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Introduction
Microbial threats to human health have existed for 

thousands of years.1,2 In the past, infectious diseases 
presented some of the most defining challenges of human 
existence.3 Great pandemics and local epidemics have 
influenced wars and the fate of countries and empires.4 As 
recently as 30 years ago, the human immunodeficiency 
virus (HIV) epidemic caused devastating loss of at least 
1 generation of adults in some African countries, setting 
back years of progress.5 

Infectious diseases have long been associated with 
poverty. Rapid economic and scientific progress of the 
1960s and the subsequent reduction in infectious disease 
mortality likely prompted the infamous quote: “It is time 
to close the book on infectious diseases and declare the 
war against pestilence won.” Though often attributed to 
William H Stewart, the 10th United States (US) Surgeon 
General, the source remains controversial. Controversy 
notwithstanding, the resulting complacency in public 
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health efforts has been blamed for antimicrobial resistance, 
emerging and re-emerging infections.    

More than 1400 species of pathogens cause diseases 
in humans.6 With global effort, we have eradicated just 1 
(smallpox) but have made significant progress controlling 
many others. However, microbial threats continue to 
emerge and re-emerge. Under “favourable” conditions, 
the previously obscure Zika virus—first discovered in the 
1960s—emerged in 2015 to infect millions in Central and 
South America, resulting in thousands of cases of congenital 
Zika syndrome and is expected to be a long-term public 
health challenge.7

Nowhere in the world have infectious diseases become 
negligible.8,9 Outbreaks and epidemics will continue to grab 
headlines. The Ebola epidemic that began in 2013 ravaged 
many countries in West Africa. It captured global attention 
prompting the World Health Organization (WHO) to declare 
the infection a public health emergency of global concern.10 

Even as the world catches its breath, a new Ebola outbreak 
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was declared in the Democratic Republic of Congo in May 
2018—and it rages on. Clearly, investing resources and 
time in the prevention and control of infectious diseases 
need to be ongoing. 

In this article, we review the significant historical events 
in infectious disease, primarily the scientific progress 
that have enhanced our understanding of pathogens, their 
epidemiology, prevention and treatment. We emphasise 
that significant changes have occurred and that there has 
been an epidemiological transition in infectious diseases 
globally.11 The direction of these changes and the forces 
they unleash will define the future world. We express what 
we know and put forward 4 important “megatrends” in 
infectious diseases that will be ongoing challenges in the 
next 10 to 15 years. These trends, if harnessed well, will 
also serve as opportunities to reshape the future. 

Megatrend 1: Emerging and Re-Emerging Infections
The Institute of Medicine (now called Health and 

Medicine Division at the National Academies of Sciences, 
Engineering and Medicine, United States of America) 
published a landmark report entitled “Emerging Infections: 
Microbial Threats to Health” in January 1992 and brought 
global attention to the ongoing threat of infections to 
human health.12 Since then, many new pathogens have been 
identified. Some of the newly identified viruses that caused 
outbreaks in Singapore are Nipah virus in 1999,13 severe 
acute respiratory syndrome coronavirus (SARS-CoV) in 
200314 and H1N1 influenza virus in 2009.15

There are many drivers of emerging and re-emerging 
infections.16,17 These can be broadly categorised into 
“microbial factors”, “human host factors”, “environmental 
factors” and “others”. For “microbial factors”, genetic 
adaptation of the microbe may allow it to infect a different 
host or result in the development of antimicrobial resistance. 
“Human host factors” that drive emerging and re-emerging 
infections include individuals with increased susceptibility 
to infection (such as those who are immunocompromised 
and the elderly) and individuals with occupational exposure. 
Spread within healthcare facilities, human migration and 
lifestyle issues (including travel for business or leisure) 
are also implicated. “Environmental factors” include 
increased population density, climate change (impacting 
vector habitats and population), changes in land use and 
development, international trade, changing ecosystems and 
changing animal populations. Wars, famines, poverty are 
also other external factors that can impact on emerging and 
re-emerging infections.

International travel and the global food chain are factors 
especially relevant to Singapore. The SARS-CoV outbreak 
in Singapore was linked to a Singaporean who acquired 
the infection during travel to a North Asian city.18 More 

recently, the first Zika case notified in Singapore in April 
2016 was a traveller who returned from a business trip to 
Brazil.19 Interestingly, the subsequent outbreak of over 
400 cases that started in August 2016 was linked to the 
Southeast Asian strain of the Zika virus.20 In recent years, 
our healthcare system has been on heightened alert against 
the introduction of avian influenza, Middle East respiratory 
syndrome coronavirus (MERS-CoV) and Ebola. 

International travel has also been associated with the spread 
of multidrug-resistant bacteria.21 In late 2008, a Swedish 
diabetic visiting India developed a gluteal abscess and 
required hospitalisation in New Delhi. A day after his transfer 
to a Swedish hospital, urine cultures grew a carbapenem-
resistant Klebsiella. This led to the characterisation of the 
New Delhi metallo-lactamase gene, which had been unknown 
hitherto.22 In Holland, a Dutch man developed fever 2 weeks 
after returning from a 2-month stay in the Philippines. 
Blood cultures grew Salmonella typhi that carried the SHV-
12 extended-spectrum beta-lactamase (ESBL).23 Indeed, 
multiple studies demonstrate that travel can be associated 
with acquisition of ESBL-producing organisms.24   

With Singapore importing most of its food, the country 
is vulnerable to infections transmitted by food. A recent 
example was the Listeria outbreak that occurred in Australia 
in early 2018 that was linked to infected rock melon. In 
April 2018, Singapore’s Ministry of  Health (MOH) reported 
that 2 out of 5 persons infected with Listeria in Singapore 
since the beginning of 2018 were in fact infected with the 
strain that had caused the outbreak in Australia.  

In December 2015, the WHO led a panel of experts and 
published a priority list of 8 pathogens that were expected 
to cause severe outbreaks in the future. These were Ebola, 
Marburg, Lassa, Rift Valley, Crimean-Congo, Nipah, 
MERS-CoV and SARS-CoV.25 The priority pathogens are 
all viruses and are zoonoses. This list will be reviewed 
annually in response to any “new” threats that emerge. 
Clearly, we need to pay greater attention to the threat of 
zoonotic infections. The concept of “One Health” is a 
collaborative and inclusive effort involving human health, 
animal health and the environment.26 

The issues of climate warming and environmental 
perturbation are also critical factors in emerging infectious 
diseases.27,28 Climate change will increase exposure to Aedes-
borne viruses and the risk of  the resurgence of dengue, 
Chikungunya and Zika infections.29 Recently, there have 
been large outbreaks of measles and mumps in developed 
and developing countries. Vaccine hesitancy— especially 
with the measles, mumps, rubella (MMR) vaccine—has 
been implicated30 but the issue is likely to be much more 
complex with waning immunity and other considerations.31,32 

Somewhere out there, there are emerging or re-emerging 
microbial threats lurking. When the “right” conditions 
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converge, it will unleash itself onto the global population 
who will have no immunity to this “new” pathogen. This 
will present as a “black swan” event as with SARS-CoV, 
or more insidiously, as with HIV.33 

Adequate preparations will prevent an “incident” from 
escalating into a “crisis”. In Singapore, it is likely that 
the pathogen will be imported. Whilst these “imported” 
infections may be daunting, especially if “unknown”, 
the possible routes of  transmission are well defined and 
measures to prevent the spread of “unknown” infections 
can often follow a broad range of standard procedures. Our 
restructured hospitals are regularly put through outbreak 
simulation exercises where such procedures are practised.

Active surveillance for such threats is critical to ensure 
that outbreaks are quickly detected and contained. 
Containment will involve a multi-agency effort that will 
include the restructured hospitals as well as the National 
Centre for Infectious Diseases, MOH, National Environment 
Agency, Singapore Food Agency and research institutes 
like the Genome Institute of Singapore, Defence 
Science Organisation Laboratories, Agency for Science, 
Technology and Research and the relevant departments 
of our local universities. 

In essence, we are unlikely to see eradication of the threat 
of infections to humans and we need to continue with efforts 
in disease control and mitigation.

Megatrend 2: Antimicrobial Resistance
The discovery of penicillin and the subsequent 

development of antibiotics must be one of mankind’s 
greatest triumphs. The widespread use of antibiotics has 
saved countless human lives. In a recent publication on lower 
respiratory tract infections in the Global Burden of  Disease 
Study 2016, the authors estimated that increased antibiotic 
availability could still prevent 30% of lower respiratory 
infection deaths.34 However, the universal use of antibiotics 
for lower respiratory tract infections is not tenable. Microbes 
adapt, resist the medication used and develop antimicrobial 
resistance (AMR). In the past few decades, antibiotic 
resistance—a subset of AMR—has emerged to the extent 
that some bacterial infections are becoming untreatable. The 
dramatic increase in the proportion and absolute numbers of 
bacterial pathogens resistant to multiple antibiotics in recent 
years has prompted many regulatory agencies including 
the US Centers for Disease Control and Prevention, the 
WHO and the European Centre for Disease Prevention and 
Control to highlight this issue. At the 68th World Health 
Assembly in May 2015, the WHO declared AMR a global 
health threat and proposed a multiyear action plan to reduce 
AMR. The “Global Action Plan on AMR” has 5 strategic 
objectives: 1) To improve awareness and understanding of 
AMR; 2) To strengthen surveillance and research; 3) To 

reduce the incidence of infection; 4) To optimise the use 
of antimicrobial medicines; and 5) To ensure sustainable 
investment in countering AMR.

Without exception, all antibiotics, antivirals, antifungals 
and antiparasitic agents have inherent weaknesses that 
allow microbial pathogens to evolve and develop 
resistance mechanisms.

Emergence of resistant micro-organisms by mutation 
and acquisition of mobile transferable genetic elements 
carrying resistant genes may take place spontaneously or 
under selective pressure in the presence of antimicrobial 
agents. In recent decades, the driving force has been the 
use and misuse of antibiotics in humans and livestock and 
leakage into the environment. It has been estimated that 
antibiotic consumption increased 30% from 2000 to 2010. 
Antibiotic use has amplified the development of AMR. 

If AMR is left unchecked, common bacterial infections 
will become difficult to treat and “simple” infections will 
once again kill many. Sophisticated medical interventions 
such as organ transplantation, joint replacement and cancer 
chemotherapy will become more dangerous to perform. 

Clinical trials on new antibiotics and combination 
therapy have failed to keep up with the rapid emergence 
of drug-resistant bacterial, fungal and viral pathogens. 
Hence, improving how we prescribe antibiotics is critical. 
Antimicrobial stewardship programmes are now well 
established in the restructured hospitals in Singapore 
and many developed countries. These programmes have 
been demonstrated to be safe and effective in improving 
appropriate antimicrobial use.

AMR is a widespread and complex issue. The factors 
have been identified and the measures proposed to reduce 
AMR are not novel and have shown measurable success 
in selected settings. Successful implementation requires 
all stakeholders—policymakers, public health officials, 
regulatory agencies, pharmaceutical companies and 
scientific community—to work together. We also need to 
improve public awareness (Table 1). This may galvanise 
concerned citizens to work towards avoiding the worst-case 
scenarios where the end of modern medicine occurs as a 
result of AMR. 

Table 1. Important Public Health Messages on Antimicrobial Resistance

•  Antibiotic resistance is one of the biggest threats to global health, 
food security and development today.

•  Antibiotic resistance can affect anyone, of any age, in any country.

•  Antibiotic resistance can occur naturally, but misuse of antibiotics in 
humans and animals is accelerating the process.

•  A growing number of “common” infections—such as skin infections, 
pneumonia, tuberculosis and gonorrhoea—are becoming harder to treat 
as the antibiotics used to treat them become less effective.

•  Antibiotic resistance leads to longer hospital stays, higher medical 
costs and increased mortality.
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Megatrend 3: Demographic Changes 
Demographic changes in the next 10 to 20 years will 

have a major impact on infectious diseases. The 3 global 
demographic trends worthy of note are: 1) Increase in 
the elderly population; 2) Increase in the number of 
immunocompromised patients; and 3) Increase in the 
migrant population, especially refugees and asylum seekers.

Globally, the elderly—defined as those above 65—is 
expected to reach 2.1 billion in 2050. In Singapore, this 
is keenly felt with the elderly projected to reach 20% of 
the population by 2030. It was 9.4% in 2007 and 14.4% 
in 2017.35 With multiple comorbidities and immunosene-
scence, they have a higher risk of acquiring infections and the 
diseases resulting from the infections are often more severe. 
Furthermore, recovery will often be slow and incomplete, 
resulting in physical deconditioning, impairment of 
activities of daily living and loss of independence.

Advances in medicine have improved the survival 
of patients with cancer, organ failure and autoimmune 
diseases. This patient population will continue to grow 
but their immunocompromised state puts them at higher 
risk for infections.   

The clinical course of some malignant diseases, 
once thought to be fatal, is being transformed by new 
therapeutic approaches. A shining example is multiple 
myeloma which has become a chronic disease through 
the combination of novel therapeutics and haematopoietic 
stem cell transplantation.36 For practising physicians, this 
transformation has necessitated a change in the approach 
towards “infections in myeloma”. Older review articles 
emphasised the importance of encapsulated organisms in 
untreated patients and nosocomial gram-negatives in those 
receiving chemotherapy, but the newer therapies have led to 
infections such as aspergillosis and varicella zoster.37,38 In 
fact, viral infections have been reported to assume increased 
importance in myeloma patients treated with daratumumab, 
a recently approved drug.39  

The entry of a migrant population may significantly 
change a previously stable incident infection rate. The 
wave of asylum seekers into several European countries 
has raised not only social anxieties but also concerns about 
the transmission of infectious diseases to the indigenous 
population. In reality, infectious diseases in the refugee 
population usually reflect poor living conditions, especially 
in transit areas. Hence, “outbreaks” are more likely confined 
to the migrant communities. One point to note is that the 
“migrant population” is heterogeneous and the infections 
they carry or suffer from can vary considerably between 
students, skilled and unskilled workers and refugees. The 
disease epidemiology of the country of origin will help to 
determine the type of screening that the migrants should 
undergo. In a recent review, Eiset and Wejse reported that 

latent tuberculosis, hepatitis B and malaria were the major 
concerns.40 Outbreaks due to measles, cutaneous diphtheria 
and shigellosis have also been reported in refugees and 
asylum seekers.   

While we do not have a refugee issue in Singapore, we 
have a sizeable migrant worker population (estimated at 
1.4 million). In a recent article, Sadarangani et al reported 
that a large proportion of malaria, enteric fevers, hepatitis 
A and E and tuberculosis involved migrant workers.41 

Megatrend 4: Technological Advances 
Technological advances have made a huge impact in the 

way we work, live and interact with each other. Similarly, 
technology has been a major force in the evolution of 
healthcare. In the context of infectious diseases, we 
highlight the following: 1) The revolution in microbiological 
diagnosis especially in “hard-to-culture” infections; 2) 
Novel advances in therapeutics; and 3) Data mining and 
artificial intelligence (AI). 

Microbiological diagnosis has undergone a revolution with 
the use of nucleic acid amplification tests. The increasing 
use of syndromic multiplex polymerase chain reaction 
(PCR) tests has helped us diagnose viral infections more 
readily. Multiplex PCR tests in common use include those 
for respiratory tract, gastrointestinal and central nervous 
system infections. These platforms are being miniaturised 
and will increasingly become available as point-of-care 
tests. Improved diagnosis of viral infections in febrile 
illnesses may reduce empiric antibiotic use and hopefully 
reduce the development of AMR. Indeed, the promotion 
of rapid diagnostic kits was one of the major suggestions 
made for reducing AMR in the report of a study on AMR 
commissioned by the British government.42 However, in 
practice, the use of rapid diagnostic kits has yielded mixed 
results. In 1 study, though antibiotic prescriptions fell in 
the presence of a positive result for influenza, 62% of 
patients with influenza were still prescribed an antibiotic.43 

Similarly, 40% of patients with sore throat and a negative 
test for Group A Streptococcus still received antibiotics.44 

Next-generation sequencing (NGS) is likely to play a 
significant role in several areas of medicine. In clinical 
infectious diseases, it may find a niche in the diagnosis 
of “hard-to-grow” organisms. In the field of emerging 
infections, it has already distinguished itself by helping 
researchers in “first human cases” reports.45 In epidemiology, 
its discriminatory power has helped to upend conventional 
thinking on “epidemiological links”.46

NGS platforms are now less expensive, more readily 
accessible and hence are likely to be increasingly deployed 
in the diagnostic microbiology laboratory in the coming 
years. Whole-genome sequencing (WGS), in particular, may 
well revolutionise outbreak investigations. Snitkin et al have 
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described how WGS helped them understand transmission 
routes in a prolonged outbreak of carbapenemase-producing 
Klebsiella pneumoniae in their hospital. It turned out that 
the temporal sequence in which patients manifested as 
being colonised/infected was not the sequence by which 
infection was transmitted.46 They also emphasised the 
importance of integrating genomic information with 
epidemiological data, showing that sagaciously combining 
cutting-edge technology with established methods could 
lead to impressive results. 

As our understanding of the human microbiome improves, 
therapeutics involving manipulation of the microbiome will 
increase. We are familiar with faecal microbiota transplant 
(FMT) for recurrent Clostridium difficile infections. 
Recently, FMT has also been used selectively for patients 
colonised and infected with resistant organisms.47 Clinical 
trials now being planned may confirm if FMT can treat 
other diseases. Beyond FMT, there is also research on 
microbiome manipulation in patients with atopic dermatitis 
and dysbiosis on their skin.48 We envisage more microbiome 
manipulation in other areas of medicine. 

It would be remiss of us not to touch on the changes that 
will be wrought by the massive increase in computing power. 
The impact that data mining and AI will have on the practice 
of medicine cannot be dealt with in a few paragraphs. We 
are also not the appropriate experts to comment on these 
advances. However, we offer a clinician’s analysis.

Mining “big data” gives researchers unparallelled 
statistical power. We will cite just 1 example. Investigators 
wanted to understand the interaction between trimethorprim-
sulfamethoxazole (TMP/SMX) and spironolactone. 
Randomised-controlled trials recruiting more than 10,000 
patients are rare and massively costly. In this exercise, 
however, the researchers were able to identify 206,319 
patients who were prescribed spironolactone over a 17-year 
study period. They tapped into several large databases—
Ontario Drug Benefit Database, Canadian Institute for 
Health Information’s Discharge Abstract Database, Ontario 
Health Insurance Plan Registered Persons Database, National 
Ambulatory Care Reporting System and Ontario Office of 
the Registrar General’s database. They were able to conclude 
that compared with amoxicillin, TMP/SMX use did increase 
the risk of sudden death49 in persons on spironolactone.

With the digitisation of medical records, our hospitals 
also now contain a wealth of information. Mining the 
data intelligently will enable us to monitor outcomes, 
track infection rates and do many other things that are 
currently unimaginable (or that currently require expensive 
manpower to manually obtain the information by sampling, 
for example).  

AI is both promising and worrying. At the moment, 
available technologies are still human-driven. Watson for 

Oncology (WfO), for example, is a programme developed in 
conjunction with oncologists at Memorial Sloan Kettering 
(MSK). After an oncologist keys in patient information, 
WfO will suggest a treatment regimen, based on published 
literature, as well as the experience at MSK (all taught to 
WfO). A hospital in Bangalore compared Watson’s decisions 
against those of a multidisciplinary tumour board and found 
93% concordance.50

Although exciting, WfO is, in a sense, limited by humans. 
One of the oncologists who helped to develop the software 
(in effect, training Watson), mentioned that it had been a 
struggle.51 But will it necessarily always be as difficult? Our 
vision of the future is limited by our minds. Perhaps there 
is some technology that will mine the data in our hospital’s 
database and also all the studies in PubMed®, and then dish 
out a recommendation for a patient’s breast cancer. As we 
know, the problem of long queues at taxi stands was not 
solved by any number of incentives or disincentives but 
by Uber and Grab, and without rocket scientists. AI does 
promise disruption. For a detailed analysis of how AI will 
affect the professions, including ours, we recommend the 
book, “The Future of the Professions: How Technology 
Will Transform the Work of Human Experts”.52

Discussion
Megatrends are transformative global forces that define 

the future world and have far-reaching impact on businesses, 
societies, the macroeconomy and the individual. Megatrends 
have been identified in business, investment and technology 
and will have different meanings for different industries. 
In the context of infectious diseases, megatrends represent 
fundamental sustained forces in the future that will impact 
infections in mankind.  

A fundamental question is: why have we not been more 
successful in controlling infectious diseases? With access to 
clean water, sanitation and antibiotics, there has been a steady 
decrease in infection-related mortality in most segments 
of the population, except possibly the elderly. Thirteen to 
15 million persons are projected to die every year due to 
infectious diseases up to 2050.8 This high mortality reflects 
some of the concerns we have raised in this article. Global 
population growth has certainly contributed to these high 
numbers and the challenge is how to push these mortality 
figures down. 

The megatrends that we have outlined may not be 
exhaustive or mutually exclusive. They serve as a blueprint 
for the future as healthcare planning and investments 
often lag behind impact. Often, focus is lost after the hype 
surrounding a new outbreak like Zika. Instead, ongoing 
preparations including investment in infrastructure 
should permit a comprehensive response that ensures 
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quick interruption of transmission. Beyond infrastructure, 
equipment and training, previous outbreaks have taught 
us that the medical community needs more than “research 
and response”.53,54 We need better organisation, leadership, 
communication and community action.

Conclusion
We have made remarkable progress in diagnosing, 

treating and preventing infectious diseases. Our successes 
in meeting the threats of pathogens come not only from 
scientific breakthroughs but also from broad approaches 
on many fronts including surveillance, public health efforts 
and translating new discoveries into disease control efforts. 
The future is not a given. We must continue to improve 
our processes, enhance our tools and infrastructure. The 
challenges of infectious diseases are perpetual and so must 
our efforts.           
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