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Introduction

The operational decision to evacuate patients
with communicable diseases or those who are
biologic warfare casualties is complicated by
many factors, including the etiologic agent
involved. Unlike nuclear or chemical casualties,
patients with contagious infections may transmit
disease after external decontamination. Further,
theater medical facilities might be overwhelmed
by a mass-casualty disaster after an epidemic or
biologic warfare attack, necessitating rapid
evacuation.
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A comprehensive review of the aeromedical
evacuation (AE) of patients with contagious
infections would have to contain elements
from several diverse disciplines. These would
include disaster medicine, air transport medi-
cine, critical care medicine, the ergonomics
and aerobiology of aircraft interiors, infection
control, international aviation law and diplo-
macy, and the operational requirements and
constraints of the US Air Force (USAF) and
other military and civilian services. We have
limited the discussion in this chapter to the
ecology of aircraft interiors, disease transmis-
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sion onboard aircraft, and highlights of the ele-
ments of military and civilian AE capabilities
for patients with contagious infections or bio-
logic warfare exposures. Unresolved issues
will be identified with the goal of stimulating
discussion and future research.

Airframe as a Microbial
Environment

The engineering parameters of aircraft ventilation
and pressurization are well known and tested
extensively by aircraft manufacturers. While most
studies of aircraft cabin air quality have focused
on tobacco by-products and other chemical con-
taminants, few have addressed the ecology of air-
borne microbes. The few available studies of the
aerobiology of aircraft interiors suggest that the
modern aircraft interior is a less likely venue for
disease transmission than most public places [1].
The risk of transmitting infections in modern
aircraft under normal conditions is probably equal
to, or lower than, the risks in other crowded enclo-
sures. This is related to the excellent ventilation
systems built into modem aircraft. However,
when the ventilation system is not functioning (as
is often the case prior to takeoff), the aircraft cabin
environment increases the risk for transmission of
airborne viruses such as measles and influenza.

Ecology of Aircraft Cabin Air

Air vented into most aircraft cabins is sterilized
during pressurization. To maintain an internal
cabin atmosphere equivalent to less than 8000 ft.
above mean sea level while at altitude, pressur-
ized air is extracted from the main jet engine
compressor, where it has been subjected to both
high temperature (more than 250 °C) and pres-
sure (450 psi). The air is then cooled by a series
of heat exchangers and vented into the cabin [2].

Microbial survival times are also altered by
variations in relative humidity [3]. Because air at
altitude has low relative humidity (10-15%), the
resultant compressed cabin air does also. Low
humidity inhibits bacterial growth and stability
but increases the survival and infectivity of cer-

tain airborne viruses [4]. The influenza virus was
found to survive longer in dry air (relative humid-
ity <50%), while poliovirus survived longer in
humid air (relative humidity >50%) [5].

Ventilation: Air Distribution Systems
and Airflow

The three most important factors that determine
the incidence of infections spread by airborne
particles in an enclosed space are the susceptibil-
ity of those exposed, the duration of exposure,
and the concentration of infectious droplets or
droplet nuclei. The concentrations of droplets
and droplet nuclei increase when the generation
rate is high, when the static volume of enclosed
air is small, and when fresh air ventilation is low.
Ventilation of any enclosed space decreases the
concentration of airborne organisms logarithmi-
cally, removing approximately two-thirds of the
airborne droplets per air exchange [6].

The mechanism by which air is circulated
through most large aircraft cabins depends on sev-
eral factors. When on the ground, fans recirculate
cooled or conditioned air throughout the cabin.
When the engines are off, ventilation is provided
in one of two ways: Either an auxiliary power unit
runs the cabin ventilation system or precondi-
tioned air is supplied by connecting a ground air-
conditioning unit to an air manifold. In some
aircraft, no fresh air is taken in until pressuriza-
tion is begun at altitude. However, older military
transport aircraft (such as the C-130 Hercules) use
pressurized air from the engines for ventilation
whether on the ground or aloft. At altitude, com-
pressed air enters continually while air is vented
overboard via an outflow valve. First-generation
jet airliners (e.g., Boeing 707s, Boeing 727s,
DC-9s) and most military transports use 100%
ambient (fresh) air for cabin supply [7].

The airflow design for most large aircraft is
either circumperipheral or longitudinal. For both
designs, conditioned air typically enters the cabin
at standing head level. With the circumperipheral
design, air circulates from aircraft skin to mid-
cabin and then down and back to the vents near
the skin at floor level on the same side. With the
longitudinal design, air circulates from the air-
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craft skin in the midsection to outflow valves
either fore or aft. The outflow valves are some-
times along the hull (two on the Boeing 707: one
at the forward edge of the wings and the other
near the tail) or elsewhere along the fuselage
(below the right cockpit floor in the C-130).

The type and direction of airflow during an AE
flight have important implications for airborne
spread of infection. In general, the circumperiph-
eral mode is preferable to the longitudinal because
it minimizes aircrew exposure to contaminated
air. With the longitudinal design, the direction of
airflow should be adjusted so that it is aftward by
closing the forward outflow valves. In the C-9A
Nightingale, cabin airflow is “top to bottom, front
to back,” and therefore, contagious patients are
placed as far aft and as low as possible.

The airflow for the C-141 takes on special
importance because of its history as the main
strategic AE airframe for the US military. This
aircraft also had a longitudinal airflow design,
where the air enters both on the flight deck and
the aft cargo compartment. Air then flows
toward two outflow valves located above the aft
pressure bulkhead [8]. Therefore, potentially
infectious patients were placed as far aft and as
high as possible. The ventilation patterns of the
C-17 transport, which may assume some of the
strategic AE missions in the future, remain to be
characterized [9].

The risk of airborne infection to the flight
crew is related to the flight deck airflow design.
In many commercial airliners, such as the B-707,
the flight crew is somewhat protected by the inde-
pendent flight deck ventilation system. As noted
previously, the C-141 flight crew is protected by
the longitudinal system, where the air enters on
the flight deck and flows aftward through the
cabin. This is in contrast to the C-130, where the
flight deck personnel may be at increased risk
because all cabin air is drawn to the cockpit,
where it is vented out [10].

Commercial airline cabin airflow has two
important design features that may reduce respi-
ratory droplet or airborne transmission. First,
most cabins feature a flow design that is both cir-
cumperipheral and laminar, with air entering
overhead, flowing down the sides, and exiting
through vents above the floor. Second, they have

relatively high air exchange rates, typically rang-
ing from 15 to 20 exchanges per hour. This
exceeds both the 12 air exchanges per hour that
maintain air quality in modern office buildings
and the 12 exchanges per hour recommended by
the US Centers for Disease Control and Prevention
(CDC) for the hospital isolation rooms of patients
with active tuberculosis [11]. Unfortunately, the
purging of air within the cabin may not always be
uniform because of the laminar flow design. There
may be decreased air circulation in fore and aft
areas, resulting in stagnant zones; animal studies
demonstrate that increased ventilation decreases
airborne transmission in confined spaces [12, 13].
It is important to remember that ventilation alone
is not sufficient to prevent all transmission of air-
borne pathogens [14].

High-Efficiency Particulate Air (HEPA)
Filtration

Jet engine efficiency is decreased by the extrac-
tion of compressor air for delivery to the cabin
because this air is not available for additional
thrust. To economize, commercial airliners use
systems that partially recycle cabin air, rather
than continuing to supply 100% fresh air from
the engines. The fraction of recirculated air
ranges from 24% to 66% [15]. The use of recir-
culated air may reduce air quality due to the
recirculation of aerosolized contaminants. To
counter this, most airlines have installed high-
efficiency particulate air (HEPA) filters in their
recirculation systems. These are 99.7% effective
for removing particles of 0.3 p(mu)m diameter
or larger.

Although HEPA filters were originally installed
for passenger comfort (e.g., for removing tobacco
smoke), they also appear to reduce the risk of
transmission of airborne pathogens [16, 17]. The
droplet nuclei carrying measles, varicella, and
tuberculosis are typically 5 p(mu)m or less in
diameter. A study commissioned by the US
Department of Transportation to evaluate the lev-
els of bacteria, fungi, carbon dioxide, ozone, and
tobacco products in recirculated airliner cabin air
found that microorganism concentrations did not
reach levels considered hazardous to health [18].
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Microbial Aerosols in Aircraft

In response to concerns generated by lethal viral
hemorrhagic fevers, and a possible need to trans-
port patients with these diseases by air, the venti-
lation and air-conditioning systems on
pressurized, long-range transport aircraft were
studied to evaluate the aerodynamics of aerosol-
ized microorganisms [19]. The two aircraft eval-
uated were the Lockheed Martin C-130E
Hercules (the aircraft used for most tactical AE)
and the Boeing 707-347C. At the time, the avia-
tion engineering knowledge of ventilation and air
pressure changes on these aircraft was extensive.
The movement of smoke particles was observed,
and the dispersion of aerosolized spores of a non-
pathogenic organism (Bacillus subtilis var. globi-
gii) was assayed at multiple cabin sites under
various pressure and ventilation conditions.
Results of both smoke and spore studies sug-
gested that the optimal location for placing a
highly infections patient in the 707 would be the
left rear of the cabin. When the aircraft was pres-
surized and the forward outflow valve was closed,
contamination was largely restricted to the rear
area, placing the flight crew at minimal risk if
they stayed forward.

In view of its airflow design, it was no surprise
that there was substantial drift of smoke from the
cargo hold of the C-130 into the flight deck [19].
Approximately 3% of the spores released in the
aft cabin reached the flight deck, probably enough
to transmit infection over a prolonged flight if the
organism had been infectious. The relative loca-
tions of the bleed valves and outflow valve would
make plastic diaphragms impractical. One con-
clusion of the study was that high-containment
isolators would be required to evacuate patients
with potentially lethal contagious diseases in a
C-130. These isolators would protect the flight
crew and medical workers and allow refueling
stops without alarming foreign governments,
which might otherwise refuse international land-
ing clearances (Fig. 20.1). These types of isola-
tors are still used by non-US military forces for
AE transport [20]. The US military and civilian
transportation services have adopted a slightly
different approach as will be discussed later.

Fig. 20.1 The Vickers aircraft transport isolator (ATTI) is
designed for prolonged patient transportation and in-flight
care. (Reprinted with permission from [59])

A second conclusion of the study was that
such patients should only be transported in long-
range jet aircraft with the air distribution charac-
teristics similar to those of a Boeing 707.
However, significant air contamination occurs
within the cabin while these aircraft taxi for take-
off with the recirculation fans functioning. To
avoid this, the starboard engines should be oper-
ated with the forward outflow valve closed, thus
ensuring rapid air exchanges within the cabin.
Potentially infectious patients should be boarded
through the rear passenger hatch and then placed
in the left rear of the cabin facing aft. To protect
the flight crew, patients and medical workers
should venture no further forward than mid-cabin
and flight crew no further aft than that same
point.

These concepts were applied, without empiric
validation, in 1974, when the aft area in a 707
was used to transport a patient with Lassa fever
[21]. A 707 was selected because it was capable
of a nonstop flight to Germany, obviating poten-
tial difficulties obtaining permission to refuel in a
third country. This dedicated AE utilized exten-
sive and unprecedented precautions to transport
the patient (a German physician) from Lagos,
Nigeria, to Hamburg. The patient was isolated in
the rear of the cabin, and a “neutral zone” was
created using two polyvinyl chloride partitions.
The outflow valves were configured to create a
longitudinal pressure gradient in the cabin so that
airflow was from the forward to the aft section.
Finally, to avoid microbial dissemination via
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recirculated air, the starboard engines were
started to allow pressurization prior to boarding
the patient through the aft door. After transport-
ing the patient, the aircraft interior was fumigated
with vaporized formalin for 6 hours, and there
were no secondary cases.

Between 1987 and 1994, the air was sampled
for microorganisms on 36 domestic and interna-
tional flights, including small and large jet airlin-
ers and turboprop commuter aircraft [22]. It was
assumed that all microbial contamination origi-
nated from passengers and crew because the air
taken in from the engines was presumably sterile.
It was also assumed that lower levels of microbial
air contamination would correlate with a lower
risk of disease transmission, although this has not
been validated clinically. Control samples were
taken at urban locations such as buses, malls,
streets, and airports. Microorganisms were quan-
tified by counting colony-forming units (CFUs)
after 72 hours incubation, but no attempt was
made to identify the organisms.

This study found no significant differences
between air at sea level and higher sites nor
between coach, business, first-class, or galley
sections [22]. The highest counts came from
samples taken near outflow vents, about 1 foot
above floor level. Interestingly, the microbial air
contamination found during flight was signifi-
cantly lower than that found in cities, buses, and
public buildings. Decreased passenger move-
ment (e.g., during sleep) correlated with lower
numbers of CFU. The authors concluded that
“the small number of microorganisms found in
US airliner cabin environments does not contrib-
ute to the risk of disease transmission among
passengers.” [22]

Disinfection of Aircraft

Disinfection of the aircraft is an important ele-
ment to consider in the AE of infectious disease
patients. The World Health Organization (WHO)
specifies basic advice on hygiene and sanitation
[23] but does not provide details on standard oper-
ating procedures (SOPs) or disinfectants to use. In
2014, the Lufthansa group implemented and

shared SOPs for the safe decontamination of com-
mercial aircraft, taking into consideration passen-
ger and crew safety, aircraft operability, aircraft
instillations, and aircraft certifications. Lufthansa
Technik Central Laboratories studied the effects
of several alcohol-based, formaldehyde-based,
and oxygen-releasing disinfectants on aircraft
materials including glass, metal, electric conduits,
synthetics, and seat covers to determine the safe
application and techniques to be used on their air-
line fleet [24].

Survey of Infectious Disease
Transmission in Aircraft

The risk of transmitting infections in aircraft has
probably been exaggerated [25]. Most reports of
disease transmission onboard aircraft describe
foodborne outbreaks on commercial airliners
[26], a discrete area of relevance to AE. The fol-
lowing is a brief summary of the transmission of
several common pathogens.

Tuberculosis

Tuberculosis is an obvious concern aboard AE
aircraft because it is a common and serious dis-
ease usually spread via airborne transmission,
especially in confined spaces [27]. Three con-
clusions about the risk of tuberculosis spread
can be drawn from the limited number of pub-
lished retrospective cohort studies of tuberculo-
sis exposures aboard aircraft. First, the risk of
tuberculosis transmission aboard an aircraft is
apparently no greater than in other confined
spaces, with reported conversion rates of 2-4%
[28, 29]. Second, the duration of exposure
appears to be important, with several studies
reporting no tuberculosis transmission after
exposure to an infectious patient after flights
less than 9 hours in duration [30, 31]. Finally,
the risk of conversion appears much greater for
those seated within two rows of an infectious
passenger on airlines with a laminar air flow
system [32]. Based on this information, the
CDC recommended that “those known to be
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infectious travel by private transportation rather
than by commercial aircraft” [28].

The CDC has also suggested three criteria to
determine which passengers and flight crew
members should be notified of the possibility of
tuberculosis exposure [28]. First, the person with
tuberculosis was infectious at the time of the
flight. Infectiousness can be assumed if the per-
son was symptomatic with acid-fast bacilli (AFB)
smear-positive, cavitary pulmonary, or laryngeal
tuberculosis or has transmitted the disease to
household or other close contacts. Second, the
exposure was prolonged (i.e., duration of flight
exceeded 8 hours). Finally, passengers and flight
crew who were at greatest risk for exposure based
on proximity to the infectious passenger should
be given priority for notification. Routine tuber-
culosis screening for airline crew members has
not been recommended as an occupational health
measure.

Influenza

Air travel has significantly altered the epidemi-
ology of influenza. Since the 1950s, it has
become clear that influenza pandemics have
followed major air transportation routes.
Influenza has also been transmitted during
flight. Because of confinement in a closed space
associated with flight, these cases most likely
constitute common-source, single-exposure
outbreaks rather than the usual linear “person-
to-person-to-person” epidemics.

Based on published reports, several conclu-
sions can be drawn. First, prolonged ground
delays may increase the risk, especially if the air
ventilation system is not functioning. In one such
report, 72% of the passengers became ill and
there was a strong association of the rate of ill-
ness with the duration of exposure to the ill pas-
senger [33]. Thus, a second conclusion is that the
length of exposure is important. But, in contrast
to tuberculosis, even patients exposed for less
than 1 hour appear to be at significant risk. Third,
the attack rate of influenza aboard a well-
ventilated airliner appears to be higher than the
general community attack rate during epidemics

(10-20%) but less than the rate for boarding
schools or nursing homes (>50%) [34].

A major problem with influenza is that indi-
viduals do not show signs of infection until sev-
eral days after they have become infected. During
this time, the influenza virus multiplies in the
cells lining the upper respiratory tract and sheds
into the environment around the infected indi-
vidual. The infected person may feel slightly
unwell but nowhere ill enough to miss work or
travel, and they can transmit the virus to others
around them. Individuals infected with influenza
A virus are usually infectious for at least 1-2 days
before the onset of symptoms. After several days
of infection, individuals develop fever and the
other classical symptoms of influenza, and they
remain infectious up to 5-7 days after becoming
ill [35]. Infants and immunocompromised indi-
viduals can shed influenza virus particles for up
to 21 days.

Respiratory protection alone is not fully protec-
tive against influenza virus exposure, infection, and
severe disease because the human eye is a target for
entry of some influenza A virus strains into the
human respiratory tract. Both the cornea and the
conjunctival epithelial cells contain the sialic acid
molecules that serve as the receptors for the H pro-
tein of the influenza virus [36]. When the human
eye contacts a suspended small-particle influenza
virus-laden aerosol from an infected patient’s
cough or sneeze, surface tension can draw the viral
particles to the epithelial cells onto the ocular sur-
face where they adhere. Once adherent, the naso-
lacrimal drainage system can drain attached viruses
from the eye surface through the tear ducts into the
nasopharynx within 30 minutes.

Measles

Measles is one of the most contagious infectious
diseases, with an attack rate of about 80%
among susceptible, casual contacts. Spread by
droplet nuclei, virions can survive in the air for
several hours. During the early 1980s, more
than 500 measles cases per year were either
imported to the United States or acquired from
imported cases. Most of the imported cases
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were associated with air travel, and several sec-
ondary cases were acquired during flight [37].

An important aspect of measles transmission
is that it may occur before the patient becomes
symptomatic, a day or two before the end of the
incubation period. In one report, eight passengers
became infected on a single flight even though no
ill or coughing passengers were observed during
the flight [38].

Smallpox

During the Intensified Smallpox Eradication
Program (1967-1980), concern was extremely
high that smallpox would be reintroduced to
Europe or the United States from endemic areas
by air travel. Consequently, smallpox vaccina-
tions and boosters were recommended for national
and international flying personnel [39]. From
1959 to 1973, 27 of the 29 known cases of small-
pox imported to Europe were associated with air
travel. None were acquired during flight, as all
case patients traveled during the incubation period
[40]. There is one case of potential infection dur-
ing air travel, but it is unclear whether transmis-
sion occurred in the air or in a terminal [41].

Viral Hemorrhagic Fevers

Viral hemorrhagic fevers (VHFs) are caused by a
taxonomically diverse group of RNA viruses and
feature a febrile syndrome with severe vascular
abnormalities. In general, they are associated
with high rates of morbidity and mortality. With
the exception of Lassa fever, little is known about
their transmissibility during air transport.

Prior to the Ebola outbreak of 2014-2015,
much of the attention paid to AE for viral hem-
orrhagic fevers focused on Lassa fever. The
mortality and communicability of Lassa fever
had engendered a cautious approach to these
patients in the West from both the medical and
aeromedical communities. As reported above,
an infected patient transported from Lagos to
Germany was the sole patient on a C-141, and
the patient together with the aeromedical crew

were quarantined from the flight crew [22].
Perhaps the most unusual AE in history occurred
when a CDC worker with Lassa fever and his
wife were transported from Sierra Leone to the
United States on a C-141 [42]. For lack of an
isolation chamber, they were both sealed for the
duration of the flight in an Apollo space capsule
that had been flown from a US military ware-
house in Germany.

Fortunately, the risk of transmission of Lassa
fever, both on the ground and during commer-
cial flight, appears to be low. There have been
two reports of inadvertent exposure of large
numbers of susceptible individuals to patients
with Lassa fever in Western hospitals without
evidence of secondary transmission [43, 44]. On
at least four occasions, passengers with Lassa
fever have traveled on commercial overseas
flights without a single secondary case occur-
ring [42—45]. This suggests that the apparently
high transmission rate of Lassa fever in West
African hospitals may be due to local infection
control practices [43, 45].

Based on these reassuring reports, it was sug-
gested that Lassa fever patients could be safely
transported by AE using simple barrier infection
control techniques [43, 46]. However, the WHO
strongly discourages the transport of Lassa fever
patients from endemic to non-endemic areas,
stating that this should be undertaken only in
exceptional circumstances and should be accom-
plished using special precautions including high-
containment isolators [47].

The Ebola outbreak of 2014-2015 provided
the largest experience for the AE of patients with
viral hemorrhagic fevers. A number of healthcare
workers who acquired the infection while caring
for patients in West Africa were transported to
healthcare facilities in developed countries for
treatment. While several of these patients were
transported by military services [20], the major-
ity of patients were transported using civilian air-
craft that were contracted to provide AE services
by government agencies [48]. Phoenix Air, a
commercial transport service based in the United
States, transported 21 confirmed Ebola patients
and 19 high-risk exposures [49]. In all cases, AE
providers used special precautions and some
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form of high-containment isolation system dur-
ing transport. There were no reported cases of
Ebola transmission to the healthcare workers or
personnel of these AE flights.

Severe Acute Respiratory Syndrome
(SARS)

The international spread of respiratory disease
due to the severe acute respiratory syndrome
(SARS) coronavirus was accelerated by long-
distance travel of symptomatic and incubating
patients from Hong Kong to Vietnam, Canada, the
United States, and Europe [50]. The risk of trans-
mission during air travel was underscored by a
cluster of 22 cases acquired during a flight from
Hong Kong to Beijing, traced to a 73-year-old
superspreader. However, another flight carrying
four symptomatic patients led to only one second-
ary case, and a flight carrying a patient during
incubation resulted in no additional cases [51].
Surveillance of passengers in seven flights carry-
ing symptomatic SARS patients to the United
States identified no transmission events [52]. An
analysis of SARS transmission during commer-
cial flights carrying symptomatic SARS patients
to Singapore disclosed transmission in only one
of three flights, for an attack rate of less than 1%.
The authors concluded that SARS was less com-
municable than influenza during air travel [53].

In-Flight Preventive Measures

The most effective method to minimize disease
transmission is to defer AE of infectious patients
until after the period of communicability.
Unfortunately, there are many situations in which
infectious patients must be evacuated, and AE
planners must be ready to respond.

Early diagnosis of communicable diseases is
the key to prevent transmission. Only then can
disease-specific, transmission-based precautions
be promptly implemented. Attempts are currently
underway to develop portable, rapid diagnostic
tests, such as enzyme-linked immunosorbent
assays and genetic typing, which can be used in

the field. In the presence of a biologic warfare
threat, patients will be screened for incubating
infections (e.g., smallpox) prior to being trans-
ported for other indications to minimize the risks
of evacuation-related epidemics.

When a casualty is determined to be infec-
tious, the most obvious preventive measure
would be to defer AE until after the communica-
ble period. However, such casualties might need
evacuation sooner for tactical or other reasons.
The use of restricted flights for transportation of
cohorts with specific communicable diseases
would obviate the risk of patient-to-patient trans-
mission but offer little protection to either the
aeromedical or flight crews.

When transporting any infectious patient,
standard infection control practices are essential.
Additional transmission-based precautions are
necessary for certain infections. CDC guidelines
mandate the use of surgical masks for diseases
transmitted by droplets (e.g., influenza) and fit-
tested HEPA-filtered masks for diseases trans-
mitted by droplet nuclei (e.g., tuberculosis) in
hospitals. These guidelines have been adapted for
use in aircraft [54]. The USAF is currently devel-
oping a comprehensive regulation on infection
control on aircraft.

Judicious patient placement should be used to
minimize the transmission of disease by respira-
tory droplet or droplet nuclei based on the venti-
lation characteristics of the specific aircraft. For
example, infectious patients are placed as far aft
and as low as possible in the C-9A but as far aft
and as high as possible in a C-141 [8]. The venti-
lation pattern of the C-17 transport remains to be
characterized [9].

The C-130 is potentially the most problem-
atic from an infectious disease perspective
because cabin air is vented out through the
cockpit [10]. In high-risk situations, the flow of
cabin air can be reversed aftward by opening
the safety valve located in the cargo door [55].
Unfortunately, the aircraft cannot be pressur-
ized in this configuration, necessitating an alti-
tude restriction. As an additional protective
measure, the recirculation fan in the cargo
compartment can be turned off to prevent recir-
culation of droplet nuclei.
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In a commercial airliner, HEPA filtration con-
fers some level of protection. This may become
an important factor in a large conflict, where
Boeing 767 passenger aircraft might be used to
transport a large number of potentially infectious
ambulatory patients. However, this is unlikely to
be a major benefit to AE, since the Civil Reserve
Air Fleet (CRAF) program, wherein Boeing 767s
could be converted into air ambulances, no lon-
ger exists (see Chap. 8).

Another possible approach is airflow compart-
mentalization, where plastic partitions, neutral
zones, contaminated zones, and pressure gradi-
ents are used in an attempt to minimize cross-
contamination [22]. Although this approach
might be considered in exceptional cases, no pro-
tocols for these measures currently exist for use
in US AE aircraft, primarily because they have
yet to be proven effective in practice.

High-Containment Isolation Systems

High-containment isolation systems can be used
for transporting a limited number of patients with
highly contagious, potentially lethal diseases.
Unfortunately, these isolators are limited in both
number and capability and require specially
trained teams of medical personnel. These isola-
tors are necessary for the implementation of the
extremely strict CDC infection control guidelines
for the care and AE of patients with infections
such as arenavirus, filovirus, and bunyavirus hem-
orrhagic fevers [37, 56-59]. They have been
deployed for evacuating patients with suspected
or proven VHF and active pulmonary tuberculosis
[20, 48, 60, 61]. Although valuable for evacuating
limited numbers of patients, they would not be
suitable for evacuating mass casualties. A number
of isolators are currently available. Table 20.1

compares and contrasts the capabilities of current
high-containment isolation systems.

Air Transportable Isolator (ATI)

The air transportable isolator (ATI) is the oldest
isolator that is currently in use (Fig. 20.1) [59].
Phillip Trexler developed the first model in 1975
to provide care for patients with severe immuno-
deficiency based on technology that was used for
gnotobiotic animal research [62]. Two years later
he developed a negative pressure version of the
ATI to isolate patients with high consequence
pathogens [63].

The ATTI is a transparent polyvinyl chloride
envelope suspended on a portable frame (221 cm
x 69 cm x 86 cm; weight 112 kg). The envelope
incorporates gloved sleeves, “half-suits,” and
transfer and docking ports for patient ingress and
egress and for introducing supplies. Negative air
pressure is maintained by an electrical air han-
dling system powered by either the aircraft elec-
trical system or rechargeable portable batteries.
HEPA filters are utilized on both the air intakes
and exhaust.

Challenge studies demonstrated that the sys-
tem contained aerosolized bacteriophage during
isobaric and hypobaric conditions and could
withstand rapid decompression. The isolator can
be equipped with portable oxygen tanks, cardiac
monitors, pulse oximeters, intravenous fluids and
tubing, medications, sphygmomanometers, and
defibrillators. To minimize the risk of puncturing
the isolator, phlebotomy is minimized, and a
needleless intravenous (IV) system can be used.
Sharp instruments are avoided.

Communication between patients and caregiv-
ers is limited by poor sound transmission through
the envelope, noise generated by the air exchange

Table 20.1 Comparison of current high-containment isolation systems

ATI ABCS CBCS TIS
Max no. of patients 1 1 4 8
Direct patient care Limited Yes Yes Yes
Aircraft C-17 Gulfstream G-III Modified Boeing 767 C-17, C-130

ATI air transportable isolator, ABCS aeromedical biological containment system, CBCS containerized biocontainment

system, 71S transportation isolation system
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system, and background aircraft noise but can be
improved with handheld two-way radios. Physical
examinations are difficult to conduct through the
gloved sleeves. Suction capabilities are limited,
and mechanical ventilation is not feasible.

Contraindications to transport in the Vickers
ATT included acute respiratory failure or the pres-
ence of gas trapped within closed body cavities
that may pressurize at high altitudes (e.g., pneu-
mothorax, ileus, or bowel obstruction) [64, 65].

The US Army Medical Research Institute of
Infectious Diseases (USAMRIID) used the ATI
as part of its Aeromedical Isolation Team until
2007 [66]. The ATI was used in the AE of two
Ebola patients to the United Kingdom by the
Royal Air Force (RAF) during the 2014-2015
Ebola outbreak. Prior to the Ebola outbreak, the
RAF had maintained three ATIs and had used
them on only four occasions. During the out-
break, the RAF increased their capacity to 28
isolators.

Aeromedical Biological Containment
System (ABCS)

In 2005, Phoenix Air was asked by the CDC to help
develop a transport system for patients with
SARS. Manufactured by Production Products in
St. Louis, the result was the Aeromedical Biological
Containment System (ABCS) (Fig. 20.2). While
the ABCS was never used to transport SARS
patients, the US Department of State enlisted
Phoenix Air to use the ABCS for AE of two US
medical personnel who contracted Ebola in West
Africa in 2014.

Providers are required to wear personal protec-
tive equipment in order to enter the ACBS con-
tainment area and provide care. This is in contrast
to the ATI, which contains the patient and allows
providers external access. The ABCS uses a metal
exoskeleton to support an internal plastic liner
that creates an airtight isolation chamber. The
patient is placed in the chamber, and an anteroom

Fig. 20.2 The Aeromedical Biological Containment
System (ABCS) was used by Phoenix Air to transport
Ebola patients to the United States and Europe during the

2014-2015 outbreak on a modified Gulfstream G-III.
(Photos courtesy of Michael Fleuckiger from Phoenix
Air)
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allows healthcare personnel to don personal pro-
tective equipment (PPE) before entering. The
chamber is maintained at negative pressure using
an air pump, and both the air intake and exhaust
are HEPA filtered. Exhaust air is pumped through
a valve in the aircraft fuselage. The entire cham-
ber is placed inside a modified Gulfstream G-III
aircraft, in which the direction of cabin air has
been reversed to flow fore to aft. The ABCS was
used for 38 transports during the Ebola outbreak
of 2014-2015 [49, 67].

Containerized Biocontainment
System (CBCS)

Recognizing that the ABCS is only able to
transport one patient at a time, Phoenix Air
worked with the Paul G. Allen Foundation, the
US Department of State, and MRIGlobal to cre-
ate the Containerized Biocontainment System

(CBCS) (Fig. 20.3). The CBCS is a 44-foot
cargo container that can hold up to four patients
who all have the same highly infectious dis-
ease. The container has a medical staff room, an
anteroom, and a patient treatment area. The
entire container is maintained under negative
pressure, and air intake and exhaust are HEPA
filtered. Two containers can fit in a modified
Boeing 747 or a military cargo transport [49,
68]. While the CBCS has not been used to
transport a confirmed patient, it has been used
in three large-scale drills, including the interna-
tional transport of 11 standardized patients
from Sierra Leone to the United States as part
of Operation Tranquil Shift in 2017 [69].

Transportation Isolation System (TIS)

In response to the Ebola outbreak, the USAF
worked with Production Products to develop

Fig. 20.3 The Containerized Biocontainment System
(CBCS) was developed to transport up to four patients
with highly infectious diseases on a modified 747 or mili-

tary cargo plane. (Photos courtesy of Michael Fleuckiger
from Phoenix Air)
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the Transportation Isolation System (TIS). The
TIS is similar in design to the ABCS in that it
has an exoskeleton that is draped with plastic
sheeting. The TIS is modular and can combine
two patient care pods, each with the capacity to
hold four patients. The entire unit is under neg-
ative pressure and has an anteroom for provid-
ers to don PPE. All intake and exhaust air is
HEPA filtered. The TIS can be loaded onto a
C-17 or C-130 Super Hercules. In total, the Air
Force commissioned 25 TIS units during the
Ebola outbreak [70]. While it has never been
used for confirmed case transport, the TIS has
been successfully deployed in several military
exercises (Fig. 20.4).

Fig.20.4 The USAF
Transportation Isolation
System (TIS) is a
modular system that can
transport up to eight
patients with highly
infectious diseases. AE
crew members wearing
personal protective
equipment are exiting
the TIS during Exercise
Mobility Solace at Joint
Base Andrews,
Maryland (US Air Force
Photo/Airman Megan
Munoz)

Aircrew Chemical/Biological
Protective Systems

Aircrew Eye/Respiratory Protection
(AERP) System

The USAF has anticipated the possible future
challenge of operating in a chemically contami-
nated environment by introducing the Aircrew
Eye/Respiratory Protection (AERP) system,
which is in essence a gasmask for aviators
(Fig. 20.5) [71]. Transport aircraft have been
equipped with the AERP system, and these could
be used to protect aeromedical crew members
from infection. The system consists of a mask-
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Fig. 20.5 An aircrew
member wears the
XMG69 Aircrew
Chemical, Biological,
Radiological, and
Nuclear (CBRN)
Defense system while
standing next to a
mannequin wearing the
legacy US Air Force
Aircrew Eye/Respiratory
Protection (AERP). (US
Air Force photo/Senior
Airman Zachary
Cacicia)

hood assembly, a blower, and an intercommunica-
tion unit. The C-9A, which is no longer in service
with the USAF, could be configured to carry eight
AERP stations located throughout the aircraft.
There are fewer such stations on the C-17, C-130,
and C-141 aircraft.

During flight, regulated aircraft oxygen is
passed through the filter/manifold subassembly
to the mask for breathing, while filtered ambient
air is used to provide visor defogging. On the
ground, filtered ambient air is used. The AERP
blower is powered by the aircraft electrical sys-
tem or by batteries. The AERP system is avail-
able in most aircraft used for military AE, and all
aeromedical crew members routinely train for its
use during emergencies [72].

Aircrew Chemical, Biological,
Radiological, and Nuclear (CBRN)
Defense System

The newest USAF chemical biological protec-
tive system, the XM69 Aircrew Chemical,
Biological, Radiological, and Nuclear (CBRN)
Defense system, was developed in conjunction
with the Department of Defense [73]. This sys-
tem is to be utilized by aviators from all four US
military branches.
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The system is designed to be more comfort-
able and with decreased acquisition and sustain-
ment costs. It is currently undergoing testing and
evaluation to establish reliability and determine
maintainability. The goal is to replace all AERPs
with the XM69 system for all aircrew members,
regardless of the airframe they fly.

US Military Policies for Evacuating
Contagious Patients and Biologic
Warfare Casualties

Historical Review

Aeromedical evacuation of US service mem-
bers with contagious diseases has been rou-
tinely undertaken since the establishment of a
military AE service in 1942. During World War
II, C-46 Commandos, C-47 Skytrains, and C-54
Skymasters were reconfigured to carry litters
after unloading military cargo, becoming air
ambulances on their return flights to the United
States [74].

Air transportation was soon determined to be
the most desirable method of evacuation for all
but the sickest of active tuberculosis patients
[75]. Those with large tension cavities or thera-
peutic pneumothoraces could not be moved by
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air because intrapleural gas volume would dou-
ble as these unpressurized aircraft ascended
from sea level to 18,000 ft. In most cases,
patients were held at hospitals of embarkation
until a sufficient number accumulated to fill a
dedicated flight of tuberculosis patients. A
trained nurse was usually present, and strict
“sanitary precautions” and “proper isolation”
were practiced. However, the aeromedical per-
sonnel were not screened with tuberculosis
skin tests [75]. Consequently, the number of
new tuberculosis infections occurring during
these early air evacuations is unknown.

In 1954, the first aircraft specifically
designed and dedicated to routine air medical
transport, the C-131A Samaritan, entered ser-
vice. It could carry specialized medical equip-
ment and was capable of cabin pressurization.
In 1961, the Boeing 707 jet was modified by the
military to become the C-135 Stratolifter and
soon became the mainstay of the first perma-
nent intercontinental airlift system. Meanwhile,
the C-130 Hercules began to see use for tactical
AE. In 1965, the C-141 Starlifter began to
replace the C-135 for strategic (i.e., overseas)
AE. This jet aircraft represented a quantum
increase in patient load, range, speed, and con-
trol of cabin environment.

During the Vietnam War, helicopters moved
wounded from the battlefield to medical treat-
ment facilities in rear areas. From there, C-130
Hercules, C-123 Providers, and C-7 Caribous
moved them to rear airfields, where C-141
Starlifters embarked on intercontinental routes.
AE became so efficient that evacuees were
sometimes received in a continental US medi-
cal facility within 24 hours of wounding.
Large-scale actions in Vietnam in 1968 demon-
strated the ability of the AE system to success-
fully respond to periodic surges of patients.

In 1968, the USAF received its first C-9A
Nightingale, a military version of the
McDonnell Douglas DC-9  specifically
designed and dedicated for AE. New features
included a special area for patient isolation and
intensive care, a hydraulic ramp to facilitate

enplaning of litter patients, integrated electri-
cal and suction outlets, and medical supply and
storage equipment cabinets. The C-9A fleet
was decommissioned in 2005. The USAF cur-
rently conducts aeromedical evacuation by
adapting a variety of aircraft including the C-
130 and C-17.

The cornerstone of the current infection
control program is adherence to the CDC
guidelines for infection control. Any infections
thought to have been acquired during AE are to
be reported to the Air Mobility Command
Surgeon’s Office, Scott Air Force Base (AFB),
Illinois. To date, no cases have been reported.

Biologic Warfare Casualties

Military doctrine regarding all aspects of the
medical management of biologic warfare casu-
alties, including AE, is currently under develop-
ment. Much of the existing joint and USAF
doctrine relevant for the AE of nuclear, biologic,
and chemical casualties does not clearly differ-
entiate between these three groups. Clearly,
there are significant differences among the dis-
eases produced by these three weapons of mass
destruction.

The USAF Surgeon General has developed
interim guidelines for the AE of biologic war-
fare casualties. These guidelines are based on
rational infection control procedures recom-
mended for the infectious diseases caused by
potential agents. Before these interim guide-
lines can be implemented locally, they must be
approved by the appropriate theater com-
mander-in-chief (a nonmedical general officer)
and theater surgeon.

A key element of any successful approach to
the treatment and transportation of biologic
warfare casualties is early and rapid identifica-
tion of exposure, clinical diagnosis, and labora-
tory confirmation using field diagnostic tests
[76]. To meet this need, the USAF is preparing
to deploy multiple specialized teams and has
developed a portable device that can quickly
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identify organisms by genetic typing. It is now
projected that these teams will interface with the
AE system as integral components of aeromedi-
cal staging facilities.

International Legal and Regulatory
Aspects

In the 1970s, widely publicized outbreaks of
Lassa and Ebola fevers in Africa spurred consid-
erable interest among airline officials and public
health authorities. In retrospect, inappropriate and
unnecessary measures were instituted at airports
in many countries to minimize the risk of disease
importation. In commenting upon what he consid-
ered a deplorable state of affairs, Michel Perin of
Air France’s Central Medical Service wrote:

Most airline companies refuse to admit aboard pas-
sengers known, or believed, to have contagious
diseases. Such stringency can scarcely be justified
by reference to laws or regulations, whether
national or international. It introduces the risk of
arbitrary, mistaken, or prejudiced conduct. It does
not seem logical because airlines learn about only
a small fraction of the contagious persons who
travel, and public health is much more greatly
endangered by unknown infectious persons.
Normal hygienic conditions aboard planes usually
suppress the risk of contagion of most diseases.
The possibility of refusing admission should be
given to airlines in certain cases, according to their
doctor’s appreciation. [77]

Perin suggested that exclusionary rules should
be applied “only against someone who refuses to
comply, or seems incapable of complying, with
the conditions intended to make him harmless, or
against someone who has such an infectious dis-
ease that it would be impossible to make him
harmless to others” [77].

Insight into how the international community
reacts to even rumors of highly contagious dis-
eases among airline passengers can be gleaned
from events of August and September 1994. An
epidemic of plague in the Indian city of Surat
resulted in panic and chaos. Many of the inhab-
itants, including most physicians, evacuated
themselves from the city. Panic spread rapidly

to commercial air carriers, with all but two
international airlines canceling flights to India.
Indians deplaning at airports around the world
were evaluated for signs of plague, and, in
Canada, airport workers donned gloves and
masks [78]. Eleven febrile Indian passengers
were promptly quarantined when they deplaned
in New York City. None had plague, but four
were found to have malaria, one had dengue
fever, and one had typhoid fever [79].

The most recent experience with Ebola in
2014-2015 further highlighted the potential for
panic in response to a highly infectious disease.
After the start of the outbreak, several US law-
makers called for a complete travel ban on indi-
viduals from Liberia, Sierra Leone, and Guinea,
despite the fact that such a ban would be
extremely difficult to enforce and would have had
a negative economic impact on those countries in
the midst of a crisis [80]. In a somewhat ironic
display of paranoia, the Louisiana Department of
Health and Hospitals, in conjunction with the
Governor’s Office for Homeland Security and
Emergency Preparedness, banned individuals
who had traveled to those West African countries
from attending the American Society of Tropical
Medicine and Hygiene conference in New
Orleans [81].

Ultimately, several countries, including the
United States, implemented extensive travel
screening protocols at airports to detect patients
at risk for Ebola and to monitor them for develop-
ment of disease once they entered the country
[82]. The US restricted entry from Ebola-affected
countries to five designated airports [83]. Two
individuals developed active Ebola infection after
arriving by international flight [83, 84]. A third
patient, a nurse who contracted the disease while
caring for the first Ebola patient in the United
States, traveled by domestic airline before she
became symptomatic [85]. There were no
reported cases of Ebola transmission on any
international or domestic flights. It has been pos-
tulated that enhanced travel and border health
measures helped to curtail the spread of the out-
break [82]. However, an extensive review by the
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Department of Homeland Security Inspector
General found several serious deficiencies in the
US Ebola screening effort [86].

The WHO International Health Regulations
(IHR) (2005) [87] stipulate that the pilot in com-
mand of an aircraft is required to inform authori-
ties at destination airports of any health concerns
stipulated by “Article 38 Health Part of the
Aircraft General Declaration” (unless not
required by the destination “State Party”) before
or at the time of landing. The Declaration requires
reporting of passengers or crew who may have a
communicable disease, described as a fever (tem-
perature 38 °C/100 °F or greater) associated with
one or more of the following signs or symptoms:
appearing obviously unwell; persistent coughing;
impaired breathing; persistent diarrhea; persis-
tent vomiting; skin rash; bruising or bleeding
without previous injury; or confusion of recent
onset, as well as cases of illness disembarked
during a previous stop, and information on treat-
ments received during the flight.

The IHR also stipulates that:

The Aircraft shall not be prevented for public
health reasons from calling at any point of entry.
However, if the point of entry is not equipped for
applying health measures, the aircraft may be
ordered to proceed at its own risk to the nearest
suitable port of entry, unless the aircraft has an
operational problem which would jeopardize
safety. The aircraft may be restricted to a particular
area of the airport with no embarking and disem-
barking. However, the aircraft shall be permitted to
take on, under supervision of the competent
authority, fuel, water, food and supplies. [87]

If disembarking is allowed, public health
authorities may implement options that range
from quarantine, isolation, and treatment, placing
suspect persons under health surveillance, to no
specific health measures.

US Military Regulations
The US military services have regulations that

govern the transport of infected passengers. One
of the most relevant of these regulations for the

AE of potentially contagious patients is USAF
Regulation 1614, which requires aircraft com-
manders to request an inspection by a quarantine
official when an ill passenger has any of the fol-
lowing symptoms and signs: (1) a temperature of
100 °F (38 °C) or greater accompanied by a rash,
lymphadenopathy, or jaundice, or that has per-
sisted for over 48 hours; (2) diarrhea defined as
three or more loose stools or a greater than nor-
mal amount of loose stool for that person in a
24-hour period; and (3) death due to illness other
than physical injuries [88]. The implications of
this relatively imprecise and abstruse statement
could be considerable. Medical planners must be
aware of these regulations because failure to
implement their provisions may have interna-
tional repercussions.

Unanswered Questions

Certain aspects of our current understanding of
the AE of contagious patients remain unresolved.
We offer the following questions about issues
that may warrant future research:

1. Will additional smoke and simulant dispersal
studies be done in various current AE aircraft
to determine optimal aircraft type and patient
configurations for AE of patients with conta-
gious diseases?

2. Would the use of HEPA-filtered recirculated
air reduce the risk of disease transmission in
USAF aircraft that could potentially be used
for tactical or strategic AE?

3. What is the utility of ultraviolet (UV) light in
reducing transmission of airborne infections
in aircraft?

4. What is the role of methods such as vaporized
hydrogen peroxide in decontaminating air-
craft after transport of patients with highly
infectious diseases?

5. Should the United States pursue international
agreements regarding the entry of military air-
craft carrying contagious disease patients into
other countries under certain conditions?
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