211
There do not appear to be any further studies on the direct effects of daylight on the
survivability of M. tuberculosis. Given the global upsurge in tuberculosis, fostered by the
human immunodeficiency virus (HIV) pandemic, and new multidrug-resistant strains, this is
surprising. The WHO does refer to sunlight in some of its guidance on preventing hospital
infections. For infections transmitted by the airborne route, such as tuberculosis, one of
their documents recommends patients should be placed in single rooms that ideally have
sunlight, negative air pressure and 6-12 air changes per hour. However, the reasons for
sunlight exposure are not made clear.212 Other guidance on infection control in hospitals
makes no reference to it. The WHO does recognise there is value in the germicidal effect
of light in homes - but only in lavatories. And direct sunlight is not mentioned. Their
guidance on healthy housing states natural lighting should be provided to water closets
wherever possible because it kills bacteria. It also says special glass, which transmits a
higher proportion of ultraviolet rays, should be used. Where it is not, and ordinary window
glass is fitted, windows should be left open in warm weather for at least three hours. This
is to allow shorter wavelength ultraviolet radiation to enter and help in bactericidal
action.100Ranson
4.3.1 Daylight and Streptococci
In 1944, Dr. Lawrence Garrod published the results of the study in which he tried to
determine how far dust was responsible for streptococcal cross-infection in surgical
wards.121 As noted earlier, he discovered there were no streptococci in many specimens of
dust taken from sites on or close to the windows. He also found more streptococci in dust
from dark wards than in comparable specimens from normally lit wards.
During the Second World War the ground floor windows of many British hospitals were
protected against bomb-blast by by brick walls. So they were poorly daylit. The windows in
the upper wards were unprotected. Of the samples Garrod took from ground floor wards,
72 per cent yielded haemolytic streptococci, whereas only 18 per cent of samples from the
upper floors were positive. Close to unobstructed windows, even thick dust was
consistently free from bacteria. Here was circumstantial evidence of the bactericidal
activity of daylight through glass. But other factors may have influenced his findings, such
as ventilation, and variations in the composition and degree of pollution of the dust. So
Professor Garrod then carried out a series of experiments to find out why there was less
bacteria in upper wards. He put dust samples and films of dried pus containing haemolytic
streptococci under different lighting conditions. He found sunlight had the strongest
bactericidal effect. Diffused light from a north window was capable of killing streptococci,
even though filtered through two layers of glass. By contrast, streptococci in dust kept in
the dark at room temperature survived for 195 days. So, in his view, given the right
conditions infected dust could easily cause prolonged epidemics in hospitals; with long
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intervals between fresh cases. The results of Professor Garrod's investigation were
reported in the British Medical Journal in 1944. They were:
`...placed on record in order to draw attention to the possible importance of good natural
illumination as a hygienic safeguard, and in the hope that they may lead to further study of
this subject. Although good lighting is universally recognised as desirable, it has never, so
far as I am aware, been insisted on as a prime necessity in wards for septic surgical
cases. This study suggests that in such wards it has an important part to play, particularly if
no special measures...are taken to prevent the atmospheric diffusion of dust...
Preoccupation with the ultraviolet part of the spectrum has led to a common belief that only
direct sunlight is usefully bactericidal; it must now be recognized that ordinary diffuse
daylight, even on a cloudy day and even in winter in England, can be lethal to bacteria,
and that glass is no absolute bar to this effect.' 121(p247)
Dr. Garrod was already aware that between 1941 and 1942, Dr. Leon Buchbinder and a
team of investigators at Columbia University in New York, had already assessed the lethal
effect of sunlight and daylight on streptococci and made similar findings.213-215 Dr.
Buchbinder believed the spread of respiratory infections could not be explained by the
contact theory alone; and the indoor environment might play a role in their dissemination.
215 So tests were carried out under conditions simulating natural room conditions. A
technique was used to measure the lethality of daylight in which bacteria were sprayed
into the air and allowed to settle on filter paper in open Petri dishes. They were then
covered with their glass tops. The dishes were then exposed to daylight or sunlight coming
through closed windows for a given length of time. At the end of each test, agar was
poured into the dishes. They were then incubated and the colonies developed were
counted. Death rates were compared with for the same organisms kept in the dark. The
results showed that in the absence of light, streptococci could survive with practically
undiminished virulence for long periods indoors. They also confirmed something that
Downes and Blunt suspected in 1877 but had been unable to prove, that the blue portion
of the visible spectrum is the most germicidal. 215
These tests showed that the lethal power of diffuse light through glass was significant. Its
capacity to kill bacteria varied with its spectral distribution and intensity. Light from blue
skies was the most effective while that of very cloudy skies the least. Again, direct sunlight
was much more lethal than daylight. The median survival time (or the time necessary for
50 per cent killing) of the alpha strain of haemolytic streptococci was about 5 minutes in
the sun compared to more than an hour for diffuse daylight. The stronger the sunlight the
more lethal it became. The potency of sunlight per unit of intensity to be less than that of
diffuse daylight; probably because there is more blue light in skylight than sunlight. They
also examined the bactericidal effect of artificial light, as emitted by tubular fluorescent
lamps. They killed streptococci but were not felt to be of value as disinfecting agents
because their low intensity.213
4.3.2 Daylight and Pneumococcus
The research team at Columbia University also examined the effects of daylight on
pneumococcus. They found diffuse light was more rapidly lethal to this pathogen than to
streptococcus. Nevertheless, they considered airborne transmission of the pneumococci a
possibility.214 Fifty years earlier, several workers had found that pneumococci in dried
sputum exposed to diffuse daylight remained viable and retained their virulence for
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extended periods of time. This was confirmed in the 1930s.216 More recently, a study from
the 1970s found pneumococci can survive for long periods in sputum.217 Another, from
1905, showed putting dried sputum in sunlight results in the prompt death of the organism.
This study included experiments in which a spray of the bacteria was exposed to sunlight
while in suspension. This destroyed the bacteria within half an hour.218 Again, there are no
recent studies on the survival of pneumococcus to confirm or refute such findings. Nor do
there appear to be any on the airborne transmission of this bacterium. Nevertheless, it is
the major cause of bacterial pneumonia and meningitis worldwide.219 And antimicrobial
resistance among pneumococci has escalated dramatically over the past three
decades.220
4.3.3 Daylight and Menginococcus
In 1944, researchers at the University of Chicago carried out research on the
meningococcus bacterium. First they investigated how long it could survive and remain
viable outside the human body. At the time, meningococcus was generally regarded as a
sensitive organism unable to withstand drying. Their results showed otherwise.221
Meningococci were much more resilient than generally supposed. Virulent organisms were
recovered from the surfaces of glass, wood, and cotton cloth a week or more after drying
and storing them in a dark cupboard at room temperature. The virulence of the surviving
meningococci was tested on mice. These were then autopsied to confirm that their deaths
resulted from meningococcus sepsis; indicating the meningococci were fully virulent. The
conclusion drawn from these findings was that inanimate surfaces might be able to play a
role in the spread of meningococcal meningitis. It seems this was usually overlooked when
considering the epidemiology of the disease at this time.221
Having shown dried meningococci could remain viable in the dark, they then exposed
them to different intensities of natural light. Direct sunlight, which had passed through an
ordinary window pane, killed the micro-organisms within a few hours. Diffuse daylight from
a north window passing through two layers of glass (an ordinary window pane and a pyrex
Petri dish) also killed them; though not as rapidly. Meningococci dried in films on glass
beads and cotton gauze died within 30 hours. The effect was slower on cotton towelling
and on wood. During cloudy weather, when the sky was overcast throughout the day, the
micro-organisms died off much more rapidly close to a window than they did a distance of
12 feet from it. Also, tests with coloured filters showed red light had little impact on the
viability of dried meningococci. Blue light, by contrast, was highly bactericidal. The lethality
of the light transmitted by other coloured filters of orange, green and yellow was
proportional to the amount of blue light each filter transmitted.222
4.3.4 Daylight and Staphylococci
In the 1920s, manufacturers started producing glass that transmitted a greater proportion
of ultraviolet radiation than an ordinary window pane. At the time, exposure to the sun's
rays were thought to be highly beneficial. So getting a greater proportion of the solar
spectrum into buildings was a logical development.223 In 1930, the results of a series of
experiments were published which indicated this new type of glass might reduce the risk of
infection in buildings. Tests were undertaken to find out the bactericidal power of direct
sunlight, of sunlight through plate glass, and sunlight through `Vitaglass'.224 The latter was
one of the brands then on the market.223
Two different types of experiment were undertaken. In the first, the various light effects
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were tested on S. aureus and two other types of bacteria growing on agar plates. The
plates were placed at the bottom of wooden boxes. Each one had a removable top which
allowed the sun's rays to enter unimpeded, or which could be replaced by plate glass or
Vitaglass. The boxes were then positioned so that sunlight fell perpendicularly into them,
and onto the plates of bacteria inside them. Exposure times ranged from 30 minutes in
good weather, to three hours in variable conditions. In one typical test, a box with
Staphylococcus plates was put in the sun for fifty minutes. The original number of bacteria
present was 900 per plate. At the end of the test an average of 300 colonies developed in
the box with no glass fitted. There were 420 colonies with a Vitaglass lid; and 620 colonies
in the box with plate glass fitted. Taking an average of all of the tests, nearly three-quarters
of the bacteria were killed by unfiltered sunlight. About half of them died when the
Vitaglass was used. And just over a quarter with ordinary plate glass.224
The results were similar for the second series of experiments, in which bacteria laden air
was used in place of agar plates. The boxes were exposed to sunlight with one or other of
the glass covers fitted. The boxes were then sealed, and equal amounts of air drawn out of
them. These samples were then used to estimate the number of bacteria left in each box.
These were clearly difficult experiments; and they have not been replicated. But the
results, together with those of the agar plate tests, indicate the bacterial content of room
air may be lessened by sunlight. And the use of glass which is more permeable to
ultraviolet radiation than plate glass increases the bactericidal effect. The researchers
interpreted their findings as follows:
`They suggest...that if a glass or window tax is ever again imposed, it should not be like
that of 1695, which taxed windows as such, but rather a tax which discriminates in favor of
glass which transmits ultraviolet rays.' 224(p1394)
The results of further tests on staphylococci with sunlight were published in 1992.225
Cultures of the bacterium were exposed to mid-to-late summer sunlight for 45 minutes, in
the early afternoon, at the Australian National University in Canberra. Three types of filter
were put over them: photocopier paper; window glass; and perspex of the same thickness
as the glass. In these tests, the glass filter had only a small effect in decreasing the killing
by sunlight. The effect of perspex was a more substantial reduction in killing. Complete
shading, using photocopying paper, resulted in no bactericidal effect. The experiments
showed the lethal effect of sunlight on staphylococci is due to radiation between 300-380
nm, with further effects apparent at shorter and longer wavelengths. They also showed
that as well as killing exposed staphylococci, solar radiation is mutagenic. The authors
observed that S. aureus is commonly exposed to unfiltered sunlight, as about a third of
humans have it in their skin:
`Thus, such older remedies for S. aureus and other bacterial infections as exposure of
patients and clothing and bedlinen to sunshine may have a sound basis in fact.' 225(p247)
Subsequent tests at the same facility in Canberra showed unfiltered sunlight killed
approximately 99 per cent of staphylococci cells within 70 minutes of exposure on a cloudfree spring or early summer day.226 Filtering out part of the the UV-B component of sunlight
(280-315 nm) with perspex slightly reduced this bactericidal effect. When all of the UV-B
was filtered out, so that the cells were exposed to UV-A (315-400 nm) and visible radiation,
they took longer to die. And when staphylococci were exposed to visible radiation alone,
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there was no measurable killing effect on the bacteria.
So, both solar UV-A and UV-B radiation kill S. aureus. The tests showed the effects of UVA on staphylococci are not as immediate as UV-B. But once the UV-A in sunlight becomes
lethal, it kills at about the same rate as UV-B.226 These results broadly support those from
the study from 1930 which compared the relative bactericidal power of sunlight through
plate glass, and sunlight through `Vitaglass'. Ordinary window glass absorbs solar
radiation below 300 nm. So it lets in UV-A and a small amount of UV-B. Given time, this
would be lethal to staphylococci and, potentially, many other pathogens. But the effects of
sunlight through glass on bacteria, viruses and spores are not well-documented.
4.3.5 Disinfection with Artificial Light
The germicidal effects of artificial light have been investigated. One study already
mentioned, from 1941, compared kill rates of streptococcus bacteria grown in glass Petri
dishes exposed to skylight, direct sunlight, and a fluorescent lamp. This was identified as a
`daylight' lamp. But there are no details of its spectral output.213 A study from 1950,
showed cool white fluorescent lights can have an inhibiting effect on the growth of S.
aureus.227 The germicidal action appears to be equal, per unit of illumination, to that of
daylight. But, again, the intensity may be too low to have a useful effect.
Daylight, or `full-spectrum' fluorescents are supposed to more closely match the spectral
distribution of natural light than conventional fluorescents. Full-spectrum lamps used in a
more recent study, from 1970, were designed to mimic sun and sky radiation at a colour
temperature of 5,500K. About 5 per cent of their total radiant power was at wavelengths
between 290 and 380 nm.228 Cultures of two species of bacteria S. aureus and S.
marcescens were put under both full-spectrum and conventional cool white lamps for up to
8 hrs. Tests were carried out with the bacteria placed at 2ft 10 inches and 7ft 6 inches from
the lamps. Exposing staphylococci to cool white lamps in standard fittings produced little
bactericidal effect. But after eight hours of exposure to full-spectrum light, at high or low
levels, there was an equivalent degree of killing of 90 per cent. Two hours of exposure
produced minimal results. Four hours gave intermediate results. Neither of the light
sources in this investigation, the full-spectrum or cool white, had any effect on the second
species of bacteria, S. marcescens. It was argued this lack of killing effect may have been
due to the photoreactivity of this bacterium.228 In these experiments, the culture plates
were uncovered. So the ultraviolet component of the full-spectrum lights would have been
unfiltered.
4.4 Solar Radiation and Resistance to Infection
Years ago, getting direct sunlight into buildings was thought to be an important hygienic
safeguard. Sunlight may prevent communicable diseases spreading in buildings directly,
and indirectly. First, the solar radiation is the primary germicide in the environment.229 It
kills pathogens that cause respiratory and other infections. Second, direct sunlight may
increase resistance to infection in those who receive it; even behind glass. The reasons for
this improved immunity are not clear. Research suggests it may be due to the the intensity
of sunlight, or the sun's infra-red rays, or both.
In recent years it has become accepted that there is a strong link between a person’s
mental health and how well their immune system works. Positive emotions protect against
death and disability.230 Negative ones are harmful. Depression is a common and
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potentially dangerous condition. It acts as a form of chronic stress; and this is associated
with immune dysfunction.231 Research indicates people suffering from depression are at
increased risk of infection.232 One explanation for this is the body's natural killer cells do
not function as effectively in a major depression.233 The link between infection and
depression appears to have attracted little attention from medical researchers. One of the
few studies on it reported women who undergo coronary artery bypass grafting are more
likely to develop an infection if they have a major depression following surgery. Compared
to non-depressed women, they have reduced immune function and more pneumonias and
upper respiratory infections.234 In another study, women with metastatic breast cancer who
were depressed had an impaired immune responses to bacteria, fungi and yeasts.235 So, it
follows that alleviating the symptoms of depression might prevent or improve resistance to
infection.
Bright-light therapy is an effective treatment for a range of psychiatric conditions; in
particular, seasonal and major depression.236 Also, seasonal and non-seasonal
depression are influenced by environmental illumination.237 Research in hospitals shows
patients in sunlit wards recover better from depressive illness and other conditions.
Sunlight has a positive effect on the length of stay, mortality rate, perceived stress and
pain of hospital patients.238-241 One explanation for this is the light levels needed to
regulate the body’s circadian rhythms are much higher than those needed for visual
tasks.242 They need to be over 1000 lux to have a positive impact. Electric lighting provides
somewhere between 50 and 400 lux. While adequate for vision, this is close to biological
darkness for the body’s circadian system. In a sunlit room there can be as many as
60,000 lux falling on a plane surface.243 This is more than enough to reset the body's
internal clock.
Experiments with bright light - using light at levels above those normally found indoors show it has benefits beyond relieving the symptoms of depression. During the winter
months it seems to be effective at improving vitality and reducing distress.244 It may also
help with dementia. In one study, increasing light levels in the day-rooms of nursing homes
to 1,000 lux slowed down the rate of cognitive decline in demented patients. It also
improved their sleep patterns and depressive symptoms.245 Without proper time-cues from
the sun, or other sources, the underlying rhythm of the body can become disturbed. This
can cause a range of health problems. Disruption of the body’s circadian rhythms has
been linked to heart disease, diabetes, obesity, and breast and prostate cancer.246,247
As yet, there is no direct evidence that hospital patients are better able to resist infections
if they are in sunlight. However, new evidence shows the immune system's ability to detect
a pathogen is controlled by the circadian system. In February 2012 researchers from Yale
University School of Medicine published the results of tests on mice in which they
examined the function of Toll-like receptor 9 (TLR9). This is a gene in the immune system
which detects the DNA of viruses and bacteria. They found that when TLR9 was at its most
active, the mice responded better to infection. The severity of their infections correlated
with daily variations in TLR9 expression and function.248 These results give the first clear
evidence of a direct molecular link between circadian rhythms and the immune system.
Findings such as these suggest that if hospital patients biological rhythms are entrained,
and they are not depressed, they may be better placed to resist infection.
4.4.1 Infra-red Radiation and Infection
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There is growing recognition that the visible part of the solar spectrum has health benefits.
Natural light is more effective at entraining the body's circadian rhythms than electric
sources. It provides a higher light level at the eye. And it is more closely matched to the
spectral sensitivity of the eye than most artificial light sources.249 People prefer daylight as
their main source of illumination.250,251 And they prefer lighting levels which are significantly
higher than current indoor lighting standards. These match the levels at which biological
stimulation of the circadian system can occur. And building users prefer lighting that
follows the daylight cycle instead of a constant level of illumination.252
Like the visible spectrum, the sun's infra-red radiation may also have a health impact on
people indoors. Solar energy is widely recognised as an effective heat source for
buildings. Passive solar design provides building occupants with radiant heat. This acts on
the surface of the body, but can also stimulate deeper-lying tissues. The biological effects
of radiant heating extend to the internal organs, the central nervous system and enzymatic
processes.253 Infra-red radiation has been shown to assist wound healing and relieve pain.
254-257 The health benefits have been recognised for centuries. Roman villas and baths had
special glazed sun-rooms called a `heliocaminus', or solar furnace. This appears to have
been a solar-heated sweat room, or sauna.258 In Scandinavian countries, saunas have
been popular for hundreds of years. There is published evidence of the health benefits of
using them. They appear to be effective in treating congestive heart failure and in reducing
blood pressure.259-261 Infra-red may also protect against seasonal depression.
Although light treatment in the winter is effective for seasonal depression, it does not make
patients feel as well as they do in summer. The mood improvement they experience with
conventional light treatment is not as complete as the spontaneous remission that
happens in summertime.262 One explanation for this, which experiments support, is that
seasonal variations in the infra-red component of solar radiation affect mood states. It
seems infra-red, like the visible spectrum, could have an anti-depressant effect.263,267 So
this too could, in turn, could influence resistance to infection. Direct evidence of this in
humans is lacking. But tests on animals suggest it may be significant. Infra-red has been
shown to enhance the natural immune response of mice against skin infection with MRSA
and improves the healing of wounds infected with MRSA.268 And in humans it inactivates
MRSA in the nose of carriers; as well as fungal and other pathogens.269
4.4.2 Sunlight Behind Glass
There is one study which suggests sunlight transmitted through ordinary window glass can
directly influence the outcome of an infection. This was published in 1933.270 At the time,
the bone disease rickets was a major health problem. Rickets is not an infectious disease;
but it increases susceptibility to infection. Rickets is caused by vitamin D deficiency and
affects infants. The symptoms include bending of the limbs and spine, bad teeth, muscle
weakness, growth failure, lethargy, tetany, and seizures. During the 1920s, scientists
proved that rickets develops when children stay out of the sun; and that sunbathing cures
it. They also became aware that ordinary window glass filters out the ultra-violet radiation
that produces vitamin D. The study in question found exposing rachitic rats to sunlight
transmitted by window glass raised their resistance to infection. But it did not improve their
rickets.270
In these experiments, young albino rats were raised on a diet lacking vitamin D; and kept
out of sunshine. Then at midday, for four weeks, one group of them was given a direct sun
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bath under window glass. A second group of rachitic rats was exposed to fresh air instead
of sunlight. All other conditions were the same. And a third group was kept indoors and
shielded from daylight. At the end of four weeks, all the rats were given an oral dose of a
strain of Salmonella enteritidis. This `rat typhoid' is highly pathogenic to young rats. They
were then observed for a further four weeks. The level of resistance to the infection was
estimated by the number of rats in each group who survived. Of those exposed to the sun
under window glass, 57 per cent survived for four nweeks against 32 per cent kept inside.
The rats given fresh air also survived in greater numbers than the group kept inside. Some
43 per cent were still alive after four weeks. The same tests were done on rats whose diet
included vitamin D. With the vitamin D added, 75 per cent of those exposed under glass
survived for four weeks, against 61 per cent kept inside.
Exposure to sunshine through window glass, and to fresh air, for a short period each day,
seems to have markedly raised the resistance of rats to the enteritidis infection. The
authors of the study noted the beneficial effect was apparent whether vitamin D was
present or absent in the diet. So they deduced the increase in resistance was not due to
any improvement in the rats' rickets. They concluded with the following:
`The vital radiations from the sun should not be limited to the narrow band in the short
ultra-violet region, which is antirachitic. The foregoing results show definitely that rays
longer than those that are necessary to prevent or cure rickets have a marked effect on the
animal organism, as evidenced by a decided increase in resistance to infection.' 270(p95)
So the sun's visible and infra-red rays may indeed improve immunity in people indoors. A
great deal remains unknown on the subject. Until recently, the same was true of vitamin D.
The belief was that vitamin D was narrow acting, and that its only value was in bone
mineralization and skeletal development. We now know that vitamin D is involved in the
functioning of the immune system. It regulates the expression genes throughout the body.
These include cells in the immune system that attack and destroy viruses and bacteria.
271,272 But it seems the impact of sunlight through window glass on immunity has not been
researched since the 1930s. Clearly, it would be unwise to draw too many conclusions
from the results of one study. They do point to improved resistance to disease. And it is
notable that at one time a sunroom was a standard feature of hospitals.273 There were
thought to be health benefits from being in the sun under glass. Today, there is renewed
appreciation that critically ill patients could benefit from sunlight.274 But hospital architects
are now advised to minimise solar gains in their designs. Glare and overheating can be
harmful. But keeping sunlight out of hospitals in this way may place patients at increased
risk of infection, depression and other health problems. The same may be true of housing
and other building types.
If sunlight is admitted into buildings to prevent airborne infections, this must be compatible
with other design requirements, such as ventilation. To be effective they will need to work
in tandem. However, the ventilation requirements for airborne infection control have yet to
be determined. They could differ from those for comfort and general health. 275 Then again,
they may not. The same may be true of sunlight and daylight. The amount needed to
influence infection rates is uncertain. Examples of older hospitals and other building types
designed both for comfort and health promotion might offer some useful insights.
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5. Discussion
It is clear many common infections are acquired indoors. And indoor infections are a major
global cause of sickness and mortality. However, the literature shows current knowledge of
how diseases spread in buildings is poor. The relationship between ventilation and
infection has been studied for more than a century. Yet there are still insufficient data to
work out the minimum amount needed to prevent the spread of airborne contagion.
Only a handful of ventilation studies are deemed scientifically rigorous.
Some infections are known to be transmitted by the airborne route. Tuberculosis is the
most important of them. For others, such as influenza, airborne transmission is thought
possible. The debate about the relative importance of the different modes of infection is
ongoing. Meanwhile, a belief that most communicable respiratory infections are
transmitted by means of large droplets over short distances, or through contact,
predominates. The majority of infection probably is passed in this way. But most of the
pathogens acquired indoors are able to use more than route to infect humans. This makes
it hard to show an individual infection to be airborne. The current distinction between those
that are spread by contact and those that are airborne appears to be arbitrary. When
people cough, sneeze and talk they produce an aerosol of droplets and droplet nuclei. On
this basis, all communicable respiratory diseases should be controlled on the basis that
they are airborne, as should the viral infections that cause gastro-intestinal infections.
Although there has been a revival in interest in the airborne transmission of bacteria and
viruses in recent years, little research work has been done on it. The drug-resistant
bacterium MRSA is a leading cause of death and disability worldwide. There is evidence
that MRSA is transmitted through the air. But, so far, not enough for hospitals to ventilate
their general wards to prevent MRSA infections; nor those caused by any other pathogen.
The epidemic of SARS in 2003 provided evidence that a potentially lethal virus could
spread between distant locations via contaminated air. During the outbreak, room
ventilation was a key determinant of airborne disease transmission. Based on this and
other evidence, there is a convincing argument for increased air change rates to prevent
airborne infection. Cross-ventilation via windows seems to be particularly effective. By
contrast, poorly designed or maintained mechanical ventilation systems can increase
disease transmission.
Scientific data on the effectiveness of cleaning in reducing infections in buildings are
extremely limited; and even inconsistent. Common sense would suggest keeping hospital
wards clean reduces the risk of cross- and reinfection. But the evidence base for cleaning
as an infection control measure is lacking. In healthcare, more emphasis is now put on
hand hygiene than environmental cleanliness. But to be effective, infection control requires
a combined approach. It is notable that Florence Nightingale insisted on regular hand
washing, scrupulous standards of cleanliness, and high ventilation rates to prevent
infection. She also insisted on direct sunlight in sick-rooms. This, she believed, both
purified the air and helped patients recover.
Now it has been known for more than a century that natural light and, in particular, direct
sunlight has a strong germicidal effect in buildings. The hygienic value of good daylighting
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has received little scientific interest since the early discoveries were made. The benefits
have been neglected. The evidence may be fragmentary: but it is compelling. So are
reports of the health benefits of sun exposure. Studies show sunlight can alleviate the
symptoms of depression. In doing so it may, in turn, reduce the risk of infection. Sunlight
also entrains the body's circadian system. New research suggests this may increase
resistance to infection too. In addition, studies indicate ultra-violet radiation has antidepressant and other biological effects that may increase immunity to contagious disease.
This merits further investigation.
Throughout history, communicable respiratory and gastro-intestinal infections have taken
an enormous toll on the human population. Against this background, it is surprising how
little research has been directed at their mechanisms of transmission; especially those that
prosper in buildings. Today we face the resurgence of old diseases in more virulent forms.
And there is a consensus that new ones will increasingly threaten global public health.
Years ago, hospitals and other buildings were designed to prevent infections spreading.
High levels of natural ventilation and plenty of light were absolute requirements. Today
they are not. Cleanliness used to be considered pivotal to infection control. There is less
support for it now. But if we are entering a post-antibiotic era, and as more pathogens are
passing from animals to humans, this needs to be reassessed. Faced with the threat of
untreatable infections, whether from drug-resistant bacteria or new diseases, it would be
wise to take a precautionary approach. More emphasis should now be placed on
prevention. Standards of personal and environmental hygiene in hospitals must be higher
than they have been. Healthcare and other buildings should be arranged to stop infections
spreading. And it might be prudent to assume all new diseases, and some old ones,
contaminate indoor air; especially during a pandemic.
6. Recommendations
The infection control measures examined in this report have been under-researched for
decades. There is evidence that high levels of natural light, natural ventilation, and
cleanliness can protect against indoor contagion. It seems they can neutralise the
pathogens that cause disease. But in recent years there has been little appreciation of this
from a public health perspective. A research programme should be put in place to confirm
this and work out how best to design buildings to stop indoor infection. Given they are a
major global cause of sickness and mortality, the level of investment should be significant.
But it is worth noting there is already a wealth of information from previous generations of
buildings on how to prevent infections spreading. This too should be investigated.
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