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Abstract: Pneumonic plague outbreaks are relatively infrequent in modern times, but in the early
part of the 20th century, they were commonplace including several well-documented epidemics
responsible for the deaths of thousands. The transmissibility of this disease seems to be discontinuous
since in some outbreaks few transmissions occur, while in others, the progression of the epidemic
is explosive. Modern epidemiological studies explain that transmissibility within populations is
heterogenous with relatively few subjects likely to be responsible for most transmissions and that
‘super spreading events’, particularly at the start of an outbreak, can lead to a rapid expansion of
cases. These findings concur with outbreaks observed in real-world situations. It is often reported
that pneumonic plague is rare and not easily transmitted but this view could lead to unnecessary
complacency since future risks such as the spontaneous incidence of anti-microbial strains, climate
change leading to a disruption of natural cycles within plague foci and use of plague as a bioweapon
cannot be discounted. Carers and first responders are vulnerable, particularly in poorer countries
where access to medicines and protection equipment may be limited, outbreaks occur in inaccessible
areas or where there is a lack of surveillance due to a paucity of funds.
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1. Introduction

Plague is a life-threatening zoonotic disease caused by the bacterium Yersinia pestis
(Yp) which is generally acknowledged by historians and biologists to have caused the
1st and 2nd pandemics, also known as the Plague of Justinian and the Black Death, as
well as the ongoing 3rd pandemic [1,2]. It now seems that this pathogen was endemic in
the human populations of Eurasia dating at least 3000 years ago with the possibility that
this ancestral strain of Yp could cause pneumonic plague but lacked the virulence factors
necessary to cause bubonic plague although this interpretation of the data is subject to
debate [3,4]. Several forms of plague are recognised, the most common being bubonic,
septicaemic and pneumonic plague which are distinguished by their mode of transmission,
infection site and symptomology. Bubonic plague is famously characterised by swellings of
the lymphatic glands known as buboes and is usually the result of transmission from an
infected rodent host, via an insect vector. In this form plague is not readily transmittable
from person-to-person although some workers believe that human ectoparasites, such as
lice or fleas, can play a role under certain circumstances [5]. Septicemic plague, is charac-
terised by high bacteraemia, without evidence of lymphatic swellings, usually resulting in
overwhelming endotoxemia that is fatal if untreated promptly. In this case, the primary
infection site is often a flea bite but the disease rapidly progresses to the septicaemic form if
the lymphatic defences are breached [6]. Primary pneumonic plague, which is the focus of
this paper, is typified by an overwhelming pneumonia, often accompanied by coughing
and haemoptysis, and is transmitted between humans via droplet infection [7]. Secondary
pneumonic plague can occur when the primary infection site is an insect bite but the vascu-
lar spread results in an infection in the lung which can then be transmitted from person to
person by droplet infection. It is also the case that some individuals who are infected via the
respiratory route may develop overwhelming sepsis before pneumonia and haemoptysis

Hygiene 2022, 2, 14-27. https:/ /doi.org/10.3390/hygiene2010002 https://www.mdpi.com/journal /hygiene


https://doi.org/10.3390/hygiene2010002
https://doi.org/10.3390/hygiene2010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hygiene
https://www.mdpi.com
https://orcid.org/0000-0001-9743-5075
https://doi.org/10.3390/hygiene2010002
https://www.mdpi.com/journal/hygiene
https://www.mdpi.com/article/10.3390/hygiene2010002?type=check_update&version=2

Hygiene 2022, 2

15

can develop; then cardiac failure may be sudden and brought about by slight exertion [8].
Pneumonic plague (PP) presents a significant threat to public health because, if untreated
by antibiotics, it has a mortality rate approaching 100% [9]. It is also considered feasible
by some that Yp in its aerosol form could be used as a biological weapon of war or in a
terrorist attack [10].

In view of the undeniable lethality of the plague bacillus when introduced by droplet
infection, PP has been the subject of considerable research interest [8,9,11]. However, it is
frequently repeated that this form of the disease is rare [12,13] with one research group
maintaining that interhuman transmission may be due mainly to human ectoparasites,
such as body lice and fleas rather than aerosol transmission [14]. Furthermore, some
investigators have stated that PP is highly contagious [15] whilst others have taken the view
that it is ‘not easily transmitted” some even suggesting that, in locations where protective
masks are unavailable, and chemoprophylaxis is not routinely given to health workers,
simple measures such as minimising contact time with patients or asking them to turn
away whilst being examined are sufficient to protect against transmission [16]. If PP
outbreaks are indeed rare events, and if the disease is not easily transmitted, perhaps it can
be largely ignored being an insignificant danger to humans. However, the current opinion
as expressed by the World Health Organisation remains as follows [17]:

“Pneumonic plague must be considered highly contagious whenever it occurs, al-
though person-to-person transmission is most likely in cold humid environments
coupled with overcrowding.”

It should also be noted that the current WHO advice on handling patients recommends
‘droplet precautions’ including patient isolation, spatial separation of at least two meters,
mask wearing and appropriate post-exposure antimicrobial prophylaxis [18]. This paper
seeks to review the evidence which might predict the likelihood of PP outbreaks in the
future and, if they do arise, how easily will Yp transmit in a human population.

2. The Location and Frequency of PP Outbreaks

Yp remains established in persistent enzootic foci (the bacteria, an animal reservoir
and a vector) found on all continents except Oceania. (Figure 1). It is especially at home
in populations of small mammals, typically rodents, but even so, the range of infected
species within a focus can be much wider than this and include predators such as coyotes,
bobcats and black bears as seen in the Western United States [19]. Some foci, for example
those found across the territories of the Russian Federation and former Soviet republics,
are believed to be ancient [20] whilst others such as the island of Madagascar [12] or the
Mid-West of America are more recent, being the product of communication and trade [19].
There is a risk of human plague wherever the presence of plague natural foci and human
populations co-exist. Thus, plague epidemics tend to occur in Africa, Asia, North and South
America but more recently the most endemic countries include the Democratic Republic of
Congo, Madagascar, and Peru [21].

In the latter part of the 20th century plague, including both the bubonic and pneu-
monic varieties, seemed to have been on the wane. For instance, it had been observed
that in Madagascar, which has remained a natural focus for plague since its introduction
in 1898 [22], PP cases decreased during the second half of the 20th century [23], whilst in
a series of four epidemics from 1995 to 1998 the lack of pneumonic cases was said to be
‘remarkable’—being attributable to the efficacy of plague control programmes, chemopro-
phylaxis for contacts and the intensity of control measures incorporating rapid recourse
to health structures [24]. The World Health Organisation (WHO) also stated that “The
decrease in the incidence of plague today is due primarily to the improvement of living
standards and health services in many countries ... and primary pneumonic plague, the
most epidemic form of the disease, has been reduced nearly to zero” [25]. However, since
these statements were made, a significant outbreak of plague in occurred in Madagascar
(2017) when 2414 plague cases were reported of which 78% were pneumonic [26]. This out-
break exemplifies an alarming feature of plague in that it can seem to disappear indefinitely
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but then re-emerge suddenly, despite improvements in treatment and surveillance [27].
Since the start of the 20th century, PP has presented itself as an assortment of both large and
small epidemics worldwide. Early on, there were many recorded outbreaks in Africa, Asia,
the Americas and Europe which were collated by Wu Lien-Teh in his 1926 Treatise [28].
Certainly, based on Wu’s analysis it seems unconvincing to apply the adjective ‘rare” to PP
in the first quarter of the 20th Century. It seems that the origin of this opinion can be traced
back to the British Indian Plague Commission [29] (IPC) which concluded that:

“Pneumonic plague is highly contagious. It is, however, rare (less than 3 per cent.
of all cases) and plays a very small part in the general spread of the disease.”

The opinion has been restated more recently by Seal [13] who wrote:

“The incidence of pneumonic plague in India is generally below 1% and has
never exceeded 3% in any year since 1895.”

Global distribution of natural plague foci
as of March 2016
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legal status of any country, territory, city or area or of its authorities, or concerning the delimitation
of its frontiers or boundaries. Dotted lines on maps represent approximate border lines for which
Source: WHO/PED, as of 15 March 2016 there may not yet be full agreement.

© WHO 2016. Al rights reserved

Figure 1. Global distribution of natural plague foci as of March 2016.

However, these views were not entirely consistent with the facts available at the time
they were expressed, since a report compiled for the Municipal Commissioner on the
plague in Bombay for the year ending 31 May 1899, based on the returns from hospitals in
that city, stated that of 9493 cases, 16% had no buboes. 5.3% of the sample were identified
as being primary pneumonic plague with an additional 3.7% identified as secondary
pneumonic plague [30,31] suggesting that the figures given by the IPC may not have
been universally representative. Another problem associated with statistics gleaned from
hospital admissions, is that the frequency of presentation of PP and bubonic cases is likely
to be skewed toward the bubonic type. This is because PP cases have a shorter duration
of illness, a greater tendency towards incapacity and higher mortality than bubonic cases.



Hygiene 2022, 2

17

Thus, the proportion of PP cases physically able to present is likely to be lower than that
of the bubonic cases. Further evidence was obtained from a series of PP outbreaks in
Punjabi villages which led the author to suggest that the incidence of PP varied in different
parts of India and was more common in the comparatively cool climate of the Punjab [32].
Another report on plague in the Hughli-Chinsura [sic] municipality in Western Bengal,
1905 recorded that out of 254 cases recorded 28% were pneumonic, 53% were bubonic
and the remainder ‘indeterminate” of which the latter were characterised by rapid death
before the enlargement of glands or pneumonia could be detected [33]. Furthermore,
earlier accounts of plague in Bombay (1897), Kathiawar (1817) and Pali (1839) all attest
to a substantial number of pneumonic cases based on observed symptomatology [34,35].
It seems strange that evidence such as this did not find its way into the thinking of the
IPC but Medicine in British India was largely a militaristic enterprise undertaken by the
Indian Medical Service which had been formed to provide a reserve of medical officers for
duty with the Indian Army [36]. Possibly, in such an hierarchical organisation, challenges
to accepted thinking, normally a desirable feature of scientific investigation, would not
be encouraged.

Elsewhere, the IPC model was challenged by William Simpson [37] who described
an outbreak in Accra and surrounding villages of the Gold Coast in 1908 which ran in
parallel with an epidemic of bubonic plague associated with a rat epizootic. Simpson [38]
concluded that:

“Hitherto the usual percentage of pneumonic cases in an epidemic has not been
observed to be high ... But the epidemic on the Gold Coast shows that that
percentage is not an invariable standard of relationship between the one and the
other, and that, under certain conditions, the bubonic may be displaced by the
pneumonic form, which may, in its turn, occupy the whole field of the outbreak.”

The potentially serious nature of PP became clear in Manchuria, 1910-1911 when
an outbreak of this disease killed 60,000 people [39]. Such was the alarm caused by this
event, that an international conference was convened at Mukden in 1911 attended by many
of the world’s infectious disease specialists [40]. This epidemic is the most frequently
cited and though it was, perhaps, the most devastating of its type, it is by no means
unique. Another major outbreak occurred in Manchuria in 1920 which killed approximately
10,000 people [39] and another in Shansi province, 1918 when 16,000 people are believed
to have died [41]. Other outbreaks have been recorded in Kashmir, 1904 [42] which killed
1423 individuals and Dakar, 1914 which accounted for at least 3687 deaths [43]. Thus,
whilst it true that from 1920 onwards there do not appear to have been outbreaks on such a
scale, it seems prudent to take a cautious view and consider the factors that might provoke
a re-emergence.

3. The Infectivity of Pneumonic Plague

The infectivity of PP has been the subject of debate [44] with some arguing that the
risk of infection is quite low under normal circumstances [14,16]. It is certainly the case that
some investigators with personal field experience of dealing with PP outbreaks were struck
by an apparent lack of transmissibility. For instance, one investigator [45] reporting on an
outbreak of 37 cases of PP in the Kalahari, 1941, commented that:

“

. what impressed me . .. was not the number of the cases but their paucity. It
seemed almost incredible that so many close contacts should escape infection; for
example, two or three men who slept for several nights in the same hut as one
dying from pneumonic plague.”

Similar sentiments have been expressed in another report on an outbreak in Rangoon,
1945 when 16 deaths were recorded [46]. It does seem difficult to explain why a disease
can, at times, generate substantial epidemics, yet, in some theatres, it appears to lack the
ability to diffuse though the population and can only generate minimal outbreaks [47]. To
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provide answers to this question it is necessary to re-consider the problem in the light of
modern developments in the understanding of respiratory disease transmission.

3.1. The Mechanism of Transmission and Factors Influencing Its Efficiency

PP is transmitted between individuals by droplet aerosols when infected individuals
cough up sputum containing plague bacilli in large numbers. Strong and Teague found that
the effective range was limited to 4 m, bacteria were not expelled during ordinary breathing
and thus infection was likely to be limited to carers or those coming into intimate contact
with a victim [7]. Indeed, recent observations show that close relatives and health-workers
seem to be far more vulnerable than casual contacts [48-50]. However, this phenomenon
is not peculiar to Yp transmission since factors such as social distancing, duration and
quality of contact also influence transmission rates as in the case of SARS-CoV-2 [51] and
respiratory diseases in general [52]. Factors such as crowding and cool, relatively humid
conditions have also been associated with increased rates of PP transmission [42,53] but this
is also a feature of respiratory diseases in general [54]. Furthermore, individual variables
may not prove to be critical in all cases since, whilst there are specific references to workers
being forced together by the cold in the Manchurian epidemics, the Shansi outbreak affected
mainly domestic homes in villages [55]. Similarly, the outbreaks in Accra and elsewhere
in Africa were clearly not dependent upon cold weather. What may be most significant,
however, is that whilst respiratory diseases such as SARS-CoV-2 can be transmitted by fine
aerosol particles which have the potential for longer-range transmission as well as droplet
infection, PP transport in the air seems to be limited to droplet sized particles [7].

Another important factor is the short duration of illness of PP which, following an
incubation period of 2-5 days, is generally around 2—4 days. It is thought that the infectious
period starts after 20-24 h when the cough starts to project droplets indicating that the
infectious period may only be 1-3 days long [56]. In addition, patients rapidly become
moribund and lack the ability interact with the remaining population. Thus, a short
infectious period coupled with immobility would seem to mitigate against the process of
active transmission.

Other processes, however, may work to extend the infectious period. For instance,
Strong and Teague [7] also stated that:

“The idea that infection . .. is caused entirely by particles of sputum expectorated
by the patient ... is erroneous. It follows ... that the wearing of masks and the
proper covering of any surface of the skin where fresh abrasions are present are
important ... measures against plague infection”.

This points to transmission by fomites which consist of both porous and nonporous
surfaces, or objects, that can become contaminated with sputum containing pathogenic
microorganisms and serve as vehicles in transmission. Fomites are a significant means of
transmission of respiratory viruses and harmful bacteria and it is thought that a substantial
portion of human respiratory tract infections are transmitted via contaminated hand contact
with the mouth, eyes, and/or nostrils with subsequent transport to target tissue sites in
the oro- and nasopharyngeal regions [57-59]. Recent studies show that Yp can survive for
up to 5 days on porous and non-porous surfaces under optimal conditions of humidity
and temperature [60] whilst early in the 20th century, Wu Lien-Teh et al. showed that Yp,
in expressed sputum, could survive for days, provided it was not exposed to sunlight or
excessive heat [61]. Contaminated sputum was also found on the clothing of cadavers
perhaps contributing to the high mortality of sanitary and burial-coolies in Manchuria [41].
Several recent studies confirm that funerial ceremonies are significant and indicate a period
of infectiousness which may well extend beyond death [12,24,43,62-64].

3.2. The Basic Reproductive Number (Ry) and the Effective Reproductive Number (R or Ry)

The basic reproductive number (Ry) is a key concept in epidemiology and may be
defined as: “the expected number of secondary cases produced by a typical infected
individual during its entire infectious period, in a population consisting of susceptibles
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only” [65]. Thus, if Ry < 1, each case will produce, on average, less than 1 secondary
infection and the outbreak will die out, but if Ry > 1, each case will produce more than
one secondary infection thus maintaining the outbreak. However, is usually the case that
the transmission frequency decreases with time as potentially susceptible hosts die and
are eliminated from the population or susceptibles start to avoid contact with infected
individuals and/or public health measures are implemented. More usefully, therefore, for
real time predictions the time dependent reproduction number (or effective reproduction
number) R (or R) may be calculated where R; < Ry and may be defined as the expected
number of new infections caused by an infectious individual in a population where some
individuals may no longer be susceptible [66]. Gani and Leach were the first to use Rq
for the analysis of eight small outbreaks of PP and calculated values that ranged between
0.7 and 3.0 with an average of 1.3 [67]. This early study has frequently been quoted
as evidence to confirm the lack of transmissibility for PP since Ry, thus calculated, was
close to unity [8,16]. Nevertheless, mathematical epidemiologists point out that Ry is a
mathematically defined quantity [68]. It certainly makes less sense from a biological or
demographical perspective since population estimates depend upon assumptions which
may not hold true in the real world. For instance, the calculation may assume that every
pair of individuals in a population has the same chance of interacting at any given time
but unsurprisingly, this is seldom the case. In other words, the transmission potential of
individuals is heterogenous [69]. Delamater et al. have also pointed out that Ry is not
a biological constant for a given pathogen as its value will vary according to numerous
extrinsic biological, sociobehavioral, and environmental factors that govern transmission
within the observed population [70]. They also argue that Ry is estimated with various
mathematical models which can easily be misrepresented, misinterpreted, and misapplied.
For these reasons, we may expect different values of R for diverse epidemics of the same
pathogen using the same statistical method and similar variations if we analyse the same
epidemic using different statistical methods. It is telling that some outbreaks have been
analysed by more than one research group with results that are substantially different. For
example, Nishiura et al. calculated Ry for outbreaks in Mukden, 1946 and Madagascar,
1957 and obtained values of 2.8-3.4 for the former and 3.0 for the latter [71]. This contrasts
with the values of 0.9 and 1.1 calculated by Gani and Leach [67]. Elsewhere, a study on
the Madagascan (2017) PP epidemic estimated Ry to be 1.7 [72] but in another study it
was found to range between 6.5 and 7.1 depending on model assumptions [73]. For an
outbreak which occurred in Johannesburg, 1904, recent calculations indicated an R; of 4.0 at
its highest point declining to 1.0 after a period of 10 days suggesting a likely high value
of Ry for this epidemic which might have been the consequence of crowding in insanitary
conditions [62]. Variations in the calculated value of Ry is not peculiar to PP since they are
also observed for measles, West African Ebola and influenza virus [70]. Thus, whilst Ry
remains a valuable epidemiological concept, it is clearly unhelpful if attempts are made to
use it as a single, definitive measure of infectiousness for PP in all situations and additional
approaches are needed to explain why this disease can generate large epidemics in some
cases but small outbreaks elsewhere.

3.3. Heterogenous Transmission and the 80:20 Rule

Following an investigation of various infectious agents, Woolhouse et al. proposed an
empirical relationship suggesting that typically, 20% of the host population contributes at
least 80% of the net transmission potential as characterised by the reproduction number
Ry [74]. This implies that roughly 20% of the most infectious individuals are responsible for
80% of transmissions with the corollary that a substantial number will not transmit at all.
The extent to which individual infectivities depart from the population Ry is measured by
the negative binomial dispersion parameter, k and there is a large body of work attesting
to its significance in the study of epidemics. Galvani and May argued that a consequence
of this model is that having such small numbers of potential transmitters tends to gen-
erate pronounced stochastic fluctuations in the initial stages of the epidemic and so an
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heterogeneously infectious emerging disease will be less likely to generate an epidemic,
but if sustained, the resulting epidemic is more likely to be explosive [75]. Lloyd-Smith
et al. investigated eight infectious diseases and concluded that ‘superspreading events’
(SSEs) in which certain individuals infect unusually large numbers of secondary cases are a
normal feature of disease spread [69]. The mechanism of infection described for PP may
also contribute to heterogenicity since it has been found that while some patients cough
up large amounts of bloody sputum, others produce very little, or none [56] which is an
illustration of the general rule that there is considerable variation in the ability of individ-
ual subjects to express aerosols containing airborne pathogens [76]. Hinckley et al. [47]
considered the relevance of SSEs in their study of all PPP cases in the USA from 1900 to
2009 and suggested that the outbreaks in Oakland [77] and San Francisco [78] involved
SSEs which were material in the initial stages and were responsible for the relatively larger
size of these outbreaks even though their estimate of Ry was close to unity. Examples of
SSEs where a single case can infect a large cluster of victims can be found elsewhere in the
literature [42,50,79,80].

4. How PP Outbreaks Start

The conventional view has been that primary pneumonic plague infection results from
contact with patients suffering from bubonic plague and have gone on to develop secondary
infection in the lungs [56,81]. There are several reports which suggest that travellers,
infected with the bubonic form of the disease, are particularly likely to develop secondary
lung infection and thus introduce the disease, in its pneumonic form, to new areas.

In [11,82,83]. However, the relationship between bubonic and pneumonic outbreaks
is not absolute since, in some cases, it has been observed that the pneumonic phase of
an outbreak can precede the bubonic as was found to be the case in Johannesburg (1904),
the Punjab (1907) and Dakar (1914) [32,43,62] whilst in another, no bubonic cases were
recorded [84]. Moreover, there have been many well-documented instances of pneumonic
plague being acquired from handling, hunting and skinning sylvatic rodents in areas where
the disease is enzootic. In particular, gerbils, marmots and ground squirrels, have been
implicated [77,83,85] and Russian plague scientists have long held the view that pneumonic
plague could be readily transmitted in this way thus the hunters of the Tarbagan marmot,
a known reservoir of the plague bacillus, transmitted plague to the itinerant Chinese
population during the Manchurian outbreaks of 1911 and 1921 [85]. This hypothesis
was initially disparaged by the influential Wu Lien-Teh of the North Manchurian Plague
Prevention Service but he later changed his mind and conceded the point [61,86]. Plague
is still an occupational hazard for marmot hunters in China today, where most hunters in
Qinghai take antimicrobial drugs as an effective prophylactic although deaths still occur
from time to time [87]. Other sylvatic, non-rodent species have occasionally transmitted
the disease. For instance, a pneumonic plague outbreak was recently recorded in India
where the index case was a hunter who had killed and skinned a wildcat thus contracting
pneumonic plague before passing it on to family and close contacts [88]. A similar event
occurred in the USA when a wildlife biologist carried out a necropsy on a mountain
lion carcass [89]. It is also clear that this phenomenon has also been found to extend to
companion animals such as cats and dogs which appear to act as intermediate vectors
between sylvatic species and humans. For instance, Gage et al. [90] conducted a review
of human plague cases in America caused by exposure to cats infected with Yp. Of
the 23 cases reviewed, 5 were of primary pneumonic plague thought to be the result of
inhaling infectious respiratory droplets, or airborne oral secretions, during face-to-face
contact with the animals. These patients had no contact with patients suffering from
secondary pneumonic plague. None of the remaining cases of bubonic plague (including
one septicaemic plague victim) evidenced inguinal or femoral buboes, which are typical of
infection via flea bite, but axial and cervical buboes which were more easily explained by
scratches and bites from the cats themselves.



Hygiene 2022, 2

21

5. How PP Epidemics End

Where an infected population is both isolated and limited in size, we may expect
the outbreak to expire naturally for want of fresh contacts. In general, several types of
intervention, both voluntary and involuntary, seem to be effective in attenuating outbreaks
of PP. Isolation of sick people is especially effective and proved to be especially decisive
in Johannesburg in 1904 [62] and Oakland, USA [77] both events occurring before the
availability of antibiotic treatments. Flight through fear, or simply avoidance, may reduce
potential contacts although it may also have the effect of dispersing the disease leading to
outbreaks elsewhere [62,91]. It has also been suggested that some epidemics of pneumonic
plague mature into a ‘pulmonary form’ characterised by an absence of the production of
sputum leading to a ‘spontaneous’ decline [39]. Furthermore, the International Plague
Conference in Mukden, 1911 considered that climatic influences could have contributed
to a decline although there did not appear to be a loss of virulence of the pathogen [40].
Apart from the physical isolation of patients, wearing of masks, etc., the most significant
intervention of recent years has been the development and use of anti-microbial drugs but
these need to be administered within 24 h after the onset of symptoms to be effective [92].
Unfortunately, the development of a suitable vaccine, which is capable of being licensed,
remains elusive [93].

6. Future Risks
6.1. Anti-Microbial Resistance

It is now well established that bacteria are able to exchange DNA by horizontal transfer
in the natural environment by well understood mechanisms [94]. Under natural conditions
in Madagascar, Yp, has been shown to acquire antibiotic resistance plasmids and, in the
laboratory, the transfer of an antibiotic resistance plasmid from an Escherichia coli to Yp has
been observed in the mid-gut of fleas [95-97]. However, it is likely that this is not the only
mechanism though which Yp can acquire resistance. In China, resistance to streptomycin
was identified in a clinical isolate of Yp obtained in 1996 from a PP outbreak in in the
Qinghai-Tibet Plateau plague focus. This resistance was the result of a mutation in the rpsL
gene and was not the result of horizontal transfer [98]. Similar resistance to streptomycin
(the current first-line treatment in Madagascar), due to a spontaneous point mutation in the
rspL gene, has been recorded in fatal PP cases in two separate locations in Madagascar from
isolates sampled in 2013 and 1987 leading the authors of this study to conclude that unique
antimicrobial resistant strains of Yp continue to arise in Madagascar and can be transmitted
during PP epidemics [99]. Worryingly, one such strain was found to be resistant to all
antibiotics recommended for therapy (chloramphenicol, streptomycin and tetracycline) and
prophylaxis (sulphonamides and tetracycline). A more optimistic view, however, has been
taken by some workers who have examined strains of Yp on a worldwide basis and found a
lack of multidrug resistance arguing that there appears to be little or no selective advantage
for Yp to maintain a multidrug resistance plasmid generated in natural cycles [100].

6.2. Climate Change

There is no doubt that climate variables modulate the dynamics and distribution of
infectious diseases and the animal vectors which carry them. However, whilst it is expected
that climate change will affect infectious disease patterns, it is becoming clear that shifts in
climate could drive conditions towards the optimum for transmission in some areas whilst
pushing conditions away from the optimum in others [101]. The optimum conditions for
flea growth and reproduction, as well as the natural cycles of crop production and rodent
populations, are particularly sensitive to such variables. Five-year lagged temperature
and aridity index seem to have been significant determinants of plague outbreaks in pre-
industrial Europe in that plague outbreaks associate with cold dry spells—opposite to some
studies showing that effects may be different in different spatio-temporal settings [102]. In
British India 1898-1949, moderate mean humidity levels of between 60% and 80% were
associated with plague outbreaks [103]. Specifically, cold but humid conditions have
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been specified for the propagation of PP [53]. In this respect some of the most severe
PP epidemics took place in exceptionally cold conditions but epidemics in Madagascar
and Dakar indicate that this not an essential prerequisite. Another consequence of climate
change is the aggravation of poverty in 3rd world countries which could lead to civil conflict
and forced migration whilst lack of funds might lead to a diminution of surveillance systems
which are essential for identification of re-emerging infectious diseases in such areas [104].

6.3. Plague as a Bioweapon

Some authors consider that Yp appears to be a good candidate agent for a bioterrorist
attack [105] and simulations have been carried out in the USA as directed by Congress [106].
There are reports that the Japanese in World War II released plague infected fleas over
Chinese cities with some success [107] and in historical times, the Mongol army are said
to have hurled plague-infected cadavers into the besieged Crimean city of Caffa thus
transmitting the disease to the inhabitants [108]. The use of plague as a bio-weapon is
fraught with the difficulty of achieving a spread of aerosolised bacteria over a wide area
although the WHO [109] suggested a scenario where 50 Kg of Yp could be released over a
city of 5 million people thus causing the disease in 150,000 people of whom 36,000 might be
expected to die. Nevertheless, if the aim of the terrorist is to induce terror, social disruption
and economic cost and not the induction of large numbers of casualties per se, the use of
smaller amounts of plague bacteria might be effective. For example, a natural outbreak
of pneumonic plague which started in Surat, India in 1994 and spread to other cities in
India lasted for little over 2 weeks but created an unprecedented panic that had global
repercussions [91].

6.4. Threats to First Responders and Health Workers

The experience of British doctors working in Bombay hospitals from 1898 to 1899,
where most infections treated were of the bubonic type, was that few, if any, attendants
on the plague wards were attacked thus leading one practitioner to declare “ ... that one
of the safest places during the epidemic is the ward of a sanitary plague hospital” which
was a sentiment repeated by that the British Indian Plague Commission at that time [29,31].
However, with the advent of epidemics in which PP was the prevailing form of the disease,
the position changed dramatically. Following the epidemics in Manchuria (1911) and
Shansi (1918), Wu pointed out that although the disease often attacked poor people, doctors
and nurses were also frequently attacked and he also noted the exceptionally high number
of infections in sanitary police and burial coolies [39]. Similarly, in an outbreak in Cape
Town, 1901 five of the female nursing staff contracted PP and died [110]; in an outbreak
in Ecuador (1939) which caused 17 deaths, four nursing sisters and one doctor died [111],
whilst in the outbreak in Oakland, USA (1919) involving 13 deaths, two of the deceased
were physicians and two were nurses [77]. One important characteristic, common to these
three outbreaks was that inadequate precautions were taken by the medical staff since there
was nothing to suggest that PP was involved in the early stages and anti-microbial drugs
were not yet available. Clearly, in present times, the WHO guidelines on managing such
outbreaks need to be followed whenever Yp is suspected.

7. Conclusions

It seems evident that in the early part of the 20th Century, PP epidemics were not rare
but occurred frequently around the globe. During this period several substantial epidemics,
involving the death of several thousands of people, took place in India, Manchuria, China
and West Africa although none of these progressed into a distinct global pandemic. There
has been a relative quiescence in plague during the latter part of the 20th Century but the
outbreaks of PP in Surat, 1994 and Madagascar, 2017 are a reminder to us of the potential
for this disease to re-emerge. When considering the transmissibility of PP, the situation
is complex, as indeed it is with other respiratory diseases, but in the real world there are
two factors which particularly limit the ease with which spread can occur compared to
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viral infections. Firstly, it seems likely that transmission through the air takes place via
respiratory droplets rather than smaller diffusible particles and is therefore likely to take
place over shorter distances. Secondly, the relatively short infectious period coupled with
rapid immobilisation should lead to fewer transmissions. However, many transmissions
take place passively between patients and their medical attendants or visitors and there is
strong evidence implicating contact with cadavers during funeral rites so that the infectious
period can effectively extend beyond death. From the world of mathematical epidemiology,
modern studies can help to explain why a disease outbreak can disappear rapidly in
some theatres yet lead to more extensive epidemics elsewhere. It is not enough to rely
on a single measure of transmissibility such as Ry to predict the likelihood of future
outbreaks of a disease as this measure tends to be predicated on a mean population
statistic. Heterogeneity in population transmission dynamics and the role of SSEs in the
initial stages of an outbreak are equally important since they point to the likelihood of
rapid extinctions and/or explosive outbreaks which may be difficult to control and these
modelling predictions appear to match the real-world experience. Although this disease
is not always able to establish itself, even in the absence of major interventions from the
authorities, there are circumstances when an outbreak can develop rapidly and persist for
many weeks. These alternative outcomes are the result of the heterogeneous transmission
potential of individuals which, in turn, permits a high degree of stochasticity in the early
stages of an outbreak.

Future risks which could possibly facilitate re-emergence of Yp in its pneumonic form
may include the evolution of strains which are resistant to anti-microbial agents which,
apart from well-rehearsed clinical measures such as isolation, mask wearing, etc., have
proven to be the most potent weapons against Yp. Whilst the current position is such that
outbreaks are likely to be limited to regions where plague is enzootic, modern means of
transport suggest that it cannot be assumed that this will remain the case in the future.
As an example, the PP outbreak which commenced in Surat, India (1994) spread to Delhi,
Bombay and Calcutta due to the movement of contacts via the train network [91] in a
similar way to the epidemic in Manchuria (1911) [112]. Clearly, the possibility of diffusion
through air transport adds a new dimension of risk. The advent of climate change brings a
new level of uncertainty but it is not clear how such variations will affect the probability
of new outbreaks occurring since some climatic factors act to supress transmission within
enzootic foci while others promote it. However, if climate change leads to migration and
instability of political systems which then lead to conflict, we may expect that the delivery
of health services will be disturbed and surveillance systems may deteriorate—especially
in economically poor areas which may already be handicapped by superstition, lack of
resources and inaccessibility. As others have pointed out, it is easy to forget plague in the
21st century, seeing it as an historical curiosity [113] but complacency cannot be allowed to
become the default option.
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