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On Oct 20, the US Centers for Disease Control and Prevention (CDC) released updated guidelines for the

protection of healthcare workers caring for patients with Ebola virus disease (EVD).1 The CDC guidance
states, "In healthcare settings, Ebola is spread through direct contact (e.g., through broken skin or through
mucous membranes of the eyes, nose, or mouth) with blood or body fluids of a person who is sick with
Ebola or with objects (e.g., needles, syringes) that have been contaminated with the virus."

In a previous commentary, we discussed why direct contact may not be the only mode of EVD
transmission, particularly in healthcare settings. An Institute of Medicine report released last week
underscores the importance of conducting studies to better understand all modes of EVD transmission,
including by aerosols.2 We describe here a new paradigm of disease transmission that includes direct
contact, indirect contact, and aerosol transmission. We also discuss evidence that supports Ebola
transmission by all of these modes in patient care settings—and highlight why the CDC guidance might
oversimplify transmission and underestimate risks.

The traditional disease transmission paradigm for healthcare settings

As we understand the traditional disease transmission paradigm for healthcare settings, three primary
modes of transmission exist: contact, droplet, and airborne. Each mode of transmission is associated with
a suite of infection control practices.

Contact transmission is described by the Healthcare Infection Control Practices Advisory Committee
(HICPAC) as3:

e Direct contact transmission, which "occurs when microorganisms are transferred from one
infected person to another person without a contaminated intermediate object or person," or

¢ Indirect contact transmission, which "involves the transfer of an infectious agent through a
contaminated intermediate object or person."


http://www.cidrap.umn.edu/news-perspective/2014/11/commentary-ebola-virus-transmission-contact-and-aerosol-new-paradigm
http://www.cidrap.umn.edu/news-perspective/2014/09/commentary-health-workers-need-optimal-respiratory-protection-ebola
http://www.cidrap.umn.edu/news-perspective/2014/05/commentary-protecting-health-workers-airborne-mers-cov-learning-sars
http://www.cdc.gov/vhf/ebola/transmission/human-transmission.html
http://www.cidrap.umn.edu/news-perspective/2014/09/commentary-health-workers-need-optimal-respiratory-protection-ebola

An example of direct contact transmission is the direct entry of blood or body fluids containing
microorganisms into a healthcare worker's body through breaks in her skin, such as when she touches a
patient's wound. In indirect contact transmission, the body fluid containing the microorganism
contaminates an object, such as a piece of medical equipment, and the microorganism transfers into the
healthcare worker's body through breaks in his skin when he handles the object.

Droplet transmission is described by HICPAC as a form of direct contact transmission in which
"respiratory droplets carrying infectious pathogens transmit infection when they travel directly from the
respiratory tract of the infectious individual to susceptible mucosal surfaces of the recipient, generally over
short distances, necessitating facial protection." These droplets are considered "propelled" from the
infectious person. An infectious patient may emit droplets during coughing, sneezing, and talking and
through medical procedures like suctioning, endotracheal intubation, cough induction by chest physical
therapy, and cardiopulmonary resuscitation.

Airborne transmission is defined by HICPAC as resulting from the inhalation of small respirable particles
that "remain infective over time and distance" and "can be dispersed over long distances by air currents."
This description seems to imply that transmission will occur only if the person being infected is not face-to-
face with an infectious individual. In some cases, this mode of transmission has been interpreted to mean
that infection occurs only outside the space occupied by the infectious person.

HICPAC uncertainty about traditional modes of transmission

HICPAC describes some uncertainty about droplet transmission with respect to safe distances between an
infectious patient and a healthcare worker, and the particle size of droplets.

Historically, droplet transmission risk was considered to be limited to workers within 3 feet of an infectious

patient.3 HICPAC accurately notes, "It is likely that the distance droplets travel depends on the velocity and
mechanism by which respiratory droplets are propelled from the source, the density of respiratory
secretions, environmental factors such as temperature and humidity, and the ability of the pathogen to
maintain infectivity over that distance," and recognizes that epidemiologic evidence from SARS suggests
the distance could extend beyond 6 feet. However, HICPAC explains that even if we don't know the exact
distance for droplet transmission, when compared with airborne pathogens, droplets do not transmit
infection over long distances. The term "long distances" is not defined.

According to HICPAC, "Droplets traditionally have been defined as being >5 micrometers [mcm] in size." In
contrast, droplet nuclei are 5 mcm or smaller, and are considered to be droplets that have partially
evaporated. Droplet nuclei are considered responsible for airborne transmission, but it is well known that
particles with diameter larger than 5 mcm can remain suspended in air and can be inhaled. In addition, it is
well known that particles smaller than 5 mcm in diameter are emitted in activities considered to generate
respiratory droplets, like coughs, and can project through the air onto mucosal surfaces.

Turning to limitations of the definition of airborne transmission, HICPAC notes that selected respiratory
viruses (influenza and rhinovirus) and gastrointestinal viruses (norovirus and rotavirus) may be transmitted
by small-particle aerosols, despite their primary classification as droplet- and contact-transmissible agents,
respectively. This is the first time the term "aerosol" is used by HICPAC, but it is neither defined nor
explained in comparison to droplets or droplet nuclei.

A new approach in healthcare settings: aerosol transmission

Central to HICPAC uncertainties are their artificial distinctions about particle size and transport distance.
To resolve these conflicts, we propose an aerosol transmission route to replace droplet and airborne
transmission. An aerosol is a collection of particles suspended in the air; these particles may contain



infectious microorganisms if the aerosol is emitted from an infectious patient.

Aerosols generated by human biological processes and medical procedures contain microorganism-laden
particles that vary in size by several orders of magnitude, including particles that would be classified as
droplets and as droplet nuclei, and may be emitted with force. Thus, if a worker is near the aerosol source,
the worker may inhale particles and may have particles project onto his or her mucosal surfaces.

Under the traditional paradigm, a worker near an infectious patient who is emitting aerosol would be
considered at risk of droplet transmission and offered personal protective equipment (PPE), such as a
surgical mask, face shield, or goggles, that prevents the projection of microorganism-laden particles onto
the mucosal membranes but does not prevent particle inhalation. Thus, healthcare workers remain at risk
of exposure to inhaled microorganism-laden particles when near an infectious patient.

Understanding aerosol transmission

Consider the cough as a prototypical process of aerosol emission. A cough aerosol contains particles that
range in size over several orders of magnitude.4 The fate of this aerosol is complex and dynamic.

Like many particles of body fluids, cough particles contain liquid and will evaporate to smaller particles,

losing about 50% of their diameter within a second of release.® There will still be a wide range of particle
sizes present in the aerosol, but the particles will be smaller than when they were first generated.

In addition to changing size, some particles may project onto surfaces, some settle onto surfaces due to
gravity, and others remain suspended in the air for long periods, with larger particles settling faster than
smaller ones. Particles are dispersed throughout a room by air movements; smaller particles will also
undergo diffusion by interaction with air molecules. A person standing near the cough will inhale particles
of all sizes, which deposit in different patterns within the respiratory tract, depending on their size.

Figures 1, 2, and 3 illustrate these processes. Figure 1 represents the initial aerosol generation from an
infected person. At the point of generation (time = 0), the particles are close together, so the concentration
near the source is high. Figures 2 (time = 1) and 3 (time = 2) illustrate how, as time passes, larger particles
settle more rapidly from the room air and do not travel far from the source. Smaller particles, however,
eventually become distributed throughout the air with a lower concentration than at the initial point of
generation.

Figure 1. When an aerosol is initially emitted (time = 0), the particles are clustered near the source
at location A. A person near the source (location B) may receive large-particle spray and inhale
particles of all sizes.
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At time = 0, an aerosol is generated by person A.
Person B receives droplet spray and inhales particles.
Person C has no exposure.
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Figure 2. After some time (time = 1), the particles begin to disperse and larger particles begin to
settle from the air. Person B will continue to inhale particles of all sizes.




At time = 1, the aerosol is dispersing, and many larger particles
are settling. Person B inhales particles. Person C has no exposure.
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Figure 3. After more time (time = 2), the small particles are uniformly dispersed and more of the
larger particles have settled from the air. Persons B and C will inhale particles that are generally
smaller, have a smaller size range, and are at a lower concentration than at time = 0.

At time = 2, the aerosol is dispersed, and many larger particles”
~ have deposited on the floor. Persons B and C inhale particles.




At the time of aerosol emission (time = 0, figure 1) a person such as a healthcare worker standing at point
B will experience aerosol exposure, including the spray of body fluids onto the skin, face, eyes, mouth,
nose, etc., and will inhale particles of all sizes suspended in air. At time = 1, the person located at point C
will not have any exposure (figure 2). But at time = 2, the people at points B and C will inhale suspended
particles (figure 3).

Understanding inhalation of aerosols

Microorganism-laden particles suspended in air (aerosols) may be inhaled, deposited in the respiratory
tract, and reach cells in which infection can begin. This occurs even for microorganisms that do not cause
respiratory infections. For example, epidemiologic evidence suggests that norovirus can initiate
gastrointestinal infection following inhalation and subsequent ingestion. Large numbers of people have
been infected in a norovirus outbreak even when they were not within 10 feet of the infectious person who

vomited.®:” These observations also suggest that norovirus is capable of remaining viable in the
environment for a relatively long period, is highly infectious, or both.

Figure 4 shows how the percent of aerosol particles that are inhaled and deposited varies among the
different regions of the respiratory tract and by particle size.® The percentages in figure 4 are based on the
models by the International Committee on Radiologic Protection, averaged for males and females and
activity levels. Most of the large particles (10 to 100 mcm) will be deposited in the upper (head) airways,
while small particles (<1 mcm) are more likely to deposit in the alveolar (gas exchange) region of the lung.

Figure 4. Percentage of aerosol particles that are inhaled and deposit in the respiratory system,
based on the International Committee for Radiologic Protection model.2

Percent of Particles Deposited
in Region
(particle size in pm)

Head T~ 01ym  1.0pum 10 pum 100 Pm
airway
region 2 28 81 50
Tracheo-
bronchiole 3 3 1 0
region
Alveolar 14 12 2 0
region

Ebola viruses have a diameter of 0.08 mcm, but they may be up to 14 mcm in Iength.9 Infectious
microorganisms emitted in body fluid, however, are generally associated with proteins and other materials
of the body fluid rather than "free." Thus, the infectious microorganism is present in particles with
diameters that vary by several orders of magnitude. The deposition pattern of these particles in the
respiratory tract may differ from the deposition of the "free" virus, but the key to developing infection is
whether viruses are deposited on cells with receptors that will enable infection. Macrophages and dendritic
cells infected by Ebola virus are found throughout the respiratory system. This means that a wide range of
particle sizes carrying Ebola virus may deposit anywhere in the respiratory tract—from the nose or mouth



to the alveoli—and initiate an infection.

By way of comparison, the bacterium Mycobacterium tuberculosis has a diameter of 0.2 to 0.5 mcm and a
length of 2 to 4 mcm and initiates infection in the alveolar region of the lung. The influenza virus is much
smaller and spherical—about 0.08 to 0.12 mcm in diameter—and initiates infection at sites from the nasal

mucosa to the alveoli, depending on the preferred receptor of the virus strain.'0 Both M tuberculosis and
influenza viruses are emitted in cough particles with a wide variety of diameters and recognized as

causing infection subsequent to inhalation near and at some distance from an infectious person.3:11

Ebola virus disease transmission

To understand how EVD is transmitted, it is helpful to consider both epidemiologic findings and the
physical process by which the disease is transmitted.

Epidemiologic studies of past outbreaks suggest that three factors are linked to a high risk of person-to-

person EVD transmission12-15;

1. Caring for an infected person at home or in a healthcare setting
2. Contact with the body fluids of an infected person—for example, while providing care

3. Contact with an infected corpse

Considering these risk factors, we presume that infection can be transmitted to a susceptible person near
an infected person.

To initiate infection, Ebola virus must be shed from an infectious person, and must enter cells in a
susceptible person, where it can initiate infection. There is strong evidence that numerous bodily fluids
contain Ebola virus. And there is good evidence that Ebola virus is capable of initiating infection in a
variety of cell types that are widely distributed throughout the human body. Finally, several animal studies
have provided evidence of aerosol transmission. Considering each component in turn:

e Ebola RNA has been found in the blood, breast milk, saliva, semen, stool, sweat, and urine of

16-19

infected persons and has been detected from conjunctival, vaginal, rectal, and skin

swabs. 16:20 viral inclusions have also been found within alveolar macrophages and viral particles
detected within alveolar spaces.21 Viral RNA is typically more plentiful than culturable virus, so
testing by quantitative polymerase chain reaction (qPCR) identifies an agent more frequently and in
higher abundance than testing by culture does. The detection of viral RNA is assumed to indicate
the presence of live virus capable of causing infection. While Ebola virus has been cultured from
serum,22 saliva, breast milk, semen, and urine, 16,18 tests of other body fluids have used only gPCR
methods or had negative results by culture.

e Viral loads in serum increase during the course of iliness, and a high viral load is associated with
high fatality rates. Furthermore, body fluids may be copiously emitted in the late phases of
disease.22:23 This emission pattern indicates that the risk of exposure to Ebola virus is highest
when EVD patients are experiencing symptoms, particularly serious illness, and is consistent with
epidemiologic analyses of risk factors and exposure histories.

e Cough can be a common symptom in EVD patients. A World Health Organization study last month
on the first 9 months of the epidemic in West Africa found that 194 of 665 patients (29.6%)

experienced coughing, and 2.4% (20 of 831) had a bloody cough.24 And in a smaller study last
month of EVD patients in Sierra Leone, 16% had a cough (7 of 44), a rate that climbed to 21% in

fatal cases (6 of 36).23



¢ Ebola virus can initiate infection only if it reaches cells in the susceptible person that present the
appropriate receptors. Evidence indicates that Ebola virus may reach these cells through mucosal

surfaces, breaks in the skin, or injection.9 A variety of cell types have the appropriate receptors,

including monocytes, macrophages, dendritic cells, and others.9:25 Dendritic cells are found in
tissues that have contact with the outside environment, such as skin, nose, lungs, stomach, and
intestines. Macrophages are also located in those areas, as well as many other tissues throughout
the body. Both cell types play an important role in fighting infections.

¢ In one study involving Ebola-inoculated rhesus macaques, two of the three control macaques died

of EVD in spite of being housed about 3 meters from the inoculated macaques.26 In another study,
two rhesus macaques receiving a low inhaled Ebola dose and two receiving a high inhaled dose

developed rapidly fatal disease.2” And six Ebola-infected piglets were kept at least 20 cm from four

caged macaques yet all the monkeys became infected in a setting that the authors described as
28

most conducive to aerosol transmission.
This information allows us to describe the ways in which EVD can be transmitted from one person to
another:

1. 1. Direct contact with infected body fluids

1. Body fluid containing Ebola virus that comes in direct contact with the skin may enter the
body through a break in the skin.

2. Body fluid containing Ebola virus may transmit an infection if sprayed directly onto mucous
membranes of the mouth, nose, or eyes.

3. 2. Indirect contact with infected body fluids

1. Body fluid containing Ebola virus can be present on an object and then transferred by
the hands to the mouth, nose, or eyes.

2. Medical equipment (eg, syringes) contaminated with a body fluid containing Ebola
virus can break the skin and introduce the virus into the blood or other tissues.

3. 3. Inhalation of infectious aerosols near an infected person

1. The emission of body fluids containing Ebola virus—through vomiting, diarrhea,
coughing, or hemorrhage—may generate aerosols containing virus that can be
inhaled and deposited throughout the respiratory system.

2. Medical procedures like intubation, bronchoscopy, drug delivery, assisted
breathing, etc, may generate aerosols containing Ebola virus, which can be
inhaled and deposited throughout the respiratory system.

Aerosol transmission recognizes that the spraying of body fluids containing Ebola virus directly onto
mucous membranes is unlikely to occur in the absence of inhalation of infectious aerosols. Available data
do not indicate that aerosol transmission at a distance from an infected person is an important route of
Ebola virus transmission. In this we agree with statements from the CDC that the "airborne" (old paradigm)
route of transmission (inhalation of infectious particles at a distance from the source) has not been
documented in previous EVD outbreaks.

There are at least two explanations for why Ebola virus transmission has not been shown to occur at a
distance from the source, even though data suggest that Ebola virus can remain viable in the air for some
time (up to 90 minutes at room temperature and humidity).29 One explanation is that Ebola virus is not
viable by the time it gets to point C (ie, inhalation of non-viable virus will not produce an infection). A second



possibility is that the infectivity of Ebola virus upon inhalation of small particles is very low, so the
probability of infection is too small to observe.

How to identify and manage the risk?

Healthcare workers caring for symptomatic patients with EVD have the greatest risk of exposure and
infection through all the routes of transmission, as described above. Patients with severe symptoms will
emit more bodily fluids—blood, vomitus, feces—than asymptomatic patients with EVD, and the emission of
these fluids potentiates aerosol generation. Some medical procedures, such as intubation, bronchoscopy,

and respiratory therapies, may generate aerosols and have also been shown to increase the transmission
30

of acute respiratory infections.
Other workers who may come into contact with people who have EVD include emergency responders,
cleaners, transportation workers, and service workers. Of these, emergency responders may have the
greatest chance of encountering a person with symptomatic EVD, since they may be called to aid or
transport a symptomatic person. In general, all workers should avoid close contact with a person who has
symptomatic EVD and his or her bodily fluids in the absence of PPE or other controls.

The selection of PPE and other controls should be informed by risk assessment. Every organization
should conduct a risk assessment to determine who is at greatest risk and the level of protection they need
to prevent infection. A risk assessment may be qualitative or quantitative, but it should consider factors that
influence both the magnitude and probability of exposure. The magnitude of exposure is the number of
Ebola viruses the worker may contact or inhale, given the presence of an infectious EVD patient. The
probability of exposure describes the likelihood that the worker will encounter an infectious EVD patient.

A few examples are provided to illustrate the differences in risk for different work settings. These PPE
recommendations should not be regarded as prescriptive but rather illustrative of the connection between
risk levels and protection levels. PPE is only one method of preventing exposure. Other methods, such as
engineering and administrative controls, should be employed first and may preclude the necessity for PPE
altogether or lower the protection level needed. As well, working conditions, work settings, and the
interaction of one type of PPE with another should be considered when selecting PPE.

e Healthcare workers caring for infected patients with advanced EVD symptoms have the highest risk
of exposure by all routes of transmission and should be provided with complete body and
respiratory protection. Their respirator should ensure they are protected when high concentrations
of aerosolized body fluids are present.

o Negative pressure half-facepiece respirators, such as N95 filtering facepiece respirators and
half-mask elastomeric respirators, offer the minimum level of protection of all respirator
classes and may not offer adequate protection from aerosol transmission when patients are
emitting copious amounts of body fluids. More appropriate respirators for such exposures are
those with higher levels of protection, such as full-facepiece elastomeric respirators or
positive pressure respirators with a hood or helmet.

e Emergency responders should have a high level of skin and respiratory protection available, and
wear the PPE when a patient reports recent travel to an area with endemic EVD or recent contact
with someone who had a travel history to the area or is known to have EVD, and has signs and
symptoms compatible with EVD. Though the probability of encountering an EVD patient on any
particular day may be small, high exposures are possible when an EVD patient is encountered
because the patient may be symptomatic or require aerosol-generating medical procedures prior to
or during transport. Healthcare workers in this setting should have a respirator that offers a high
level of protection.



o A half-mask negative pressure respirator may not offer adequate protection if aerosols are
occurring from natural processes or medical procedures. A powered air-purifying respirator
(PAPR) may be cumbersome and difficult to don quickly. A full-facepiece elastomeric
respirator might be a better choice in this setting.

¢ Healthcare workers performing triage or working in an emergency department or in jobs with a
similar probability of exposure should have PPE available to them that prevents direct contact with
body fluids and inhalation of infectious aerosols. It may be possible to isolate healthcare workers or
patients during triage, thus eliminating the need for PPE. Isolating potentially infected patients
immediately following triage would also limit exposures. Those healthcare workers in direct contact
with a suspected Ebola patient would require high levels of protection.

o A half-mask negative pressure respirator may not offer adequate protection if aerosols are
occurring naturally or from medical procedures. A PAPR would be a much better choice for
this setting.

e Workers in other sectors should have PPE available that is commensurate with their risk and job
responsibilities. If they must interact directly with an infected person or his or her body fluids, they
should be provided with full skin and respiratory protection. If they will only briefly interact with an
infected person or the person's body fluids, they may require lower levels of PPE.

Currently the CDC recommends (here and here) that healthcare workers and emergency medical services
personnel who provide care to people who may have EVD to cover all of their skin and wear respiratory
protection. While this is consistent with our recommendations, the CDC guidelines do not recognize that
different respirators offer different degrees of protection. An N95 filtering facepiece respirator is the least
protective type of respirator available and will reduce outside concentrations by only 1/10th, which may not
be adequate for the high concentrations of infectious aerosols likely during vomiting, diarrhea, or medical
procedures.

In our previous commentaries on Ebola and MERS, we described a control banding approach for selecting
respirators for aerosol-transmissible diseases. We encourage the use of this or similar tools in the risk
assessment process to protect employees from infectious aerosols. These tools will lead to better PPE
selections than are described in the current CDC guidelines.
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