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Dedicated to my grandfather,  

Lyman Tapley 
 
 
 
 
 

Lyman Tapley was born in the small town of Brooksville, Maine, in 
1918. A welder at the Pearl Harbor Navy shipyard during World War 
II, he contracted tuberculosis (TB) in Hawaii.  
 
After the war, Lyman entered a TB sanatorium in Saranac Lake, NY, in 
the Adirondacks. At the time it was believed that the mountain air was 

therapeutic for TB patients. Lyman spent two years there and had half of a lung removed 
during that time. 
 
Returning to Maine, he became an X-ray technician and his first job was in the 
sanatorium – or the “san,” as my father called it – on the top of the biggest hill in the 
town of Fairfield. Lyman worked there only briefly before moving on to a hospital in 
nearby Waterville, where he became the chief technician and an instructor in the X-ray 
technician school there. But he continued smoking, and he also drank heavily. All during 
his childhood, my father remembers him being short-winded. In 1969, Lyman fell ill with 
a relapse of TB. He was cared for in the same sanatorium where he had worked 
previously and where my grandmother worked as a nurse.  
 
Thanks to antibiotics, Lyman was able to return home after three weeks of treatment. But 
he worked little after this episode. Having moved to the town of Ellsworth in the early 
1970s, Lyman died of emphysema in the hospital there in 1979. My father was there with 
his arms around him when he died. I was three months old. 
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SECTION 1, PART 1: 

 
TUBERCULOSIS: FROM EGYPTIAN MUMMIES TO MODERN CHEMOTHERAPY 
 
A dread disease in which the struggle between soul and body is so gradual, quiet and 
solemn, and the result so sure that day by day, and grain by grain, the mortal part wastes 
and withers away. A disease . . . which sometimes moves in giant strides and sometimes 
at a tardy sluggish pace, but, slow or quick, is ever sure and certain. 
- Charles Dickens, Nicholas Nickleby, 1838-39 
 
 
ORIGINS OF TUBERCULOSIS 
 
Tuberculosis (TB) has plagued humankind since our prehistory. In fact, Mycobacterium 
tuberculosis has likely killed more people than any other microbial pathogen, even 
malaria.1 “If the number of victims which a disease claims is the measure of its 
significance,” remarked the great microbiologist Robert Koch, “then all diseases, 
particularly the most dreaded infectious diseases, such as bubonic plague, Asiatic cholera, 
et cetera, must rank far behind tuberculosis.” 
 
The Mycobacterium tuberculosis complex (MTBC) consists of seven species and 
subspecies that can cause TB disease: M. tuberculosis, M. canettii, M. africanum, M. 
bovis, M. microti, M. pinnipedii, and M. caprae.2 While phenotypic characteristics and 
the range of potential hosts vary among the different members of MTBC, there is 
extremely little genetic variability between species.3 
 
Indeed, members of MTBC represent one of the most extreme examples of intraspecies 
genetic homogeneity observed in the bacterial world.3 This very low level of genetic 
variation suggests that the entire population of current MTBC members evolved from one 
common ancestor following an evolutionary bottleneck about 35,000 years ago.4,5 Gene 
sequencing of several MTBC species done in recent years has led researchers to conclude 
that an ancestral species of M. tuberculosis existed in East Africa about 3 million years 
ago and likely infected the earliest hominids.3 
 
Thus, human hosts and tubercle bacilli arose in East Africa together. While archeological 
evidence of disease in this region is scarce, indications of TB can be documented in 
Egypt as far back as 5,500 years ago. Among Egyptian mummies, paleopathologists have 
found skeletal signs of TB, such as Pott’s deformities, indicating spinal TB, as well as 
depictions of such abnormalities in Egyptian art.6-9 The earliest known medical papyri 
describe diseases that may be TB.8 A 3,500-year-old Egyptian papyrus, for example, 
seems to document cases of TB infection of the cervical lymph nodes. But TB – known 
as “the great imitator” – has a wide range of possible clinical manifestations, making 
possible ancient written and artistic depictions of TB difficult to interpret.10 Nevertheless, 
recent amplification and analysis of mycobacterial DNA recovered from tissues of 
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Egyptian mummies has allowed molecular-level confirmation that M. tuberculosis was 
indeed the cause of their skeletal deformities.7,11-14 (Figure 1.15) 
 
Populations of H. erectus began moving out of 
Africa and dispersing to Europe and Southeast 
Asia about 1.7 million years ago,16-18 and these 
groups were later replaced by subsequent waves of 
human migration out of Africa between 35,000 and 
89,000 years ago.17 From the beginning, it is 
presumed that these wandering humans brought 
TB along with them.1 Texts dating back as far as 
3,500 years ago or earlier that have been found in 
India, China and Mesopotamia seem to depict 
human TB.1,10 
 
Although the Bering Straight delayed human 
migration to the Western Hemisphere, evidence 
from the Monte Verde, Schaefer, and Hebior 
archeological sites suggests that humans inhabited 
the Americas by at least 15,000 years ago.19 
Archeological evidence clearly identifies the 
presence of TB among these early peoples long 
before European colonizers arrived on the scene.20 
As in Egypt, Andean mummies provide 
paleopathological signs of skeletal TB disease and 
these findings have been confirmed by analysis of 
mycobacterial DNA recovered from the preserved tissues.  
Paleologic evidence indicates that TB existed at low levels among the early populations 
of the Americas, probably because they lived in small, dispersed groups – a level of 
social organization that does not favor infectious diseases.20 As larger, settled 
communities developed, however, TB flourished and an epidemic of the disease appears 
to have spread from Andean areas of South America about 1,500 years ago.20 However, 
the initial TB epidemic seems to have peaked and dissipated early on. When European 
colonizers later reintroduced TB, the indigenous peoples were largely immunologically 
naïve to the disease and were deeply impacted.6 
 
Known as phthisis, arising from the Greek word for ‘to decay,’6,21 TB was well-known in 
classical times. Graeco-Roman physicians could commonly recognize trademark 
symptoms of TB such as night sweats, spitting blood, and shortness of breath.10 
Hippocrates, perhaps the first to use the term phthisis, speculated that TB originated from 
growths that he observed in autopsies of the lungs and he seemed to associate the 
pulmonary TB with that of the spine.22 In his famous collection of aphorisms, 
Hippocrates noted some 2,500 years ago that:  
 

Figure 1. Opened thorax of Egyptian mummy. 
Large arrow = pleural adhesions of right lung; 
small arrow = destruction of boney elements 
of lumbar vertebral bodies L4 and L5. 
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In persons affected with phthisis, if the sputa which they cough up have a heavy 
smell when poured upon coals, and if the hairs of the head fall off, the case will 
prove fatal.23 

 
The Greek-born physician Clarissimus Galen – who would become the personal 
physician to Roman Emperor Marcus Aurelius – frequently encountered TB and 
prescribed his patients treatments involving fresh milk, pure air, maritime activities, 
horseback riding and rest in dry, high-altitude areas. 
 
Although there are few written records from Europe’s middle ages – the roughly 1,000-
year period following the fall of the Roman Empire – there is widespread archeological 
evidence of skeletal TB infections from this period.6,24,25 Moreover, there is ample 
evidence that TB of the cervical lymph nodes, called scrofula, was widespread in 
medieval Europe. Early monarchs, beginning with the Frankish King Clovis in 496, 
claimed to have the power to heal by touch those afflicted by scrofula and charged their 
subjects for these professed cures.6,22 Widespread scrofula may have been the result of 
ingestion of milk contaminated with bovine TB.6 
 
 
TUBERCULOSIS IN THE MODERN ERA 
 
As the Renaissance began in Europe, the written record of TB reemerged along with the 
increased interest in literature, art and science. Increasing urbanization and appalling 
living conditions led to an epidemic of TB starting in the 1600s that continued through 
the next two centuries.1,6,22 By the 1800s, annual death rates from TB in cities such as 
London, Stockholm and Hamburg had reached as high as one out of 100 people per 
year.26,27 American cities at the time faced similar death rates from TB. More than one 
quarter of all deaths in New York City between 1810 and 1815 were attributed to TB.28 
 
However, in the face of such devastating disease and the need to make sense of it, North 
American and European society’s fear of TB in the 1600s gave way to romanticism in the 
eighteen and nineteenth centuries. “I should like to die of consumption,” the poet Lord 
George Byron was said to have remarked to a friend. When asked why, he said “Because 
the ladies would all say, ‘Look at that poor Byron, how interesting he looks in dying!’”29 
Indeed, the dying young person was often perceived to have romantic and creative gifts, 
especially among those in the arts and literature. The famous composer Camille Saint-
Säens wrote in 1913 that “it was fashionable to be pale and drained.”22 Almost a century 
earlier, the poet Percy Shelly wrote to John Keats, “this consumption is a disease 
particularly fond of people who write such good verses as you have done.” A doctor and 
poet, Keats was well familiar with TB: His mother died of TB, his brother also contracted 
the disease, and in 1830 Keats himself passed away from TB – only a year after first 
noticing symptoms.22  
 
Tuberculosis, wrote Charles Dickens in Nickolas Nickleby, is the “disease in which death 
and life are so strangely blended, that death takes the glow and hue of life, and life the 
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gaunt and grisly form of death; disease which medicine never cured, wealth never warded 
off, or poverty could boast exemption from....”30 (Figure 2.31) 
 
The epidemic of TB in Europe and 
North America peaked in the middle 
of the nineteenth century and has 
declined ever since. The decline in 
TB mortality was more rapid than for 
all-cause mortality32 and preceded 
major discoveries related to the cause 
of the disease and effective 
medications for its treatment. 
Researchers have debated the exact 
reasons for the dramatic decline, 
including improved socioeconomic 
conditions that led to better nutrition 
and working and living conditions, 
enhanced herd immunity, 
sequestering of infectious individuals 
in hospitals and sanatoriums, and the 
application of basic public health 
interventions.6,27,28,33 
 
 
UNDERSTANDING THE NATURE OF THE BEAST 
 
A series of major scientific discoveries in the 1800s finally established both the infectious 
nature and the precise etiology of TB. Into the nineteenth century, TB was commonly 
perceived as a hereditary disease, particularly in northern Europe, because of the 
frequency by which it afflicted multiple members of the same family.6 Englishman 
Benjamin Marten offered one of the earliest theories that TB may actually be caused by a 
microorganism. In his book A New Theory of Consumptions, published in 1720, Marten – 
building off of Anton van Leeuwenhoek’s discovery of bacteria in 1676 – suggested that 
the cause of TB “may possibly be some certain species of Animalcula or wonderful 
minute living Creatures, that, by their peculiar Shape, or disagreeable Parts, are 
inimicable [sic] to our Nature.”34 
 
It was French physician René Théophile Hyacinthe Laennec who set the stage for our 
modern understanding of the pathophysiology of TB. In Traité de médecine sur les 
maladies de la poitrine (Treatise on Diseases of the Chest), translated in 1821, Laennec 
provided detailed descriptions of the pathologic changes seen in TB-infected lungs and 
established that similar lesions found in other parts of the body were due to TB as well. 
“These secondary eruptions of tubercles are not confined to the lungs,” Laennec wrote. 
“They may make their appearance in many other organs.”35 Laennec himself died of TB 
at age 45.29 
 

Figure 2. La Miseria by Cristóbal Rojas (1886). The author, 
suffering from tuberculosis, depicts the social aspect of the 
disease, and its relation with living conditions at the close of 
the 19th century. 
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Another Frenchman, the surgeon Jean-Antoine Villemin, established the infectious nature 
of TB. In his study Etudes sur la Tuberculosis (Studies on Tuberculosis), published in 
1868, Villemin described the transmission of TB between various species such cows, 
rabbits and humans. Villemin’s experiments included injecting healthy rabbits with 
pulmonary tissue from deceased TB patients and, weeks later, observing TB lesions 
within the inoculated animals when he autopsied them.28 “[A]t the end of three months 
and fourteen days,” Villemin wrote, 
 

There was no appreciable change in the health of the animal, [and so] we 
sacrificed it and noted the following: The lungs are full of large tubercular 
masses, formed, in an obvious manner, from the agglomeration of numerous 
granulations . . . The other rabbit, who had shared the same conditions of life with 
the inoculated rabbit . . . did not show a single tubercle.36 

 
While Laennec and Villemin made great strides in the characterization of TB, it was 
German physician Robert Koch who finally identified the causative agent of TB, 
presenting his findings to a scientific meeting in Berlin in 1882.37,38 (Figure 3.39) Koch 
called the bacteria Bacillus tuberculosis, later to be renamed Mycobacterium 
tuberculosis. In implicating M. tuberculosis as the causative agent of TB, Koch used an 
approach – developed from ideas of his mentor, Jakob Henle40 – that is still considered 
the standard for the experimental demonstration of the pathogenicity of a microorganism: 
(1) The suspected causal organism must be constantly associated with the disease; (2) the 
suspected causal organism must be isolated from an infected host and grown in pure 
culture; and (3) when a healthy susceptible host is 
inoculated with the pathogen from pure culture, 
symptoms of the original disease must develop.38,41 
 
It is difficult to overstate the significance of 
Koch’s contributions to the modern understanding 
of TB, let alone the field of medical microbiology 
in general. In addition identifying M. tuberculosis 
as the cause of TB and introducing his postulates 
for implicating specific microorganisms with 
disease, Koch also identified the causative agents 
of anthrax, wound fever and cholera.41 Koch 
developed culture media for growing bacteria, 
invented new techniques for staining them, refined 
animal models of infectious disease, improved 
methods for microphotography, and mentored 
many other medical microbiologists who would 
make their own major contributions to medicine 
and bacteriology.41 In 1905 Koch was awarded the 
Nobel Prize in Medicine or Physiology for his work in identifying the cause of TB. 
 
It was in fact a failure of Koch to develop a treatment for TB that led to a major advance 
in the diagnosis of TB. In 1890 Koch claimed to have isolated a substance that could 

Figure 3. Robert Koch, discoverer of 
Mycobacterium tuberculosis. 
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“render harmless the pathogenic bacteria that are found in a living body and do this 
without disadvantage to the body.”1,42 The substance, which would become known as 
tuberculin, was made from supernatants of M. tuberculosis cultured in broth.1,37 Although 
Koch’s claim was rapidly debunked, in developing tuberculin, Koch had demonstrated 
that the cell-mediated immune response was a key factor in determining the manifestation 
of TB disease.37 It was almost in passing that Koch noted the potential diagnostic value 
that this discovery entailed.  
 
However, Clemens Freiherr von Pirquet, a Viennese pediatrician, seized upon the 
discovery and developed an intracutaneous tuberculin test, which he used initially to 
detect latent TB among the children he treated.43 Further refinement of the tuberculin test 
by Charles Mantoux and Florence Siebert led to the purified protein derivative (PPD) that 
is still used today – virtually unchanged – for the tuberculin skin test (TST).1,44 
 
The arsenal for TB diagnosis expanded further when, in 1895, five years after Koch’s 
overstated presentation on tuberculin, German physicist Conrad Wilhelm Röntgen 
discovered x-rays.45 Soon after, American inventor Thomas Edison developed the first 
practical fluoroscope, and by 1897 fluoroscopic examinations of lungs for TB and other 
diseases were already being performed.6 Although useful for detecting abnormalities of 
the lung, including ones that can be caused by TB, chest radiography is no longer 
considered a reliable method for diagnosing or monitoring TB patients.46 
 
 
TUBERCULOSIS CARE BEFORE CHEMOTHERAPY 
 
From early times into the nineteenth century, treatment for TB changed little from the 
fresh air, rest and healthy diet that Greek physician Galen recommended patients over 
two millennia ago. Sanatoriums institutionalized this approach, segregating patients from 
the demands of normal living and providing a place of rest and comfort – and time for 
meditation on life and society. As Thomas Mann wrote in his famous novel, The Magic 
Mountain, which was set in a sanatorium: 
 

And life? Life itself? Was it perhaps only an infection, a sickening of matter? Was 
that which one might call the original procreation of matter only a disease, a 
growth produced by morbid stimulation of the immaterial? The first step toward 
evil, toward desire and death, was taken precisely then, when there took place that 
first increase in the density of the spiritual, that pathologically luxuriant morbid 
growth, produced by the irritant of some unknown infiltration; this, in part 
pleasurable, in part a motion of self-defense, was the primeval stage of matter, the 
transition from the insubstantial to the substance. This was the Fall.47 
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The Channing Street Home for 
the Sick and Destitute, 
established in Boston in 1857 
by Harriet Ryan, was perhaps 
the first institution established 
specifically as a refuge for TB 
patients.29 Two years later, the 
German physician Herman 
Brehmer started the first 
sanatorium for the treatment of 
TB in the Silesian Mountains of 
southwestern Germany. 
Brehmer’s regiment of rest, rich 
diet and supervised exercise 
was rapidly imitated throughout 
much of Europe and North 
America.29 (Figure 4.48) While 
it is unclear that sanatoriums provided clinical benefit to the patients, they undoubtedly 
reduced transmission. 
 
Twenty years after Louis Pasteur first developed the means for attenuating the virulence 
of microbes for the production of effective vaccines, Albert Calmette and Camille 
Guérin, physician and veterinarian respectively, harnessed these new techniques to 
produce strains of M. tuberculosis that could not progress to TB disease but nevertheless 
provided some resistance to reinfection.1 The vaccine was named “Bacille Bilié Calmette 
et Guérin” because in developing it, the Frenchmen exploited the discovery that growing 
M. tuberculosis in ox bile reduced the bacteria’s virulence. The name was quickly 
shortened to Bacille Calmette Guérin, and then to simply BCG.1 Estimates of the level of 
protection provided by BCG have varied wildly, and a number of clinical trials have 
suggested that the vaccine is largely ineffective.49 It is therefore difficult to determine the 
impact BCG has had on TB control. Nevertheless, BCG – which is currently developed 
using M. tuberculosis’s close relative, M. bovis – has become one of the most widely 
used vaccines in the world. 
 
Prior to the discovery of effective chemotherapy agents for the treatment and eradication 
of TB infection, a variety of surgical interventions were attempted. Collapse of diseased 
pulmonary cavities was invariably the goal of such surgeries, the idea being that “resting” 
the lung tissue would give it a better chance of recovery. The outside surface of the lung 
is held against the inside of the thoracic cavity by the surface tension of naturally 
occurring liquid called pleural fluid. When air is introduced into this pleural space, it 
disrupts the bond between the two surfaces and the lung collapses. This introduction of 
air – called pneumothorax – typically only occurs due to trauma, such as when a broken 
rib punctures the pleural space. However, pneumothoraces intentionally induced by 
surgically opening a hole in the chest cavity became a widely used treatment for TB in 
the nineteenth century.29  
 

Figure 4. Patients at the Ninette Tuberculosis Sanitorium, Manitoba, 
Canada. 
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Other surgical approaches to TB treatment included thoracoplasty, which involved rib 
removal in order to collapse the chest wall and associated portion of the lung; 
phrenicecomy, which involved crushing of the phrenic nerve in order to paralyze the 
diaphragm; and pneumoperitoneum, which involved introduction of air into the 
abdominal space in order to put pressure on the thoracic cavity.29,50 In some cases an 
entire diseased lung was removed.50 While some patients clearly benefited from these 
interventions, effectiveness was highly variable and there were many potential 
complications including infections and highly compromised respiration.29,50 
 
 
ANTITUBERCULOSIS CHEMOTHERAPY 
 
With its thick, lipid-laden cell wall, M. tuberculosis is naturally protected from many of 
the body’s antibacterial defenses as well as numerous foreign chemicals.28 The discovery 
of the first antibacterial chemotherapeutic agent, Prontosil, in 1932 signaled the 
beginning of a new era in medicine and would quickly lead to a revolution in the 
treatment of TB.51 By 1945, the first chemotherapeutic agents with effect on M. 
tuberculosis, para-amino salicylic acid (PAS) and thiosemicarbazone, had been 
discovered respectively by the chemists Jorgen Lehmann and Gerhard Domagk (the latter 
of whom had originally discovered Prontosil).1,50,52,53 However, these drugs were only 
able to slow but not reverse infection – in other 
words, they were bacteriostatic but not 
bacteriocidal drugs. 
 
In 1943, the American soil microbiologist 
Selman Waksman, working with Elizabeth 
Bugie and Albert Schatz, was able to isolate 
the antibiotic streptomycin, a chemical 
produced by the soil actinomycete 
Streptomyces griseus.54,55 (Figure 5.56) In less 
than a year, physicians Corwin Hinshaw and 
William Feldman had used the chemical to 
successfully treat a woman deeply ill with 
pulmonary TB, resulting in a remarkable 
recovery and long-term cure.54,57 Although 
streptomycin was found to have significant 
limitations – including that it had toxicity to 
the auditory nerve58 and that bacteria could 
quickly develop resistance59 – it was also soon 
observed that these problems could be 
significantly mitigated through a combined 
therapy of streptomycin and PAS.60 
 
At the beginning of the 1950s, pharmaceutical companies discovered isoniazid,61-63 the 
first TB drug that was cheap and effective and had low toxicity.28 Isoniazid rapidly 
became part of new combination therapies along with PAS and streptomycin that for the 

Figure 5. Selman Waksman was awarded the 1952 
Nobel Prize for the discovery of streptomycin. 
He also coined the term “antibiotic” and was 
involved with the discovery of many other 
antibiotics such as neomycin, clavacin, 
antinomycin and candidin. 
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first time could reliably and safely cure many TB patients within 18 to 24 months of 
treatment.64 In the mid-1960s, rifamycins were discovered65,66 and this was followed by 
the development of several other effective anti-TB drugs67,68 as well as the rehabilitation 
of an older compound, pyrazinamide.69-71  
 
With this expanded battery of medications, there was new interest in examining shorter 
courses of anti-TB therapy.67 Through the support of the British Medical Research 
Council, a multicenter randomized controlled trial run in Kenya between 1972 and 1974 
demonstrated that the period of TB treatment could be shortened to 6 months by the 
inclusion of rifampicin and pyrazinamide in the regimen.72 
 
From the advent of effective chemotherapy for TB, the hospital-based aspect of treatment 
represented a major obstacle to access for most patients worldwide. A British study led 
by the physician Wallace Fox in Madras, India was designed to compare the outcomes of 
patients treated at home versus in a hospital.72 The results were striking: not only was 
treatment success similar in both groups, the household contacts of home-based patients 
appeared to face little risk of contracting TB once the patient was undergoing treatment.68 
Home-based TB care held the promise of vastly wider treatment access, although Fox and 
his colleagues realized that the regularity of drug-taking had to be better ensured.73 
“Irregularity,” he noted, “[had] been a problem throughout the course of treatments.”74  
 
Perceiving the fundamental importance of this challenge, Fox followed up his initial 
research with investigations in Madras examining the feasibility of supervised therapy. 
Despite the poverty of his patient population, the distance that they often lived from 
health clinics, and the lack of adequate transportation, Fox concluded that “Long term 
daily supervised administration can be organized under special circumstances, even in 
developing countries.”74,75 His work would lay the conceptual foundation for what would 
be called directly observed therapy, short course (DOTS). This approach, which has 
become a foundation of modern of TB care, involves observation by a health care 
provider or community health worker of each dose of chemotherapy a patient receives.74 
Modern short-course TB therapy, when administered correctly, is curative about 98 
percent of the time and is considered one of the most cost-effective treatments available 
for any chronic disease.76 In the developed world at least, these therapies dramatically 
changed the landscape of TB disease.  
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SECTION 1, PART 2 
 

TUBERCULOSIS TODAY 
 
Tuberculosis is thus two things at once: a completely curable disease and the leading 
cause of young adult deaths in much of the world.  

- Paul Farmer, “Consumption of the Poor,” Ethnography, 2000. 
 
 
WHERE WE ARE NOW 
 
“It is a sad reflection on society’s incompetence that, more than 30 years after the 
methods for cure and prevention were evolved and before the advent of the HIV 
pandemic, there were already more patients with active tuberculosis in the world than 
there had been in the 1950s” wrote the renown TB researcher Sir John Crofton in 1994.77 
Despite the revolution in TB treatment in the 1950s and 1970s, TB remains today a 
leading cause of morbidity and mortality worldwide.78 
 
In fact, with an estimated 8.8 million new TB cases worldwide in 2010 alone, there are 
more people falling ill with TB in recent years than ever before.78 One-in-three people on 
Earth is latently infected 
with TB, each with the 
potential to progress to 
active, infectious 
disease.79 Each year, 1.7 
million people die from 
TB80, making it 
responsible for more 
deaths worldwide than 
any other single 
infectious microbe.81 
And the burden of 
disease falls 
disproportionately on 
lower resource areas of 
the world. About 85 
percent of all TB cases 
occur among the poor of 
Asia and Africa.78 
 
Since HIV/AIDS was first identified 30 years ago, it has contributed heavily to the 
current TB crisis.82 Through its destruction of the body’s cell-mediated immunity, HIV 
co-infection dramatically increases the risk of developing active TB disease83,84 and 
facing a premature death.85-87 (Figure 6.88) Indeed, TB is the number one killer of people 
infected with HIV, contributing to 350,000 deaths – a full quarter of all TB-related deaths 
each year.78 The lethal combination of TB and HIV has been particularly devastating on 

Figure 6. A volunteer in the AIDS hospice at the Buddhist temple in Wat 
Phrabat Nampu, Lop Buri, Thailand, gives water to a patient coinfected with 
AIDS and TB. 
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the African continent, where 82 percent of the world’s HIV co-infected TB patients 
live.78 (Figure 7.78) 
 

 
In addition to HIV, over the past two decades multidrug-resistant (MDR) TB has arisen 
as a worldwide challenge to TB control.89 Responsible now for 4 percent of all TB 
cases89 and 150,000 deaths a year90, MDRTB is difficult to diagnose in developing 
countries due to the lack of capable laboratories,89 leading to delayed diagnosis or 
misdiagnosis.91,92 This in turn raises the risk of transmission, morbidity and mortality. 
Drug treatment for MDRTB patients can cost 200 fold the cost treatment of patients with 
more drug-susceptible TB90, and even when appropriate drugs are available, treatment 
success is lower.93 Moreover, in recent years, extensively drug-resistant (XDR) TB94 and 
even strains resistant to all known anti-TB drugs have been identified.95 
 
The decline of TB disease in wealthy countries bred complacency towards the ongoing 
TB problem both at home and abroad. From the 1950s until the 1990s, interest in TB 
control severely waned, particularly in Europe and the U.S., which led to lost clinical 
expertise and a decline of the TB control infrastructure.77 Several TB research journals 
were discontinued and organizations like the American Lung Association – formerly 
called The National Association for the Study and Prevention of Tuberculosis – chose to 
refocus on other issues.96 Important targeted funding for TB provided to low-resource 
regions by the U.S. Agency for International Development shrank to zero.97  
 
When the WHO took the unprecedented step in 1993 of declaring TB a global public 
health emergency,98 the international community was woefully ill equipped for the 
challenge ahead. A study published by the WHO two years before found that the majority 

Figure 7. Estimated HIV prevalence in new tuberculosis cases in 2010. 



 

 12 

of countries had no built-in mechanisms at all for monitoring treatment outcomes for TB 
patients. And in most of these countries, less than half of TB patients were even covered 
by treatment services.99 As the Commission on Research for Development noted in 1990, 
‘‘The magnitude of the tuberculosis problem is matched only by its relative neglect by 
the international community.”100  
 
 
MYCOBACTERIUM TUBERCULOSIS AND DISEASE 
 
To understand potential strategies for 
improved TB control, it is important to 
briefly discuss the responsible bacteria. 
(Figure 8.101)  
 
Development of TB disease requires 
infection by bacteria belonging to the 
Mycobacterium tuberculosis complex 
(MTBC). This usually occurs when the 
potential host is exposed to airborne droplets 

containing MTBC bacilli. These infectious 
droplets are produced in large quantities 
when someone with an active pulmonary TB 
infection coughs and can remain in the air for several hours.102,103 Upon inhalation by the 
potential host, the bacilli can establish infection within the lungs. Theoretically a single 
bacterium is sufficient for the establishment of a TB infection,104 although prolonged 
exposure to multiple inocula of infective aerosols is usually required.81 It is estimated that 
one patient with active pulmonary TB disease infects on average 10-15 additional people 
every year that they go untreated.105  
 
Exposure to infectious droplets usually does not lead to TB infection, thanks to multiple 
host defenses that protect exposed individuals. Initially the bacteria must be able to avoid 
being trapped by the ciliated epithelium and respiratory mucosa.106 And bacteria that 
reach the distal portions of the airways normally face a vigorous response from alveolar 
macrophages and other immune cells. 
 
Macrophages and dendritic cells attempt to engulf (phagocytose) bacteria with which 
they come into contact. However, M. tuberculosis is able to survive within the 
phagosomal compartment inside these antigen-presenting cells (APCs) by preventing 
fusion of the phagosome with lysosomes (i.e., phagosomal maturation), the acidic 
contents of which would destroy the mycobacteria.107 The APCs, however, are still able 
to process bacterial peptides and present these antigens on specialized cell-surface 
receptors called major histocompatibility complexes (MHCs), of which there are two 
types, class I and class II. These complexes, when mounted with an antigen, function as 
means of activating other immune cells against the infection.81 (Figure 9.108) 

Figure 8. Thin section transmission electron 
micrograph of Mycobacterium tuberculosis. 
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T-lymphocytes encounter and are transformed by these antigen-presenting MHC 
molecules. T1 lymphocytes that encounter the MHC class I on infected APCs are 
activated and release cytokines that recruit and activate macrophages and other immune 
cells against the infection.109-111 Meanwhile, T2 lymphocytes are activated by MHC class 
II molecules, leading to the release of other cytokines and activation of cytotoxic T 
lymphocytes.109-111 In a process that is not well understood, activated macrophages are 
able to overcome the defenses of M. tuberculosis against phagosomal maturation and can 
eliminate their phagocytized mycobacteria.6 Some macrophages even merge and become 
what are called multinucleated giant cells. In addition, activated cytotoxic T lymphocytes 
seek out and lyse infected macrophages and directly attack the mycobacteria that they 
contain.6 
 
The convergence of activated macrophages and T-lymphocytes around the site of 
infection leads to the formation of an inflammatory nodule called a granuloma such that, 
even though usually a small number of mycobacteria survive in a dormant state and 
remain viable, they are sealed off from the rest of the body.112-114 Inflammatory cytokine 
release precipitates the development of local fibrosis around the exterior zone of the 
granuloma, and eventually necrosis often develops within – usually described as 
“caseous” because of its crumbly, cheese-like consistency.6,106 
 
Even if the bacteria are able to take hold, the vast majority of hosts are able to contain the 
infection and avoid any outward signs of disease. The infection is considered latent in 
these individuals. Latently infected individuals are noncontagious and even without any 

Figure 9. Overview of the immune response in tuberculosis. 
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treatment, 90-95 percent will never develop an active infection and experience TB 
disease.108 (Figure 10.115) 
 

 
In some cases, however, the infection is not contained. Those most at risk for developing 
disease are children and adults who are elderly, malnourished, co-infected with HIV, or 
otherwise immuno-compromised. Prolonged inflammatory activity leads to destruction of 
bronchial walls, creating cavitations in the lungs and allowing bacterial spread into the 
airways.6 From there they can be coughed up and transmitted through the aerosol 
expectorations.116 Bacteria can also spread within the respiratory tract and cause TB 
bronchopneumonia, pleuritis, empyema, and pulmonary effusions.6 Moreover, coughed-
up bacteria can be easily swallowed, placing patients at risk of intestinal TB infection.6 
 
Inflammation can also disrupt pulmonary lymphatic and blood vessels, allowing TB 
bacteria to enter pulmonary and systemic circulation. This can lead to disseminated 
infection both throughout the lungs and potentially single or multiple other organ 
systems, such as the liver, bone marrow, spleen, adrenal glands, CNS, urogenital organs, 
gastrointestinal tract, skin and lymph nodes.6,106 Widely disseminated infection is called 
miliary TB – its name drawn from the distinctive pattern observed on x-ray of many tiny 
spots – not unlike small millet seeds – that represent sites of infection.6,106  (Figure 11.117) 
 

Figure 10. Consequences of exposure to an infectious source of tuberculosis. 
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Given M. tuberculosis’s predilection for pulmonary infection, cough is the most 
identifiable symptom of TB. Initially dry, the cough becomes increasingly productive as 
the disease progresses and more respiratory tissues become involved.118 Patients cough 
up sputum, which is mucus from the lower airways, along with bacteria and 
inflammatory cells. Eventually blood begins to also streak the sputum as airway 
vasculature is damaged. Characteristic x-ray findings include indications of infiltrates in 
the lung apices that over time coalesce to form cavities as the lung tissue is progressively 
destroyed.118 
 
In addition to cough, active TB infections are associated with chest pain, shortness of 
breath, fever, night sweats, fatigue, appetite loss, and unintentional weight loss.6 Left 
untreated, pulmonary TB is fatal more than 50 percent of the time, typically following a 
progressive deterioration over 2 to 5 years. In patients with AIDS or other T-cell 
deficiency conditions the disease course can be much more rapid.118 
 
Active TB infections in organ systems other than the lungs are less common than 
pulmonary disease but a significant problem among certain patient subgroups, 
particularly children and individuals with compromised immune systems. More than half 
of all individuals co-infected with both AIDS and TB experience extrapulmonary 
disease.119 TB can infect nearly any part of the body, although the most common sites of 
infection outside the lungs are the lymphatics, pleura, bone and joints, genitourinary, 

Figure 11. The natural history and spectrum of tuberculosis. 
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meningeal, and peritoneal.120 (Figure 
12.115) As such, TB can masquerade as 
numerous other types of disease 
depending on the organ systems 
affected, making correct diagnosis 
challenging. Potential symptoms and 
signs range from ascites, chronic 
cervical lymphadenopathy and 
lymphatic pleocytosis of the cerebral 
spinal fluid to monoarticular joint 
inflammation, pericardial effusion, and 
vertebral osteomyelitis.119 
 
 
 
POVERTY AND TUBERCULOSIS CONTROL 
 
Poverty, both relative and absolute, is a constant burden on human society and has not 
necessarily improved in modern times. At the beginning of the twentieth century the 
richest 20 percent of the world’s population was nine times wealthier than the poorest 20 
percent; that ratio had grown to 140 times as of 2009.121 Between 1975 and 1995 the 
number of people living in extreme poverty in the world more than doubled. Currently, a 
quarter of humanity lives on less than $1 a day.122 Moreover, poverty refers not only to 
low income but also the lack of material well-being, lack of adequate services, and lack 
of social and political empowerment.6  
 
The burden of TB falls disproportionately on the most vulnerable populations – the poor 
and socially marginalized. Differences in TB burden strongly align with socioeconomic 
differences between countries, within countries and within communities.123 Developing 
countries account for 95 percent of TB cases and 98 percent of deaths due to TB.124 It is 
estimated that more than half of new TB patients live on less than $2 a day.125 More than 
15 percent of those who die of TB are in the economically productive age group of 15-49 
years.126 And just as poverty leads to poor health, poor health exacerbates poverty.127,128 -
It is estimated that in India alone the direct and indirect economic costs of TB total at 
least $3 billion per year.129  
 
And even wealthy countries have areas of poverty, which beget health disparities. 
African-Americans and other non-whites in San Francisco, for example, have incidence 
rates of TB comparable to some high TB-burden countries of sub-Saharan Africa.125 
Study after study in both poor and wealthy countries has demonstrated the association 
between social marginalization and TB risk, whether examining prisoners, the homeless 
or certain ethnic minorities.130-135 
 
Although the causal linkages between poverty and TB are not fully understood, poverty 
entails increased exposure to many risk factors for TB infection and development of 
disease.123 These factors include exposure to people with active TB disease136-138, HIV 

Figure 12. Tuberculous lymphadenitis. There is swelling of 
an anterior cervical node and a chronic sinus tract with 
cutaneous scarring in the supraclavicular area. 
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infection139, overcrowded living conditions138, malnutrition140, alcohol abuse141,142, 
smoking143,144, indoor air pollution exposure145, and depression.146,147  (Figure 13.148) 
 

 
 
      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The diagnostic process is costly and inconvenient for many patients, especially the poor, 
for whom their health concerns must complete with many other vital priorities.126 
Numerous potential barriers obstruct these patients from accessing diagnostic and other 
health services.149  
 
Charges for health services150-152; the costs of transportation, accommodations and 
subsistence when seeking healthcare153-157; as well as the costs of lost income, lost 
productivity and lost time127,128 can impose difficult, if not insurmountable economic 
hardships on poor patients. Many of the poor live in rural areas or other locations 
geographically remote from services for TB diagnosis and treatment153-156, which is a 
particular challenge given that multiple trips to multiple providers are commonly 
necessary prior to and following diagnosis.153,156,158,159  
 
Often sociocultural barriers also impede access to services – especially for women – 
including the threat of social stigma and the lack of knowledge about both TB and what 
TB services are available.153,155,160 Furthermore, the health system itself can present 
significant barriers, such as a lack of responsiveness to patients, lack of culturally 
appropriate services, and poor coordination of services.153,157,158,161,162  
 
  

Figure 13. Risk factors and upstream determinants of TB. 
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DEVELOPMENT AND TUBERCULOSIS 
 
High prevalence of TB in much of the 
developing world makes TB control a 
priority there, but the disease 
perversely erodes the kind of 
socioeconomic development that 
would serve indirectly to control it. 
Tuberculosis, above all else, is a 
disease of poverty, and the two 
combine in a vicious cycle. 
Overcrowded housing facilitates 
transmission, and factors such as 
malnutrition, drug addiction, poor 
hygiene and co-infection with other 
diseases contribute to reducing host 
resistance to TB infection.125 And 
illness with TB undercuts one’s ability 
to earn an income to maintain an 
adequate diet and have appropriate 
clothing and shelter.  
 
In recognition of the close marriage 
between TB and poverty, the UN General Assembly included TB control targets among 
the indicators for measuring progress towards achieving the Millennium Development 
Goals for the reduction of world poverty.163 Reflected in the goals also set by the World 
Health Assembly and the Stop TB Partnership of the WHO, these targets aim to halve TB 
prevalence and death rates by 2015, compared with 1990 levels, and eliminate TB as a 
public health problem by 2050.164 Process targets identified in order to attain these goals 
include detection of at least 70 percent of new smear-positive pulmonary TB cases and 
successful treatment of at least 85 percent of these cases. In 2010 the WHO reported that 
new case detection had reached a rate of 63 percent and that treatment success was 86 
percent.164 
 
Although case detection has significantly improved in many parts of the world, efforts 
have stalled in important regions of high TB burden. In 2010, for example, the estimated 
case detection rate in the WHO Africa Region was 60 percent.78 (Figure 14.78) Moreover, 
TB incidence is falling at a rate of less than 1 percent per year. At this point, in order to 
reach the goal of eliminating TB by the year 2050, incidence would have to fall by an 
average of 16 percent annually over the next 40 years.123 
 
  

Figure 14. Case notification and estimated TB incidence rates 
per 100 000 pop in WHO Africa region, 1990–2010. Trends in 
case notification rates (new and relapse cases, all forms) 
(lower line) and estimated TB incidence rate (upper line). 
Shaded areas represent uncertainty bands. 
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TESTS FOR DIAGNOSING TUBERCULOSIS 
 
A number of technologies are available for screening for or diagnosing TB: microscopy, 
mycobacterial growth detection, nucleic acid amplification testing, the tuberculin skin 
test, and interferon-γ release assay. Microscopic detection of microbes in clinical 
specimens is the oldest laboratory-based diagnostic strategy for infectious diseases and 
remains the most widely used method of diagnosing TB.6 Since most TB disease involves 
pulmonary infection and productive cough, microscopy typically involves examination of 
a sample of sputum that has been smeared and fixed onto a slide. 
 
Although M. tuberculosis is 
technically a Gram-positive 
bacterium based on its cell wall 
structure, in practice it is very 
difficult to detect under a 
microscope using Gram stain.125,165 
Identification is therefore done 
using stains that take advantage of 
the mycobacterium’s resistance to 
decoloration by acid – thus the term 
“acid-fast” bacilli, or AFB – which 
is due to the high lipid content of 
the mycobacterial cell wall.125 In 
Ziehl-Neelsen (ZN) staining, the 

specimen is exposed first to carbol 
fuchsin and then to an alcohol-acid 
mix. Carbol fuchsin is normally 
washed away by the alcohol and acid, but mycobacteria hold onto it. When the specimen 
is finally counter-stained with methylene blue, mycobacteria appear pink against a bluish 
background.166 (Figure 15.115) In Auramine-O staining, auramine instead of carbol 
fuchsin enters the bacteria and binds to DNA.167 Auramine is visualized through the use 
of a fluorescence microscope while ZN-stained slides are examined with a standard light 
microscope.6 Ziehl-Neelson-stained smears must be viewed under high-power 
magnification while auramine-stained smears can be viewed at lower magnifications 
because the fluorescence is easier to detect.6  
 
Specimen culture is the most sensitive manner to detect the presence of mycobacteria and 
is still considered a gold standard among TB diagnostics. However, it is not without very 
important disadvantages. M. tuberculosis is very slow growing, requiring up to 6-8 weeks 
for a determination to be made using conventional solid culture media.125This is far too 
long to wait to initiate treatment. Liquid culture with a growth indicator can greatly 
reduce culture time, improve sensitivity and be paired with drug-susceptibility testing 
(DST).168-170 However, culture and the necessary specimen processing constitute a 
complex process requiring well-trained personnel and a well-equipped laboratory, which 

Figure 15. Mycobacterium tuberculosis as seen via sputum smear 
microscopy with Ziehl-Neelsen staining. 
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makes this diagnostic approach expensive and difficult-to-implement in most high-
burden countries.171 (Figure 16.172) 
 
An alternative to microscopy and 
culture is the molecular detection 
of M. tuberculosis genes through 
the use of polymerase chain 
reaction (PCR) and other 
amplification techniques – which 
as a group are referred to as 
nucleic acid amplification testing 
(NAAT). These assays for TB 
have demonstrated excellent 
sensitivity, specificity and 
speed.173-175 In addition, they are 
considered more effective than 
culture at detecting TB in specimen 
from smear-negative patients.176  
 
Nucleic acid amplification assays have historically involved a cost and complexity that 
have prevented implementation in low-resource countries. The recently developed and 
WHO-endorsed Xpert MTB/RIF may change this trend. Xpert MTB/RIF is a sensitive 
and specific automated NAAT assay that uses molecular probes and real-time PCR to 
detect both M. tuberculosis and rifampicin resistance. No sputum preparation is required, 
minimum laboratory expertise is necessary, test results can be available in less than two 
hours and the test performs well in populations where both TB and HIV are endemic.177-

179 The device offers to make drug resistance testing more available and to bolster TB 
case finding. However, limitations remain: the expense of the device and diagnostic 
cartridges, the relatively short shelf-life of the cartridges, the operating temperature and 
humidity requirements, the need for constant electrical supply, the device’s unknown 
durability, and its need for yearly servicing.180 
 
For more than 100 years, the tuberculin skin test (TST) has been the only screening tool 
available for evaluating latent infection with TB. A standard TST involves the 
intracutaneous injection of 0.1 mL of purified protein derivative (PPD) on the forearm – 
although any accessible area is adequate – that is conventionally read 48 to 72 hours later. 
Under most circumstances, the observation of an induration 10 mm or more in diameter 
is considered indicative of infection with M. tuberculosis.115 Interpretation of the TST 
results, however, can be confounded by patients who have been exposed to 
nontuberculous mycobacteria, vaccinated with BCG, or who have any number of 
conditions that can interfere with cell-mediated immunity, from HIV and corticosteroid 
use to malnutrition and old age.115  
 

Figure 16. This close-up of a Mycobacterium tuberculosis culture 
reveals the organism’s colonial morphology. 
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In an effort to surmount some of the 
limitations posed by the TST, a new 
approach to testing for immune 
system exposure to M. tuberculosis 
has been developed over the past 10 
years – the interferon-γ release assay 
(IGRA). This assay measures 
interferon-γ release by peripheral 
blood mononuclear cells after in-vitro 
exposure to TB-specific antigens.181 
The major advantage of IGRA tests 
over the TST is that they are 
significantly more specific and are 
unaffected by BCG vaccination. 
Moreover, their sensitivity is 
comparable or better than the TST.181 
There are currently two commercially 
available IGRA tests, T-SPOT and 
QuantiFERON-TB Gold, and they 
have become the gold standard in 
wealthy countries for identifying 
people previously exposed to M. 
tuberculosis. (Figure 17.182) 
 
Although offering advantages over 
the TST, IGRA tests have variable sensitivity and, like the TST, are less reliable among 
patient populations with higher rates of immunosuppressive conditions.181 This is 
problematic given that individuals with TB in high-burden countries are also at higher 
risk for advanced disease, malnutrition, and co-infections such as HIV.183 Moreover, 
immune-based tests such as IGRA tests and the TST measure a cellular immune response 
to exposure to M. tuberculosis and do not directly detect the bacteria or allow distinction 
between recent or distant exposure.181 Therefore, results of these tests cannot be used 
alone to diagnosis active TB disease, nor can they conclusively rule out disease in a 
patient with other indications of possible infection.181,184,185  
 
 
ONGOING CHALLENGES TO MICROSCOPY ACCESS 
 
Despite the development of improved diagnostics and an estimated $1 billion spent 
worldwide annually on testing for TB186, there has been little impact in endemic regions. 
TB patients can face delays of many weeks156,159,187-189, and dropout from the diagnostic 
or treatment process is common.190-194 Dropout rates as high as 13 percent have been 
observed among suspected TB cases who failed to return after providing an initial sputum 
sample – including over 5 percent of patients who were found to have smear-positive 
TB.190 And even when TB-infected patients succeed in receiving a diagnosis, many never 
actually begin treatment.195 

Figure 17.  T-cell interferon-γ release assays for the diagnosis of 
M. tuberculosis infection.  
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Weaknesses of the microscopy process contribute significantly to suboptimal case 
detection. The sensitivity of sputum-smear microscopy is probably in the range of 60–70 
percent for HIV-negative adult populations. Considerable variation exists, however, with 
studies suggesting sensitivities ranging from 30 percent to over 95 percent196 – with 
fluorescence more sensitive than conventional microscopy.196 Numerous factors can 
undermine sensitivity including duration of slide examination,154 the experience of the 
microscopist,197,198 the concentration of bacteria in the sample used,46 the preparation of 
the sputum smear, 199 and the number of specimens examined from each patient.200 
Microscopy is also significantly less sensitive among patient populations with a high HIV 
burden,201 and does not provide a means for differentiation between mycobacterial 
species or for the evaluation of drug-susceptibility. 
 
Poor infrastructure, 
limited available trained 
staff, and shortages of 
reagents, microscopes 
and other important 
materials and equipment 
often hobble 
microscopy services. 
Microscopy labs at 
peripheral health centers 
are often comprised of 
no more than a few 
people in a single room 
with badly maintained 
microscopes, unreliable 
electricity and scarce 
clean water.202,203 
(Figure 18.204) Lab 
workers are too few in 
number to typically handle the high-volume workloads.202 In addition to impeding work, 
scarce supplies such as gloves and masks place lab employees at elevated risk from 
infectious exposures. 
 
Microscopy labs frequently receive limited support from the government. The majority of 
high-burden countries spend less than $0.50 per capita on their national TB control 
programs.78 Typically, national TB programs provide few education or training programs, 
inadequate logistical support, insufficient monitoring of microscopy test quality, and 
outdated or nonexistent national standards for laboratory testing.202 
 
Often, microscopy and other lab-based diagnostic services are simply not available. Of 
the 36 countries in 2010 that had the highest TB or MDR-TB burden, 20 failed to meet 
the recommended minimum capacity of one laboratory for culture and drug-susceptibility 
testing per 5 million population.78 And among the 22 high TB-burden countries that 

Figure 18. Typical one-room microscopy lab in rural Uganda. 
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account for 80 percent of the world’s TB, more than one-third fail to meet the minimum 
concentration of microscopy centers needed to meet population needs, 1 per 100,000 
individuals.78 (Figure 19.78) Experts estimate that at least a total 13,000 more microscopy 
centers would need to be built in high burden countries to meet demand.205 
 

 

 
Geographic maldistribution further exacerbates problems of access to microscopy 
services. Like with all lab-based services, microscopy centers are typically 
overwhelmingly concentrated in more affluent, urban areas, leaving large swathes of the 
country with far more limited access to these services. Numerous studies have found that 
rural residence is a risk factor for late TB diagnosis.153,188,206 Moreover, even within 
urban areas, inequitable distribution of resources can leave some neighborhoods well-
serviced while higher-risk urban slums have far more limited access.149  
 
 
OPPORTUNITIES FOR IMPROVED MICROSCOPY 
 
Given that for at least the next 5 to 10 years a new diagnostic test is unlikely to be widely 
available to TB control programs in developing countries207, it is a research imperative to 
identify ways in which, in the meantime, the quality of existing services can be improved 
in the regions with the greatest need and the least resources. The WHO and the TB 
research community have given greater attention in recent years to strategies for 
optimizing microscopy services. A number of important strategies have been identified 
for enhancing microscopy, including physical or chemical sputum processing, 
fluorescence microscopy (FM) instead of conventional microscopy, and reduced serial 
sputum specimen collection. 
 
In conventional preparation of a sputum smear slide, a small portion of sputum is 
smeared directly onto the glass microscopy slide without any intermediary processing. 
This is called direct (or unconcentrated) microscopy. A number of physical and chemical 

Figure 19. Density of microscopy labs in highest TB-burden countries. Circle area represents relative 
estimated total tuberculosis cases. 
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methods of processing sputum prior to creation of the smear have been investigated for 
potential value in improving the sensitivity of microscopy. These methods include 
centrifugation, sedimentation, and the application of bleach. Centrifugation concentrates 
the cellular components of the sputum, facilitating identification of any AFB potentially 
present when the smear is examined. The mechanism of chemicals such as bleach is 
unclear but they may serve to concentrate the sputum or they may improve sensitivity by 
digesting debris and hereby providing for a clearer field of view.208 
 
Although previous systematic reviews have suggested that sputum processing may 
provide improved sensitivity199, more recent research has cast doubt on many of these 
techniques209, particularly their value at the peripheral health service level.210 
 
The advent of FM has provided new potential for improved sensitivity and other 
enhancements compared to conventional light microscopy (LM). A large systematic 
review found that the sensitivity for detection of AFB is on average 10 percent higher 
with FM as compared to conventional microscopy and that the specificity of the two 
techniques is 
comparable (at nearly 
100 percent).196 (Figure 
20.211) FM may also 
perform better with 
specimens from HIV-
positive patients, a 
population in which TB 
is currently often 
missed.212  
 
Moreover, because 
smears can be examined 
at lower magnification – 
meaning the field of 
view is larger – FM 
provides the advantage 
of faster slide reading 
compared to 
conventional microscopy 
using ZN staining.213 One recent study found a 4-fold difference in examination time 
between conventional microscopy and FM. Such reductions could have a substantial 
impact on the management of workload at laboratories in low-income countries.  
 
Beyond addressing the variable sensitivity of smear microscopy, efforts have been made 
to identify strategies for alleviating the high rates of patient dropout during the diagnostic 
process. Prior to 2007, international TB guidelines advised the microscopic examination 
of three serial sputum specimens for evaluation of individuals suspected of having 
pulmonary TB. According to this convention, the first sputum sample was collected from 
the patient when s/he initially presented, the second the next morning, and a third the 

Figure 20. Acid-fast bacteria as seen by fluorescence microscopy. 
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following day (the so-called ‘spot-morning-spot’ system). In addition, a case was 
considered positive after at least two smear examination results were positive for AFB.  
 
In 2007, following a series of studies and systematic reviews that demonstrated both the 
negligible value-added of the third specimen200,214-217 and the improved sensitivity gained 
when one positive smear instead of two was the threshold for identifying a case as 
positive,217 the WHO endorsed a new two-specimen (‘spot-morning’) case-finding 
strategy as well as a lower threshold for positive case identification.218,219 It is worth 
noting that this two specimen-based approach held valid among patient populations with 
high HIV prevalence.220 
 
More recent research found that examination of two sputum samples collected 
consecutively on the same day provides comparable performance to the two-day, two-
sample approach221-223 and allows the patient to avoid multiple trips to the laboratory 
prior to completion of the evaluation. Following a systematic review and meta-analysis of 
published and unpublished data from seven diagnostic studies, in 2009 the WHO changed 
its case-finding policy yet again and recommended that countries who have effectively 
implemented the two-day case-finding approach should move towards adoption of a 
strategy involving the collection of two sputum specimen collected consecutively on the 
same day.224 
 
Further simplification of the case-finding strategy appears possible. A recent study from 
Uganda found that in a setting with a high burden of TB and HIV infection, microscopic 
examination of two smears prepared from the same sputum specimen was equally 
sensitive to the now-standard two specimen-based approach.225 
 
 
FUTURE DIRECTIONS 
 
Mobile phone technology and imaging analysis algorithms offer some of the most 
promising opportunities for improving access to microscopy-based diagnostic services in 
low-resource, rural areas where TB is endemic. 
 
In the past decade, mobile telephony has increased at three-times the rate of other modes 
of telecommunications such as landline telephones and the internet.226 Over 76 percent of 
the world’s population is estimated to have a mobile phone subscription, and even in the 
developing world, penetration is estimated at over 67 percent.226 Moreover, subscriptions 
in developing countries represent well over the majority of all subscriptions.226 Although 
mobile phone coverage does not necessarily mirror multimedia messaging service 
(MMS) availability, recent studies suggest widespread availability, for example, 
throughout most of Africa.227 (Figure 21.227) 
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Numerous efforts have arisen in recent 
years to leverage the wide availability 
of mobile phones and MMS services to 
increase access to microscopy-based 
diagnostic services. Recent studies have 
demonstrated the feasibility of using 
mobile phones to capture images of 
various pathologies or microscope 
specimen and transmit the compressed 
images by MMS to remote sites for 
evaluation by specialists.227-229 Other 
researchers have focused on 
transforming the mobile phone into a 
mobile microscope. Mobile phones 
have been successfully modified into 
lens-less microscopes with resolution 
adequate for imaging various micro-
particles, platelets, red and white blood 
cells, and the waterborne parasite 
Giardia lamblia.230,231 Mobile phone-
mounted light microscopes have also 
been developed that are capable of 
imaging P. falciparum-infected and 
sickle red blood cells through LM and 
M. tuberculosis-infected sputum samples in fluorescence with LED excitation.232  
 
In addition to telemedicine, the utilization of mobile phones and other digital imaging 
devices for microscopy is providing an opportunity for the use of computer algorithm-
based image analysis in order to screen imaged specimens for pathogens. Several groups, 
for example, have explored automated detection of M. tuberculosis in images from 
FM233-236 as well as LM.237-239 Computer-driven image analysis could eventually replace 
specimen examination by human microscopists and allow point-of-care microscopy-
based diagnostic assessments in places where such services are currently limited or 
unavailable.  
 
  

Figure 21. Mobile phone subscriptions with declared availability of 
MMS, per 100 pop.  
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INTRODUCTION 
 
Tuberculosis (TB) continues to be a worldwide scourge, responsible for more deaths than 
any other infectious disease besides HIV/AIDS and overwhelmingly affecting the 
poor.171 As part of the Millennium Development Goals established by the United Nations 
in 2000, the international community set new case detection targets based on 
epidemiologic models that estimated TB elimination would require at least 70% detection 
of smear-positive patients.2 Now, as then, sputum-smear microscopy is the most widely 
available method of diagnosing TB.78 However, despite enormous investments in TB 
control over the subsequent decade, in 2010 alone an estimated 8.8 million people 
became newly infected with TB, one-third of whom went undiagnosed.78 This failure is 
largely due to smear microscopy-based detection rates of 60% or less in high TB burden 
regions such as Africa and Southeast Asia.78 Although recent advances in molecular 
detection methods suggest promising future alternatives to microscopy177, to date these 
tests rely on expensive equipment that is poorly suited for peripheral, low-resource 
areas.180 Consequently, improved access to high-quality smear microscopy is a global 
priority.164 
 
Rapid, relatively simple and highly specific in regions with a high prevalence of TB196, 
smear microscopy is undermined by several factors. Limited availability of microscopy 
services plagues many regions78, and the sensitivity of microscopy can vary significantly, 
depending in part on the diligence with which specimens are collected, slides prepared, 
and smears examined.202 In low-resource settings, poor quality assurance as well as 
shortages of reagents, functional microscopes, and skilled microscopists further reduce 
the effectiveness of services.202,240 
 
Beyond the introduction of fluorescent staining, which has proven to increase 
sensitivity196, the methods of smear microscopy has changed little over the past century 
and still consist of direct visualization of a stained smear under a microscope by a trained 
expert. By contrast, pathology in high-income countries increasingly involves the use of 
digital images viewed on high-resolution monitors, an approach that has maintained or 
improved diagnostic accuracy.241,242 Whereas the type of expensive, bulky technology 
employed in digital pathology is impractical for the low-resource settings where TB is 
endemic, advances in opto-electronics have brought the promise of improved TB 
diagnosis through microscopy-based digital imaging devices that are both portable and 
low cost.  
 
Recent studies have described a number of novel portable digital microscopy 
devices232,243-245, which exploit new technologies such as tiny, long-lasting light-emitting 
diodes (LEDs)246 and complementary metal-oxide semi-conductor (CMOS) image 
sensors with high sensitivity and fine pixel size.247 However, these studies have been 
largely proof-of-concept in nature. In this study we describe the first time such a digital 
microscopy device has been evaluated for diagnostic accuracy compared to conventional 
methods.  
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We report here on the performance of CellScope, a portable digital imaging device using 
LED illumination and capable of both light microscopy (LM) and FM. Our primary 
objective was to determine whether the diagnostic accuracy of LED FM with CellScope 
was non-inferior to conventional methods of LED FM involving commercial 
fluorescence microscopes. 
 

MATERIALS & METHODS 
 
DEVICE DESCRIPTION 
 
The CellScope is a small (20 x 20 x 10 cm), light (3 kg) portable battery powered digital 
fluorescence microscope (Figure 1). The system is built around a 20× 0.4 numerical 
aperture (NA) microscope objective providing 0.76 µm resolution and a 0.64 x 0.49 mm 
sample-referenced field of view. Fluorescence excitation is provided by a 1-watt, 460nm 
LED via a 0.65 NA condenser. Typical fluorescence exposure times for the 8-bit CMOS 
image sensor (quantum efficiency 45%) are 100-500 ms, depending on staining, but with 
negligible dark noise in all cases. Images are samples at above Nyquist frequency, 
allowing images to be blown up with proper interpolation for viewing at apparent 
magnification of 100-200×. 
 

 
Figure 22. CellScope device for digital light and fluorescence microscopy. 
 
Focus and slide position were adjusted manually by knobs. All other operations are 
performed via password-protected customized software installed on a low-cost E10IL2 
Notebook laptop computer (EliteGroup, Taipei, Taiwan; 1.6 GHz processor, 1 GB of 
RAM, and 26.6-cm transistor liquid crystal display with 1024x600 pixel resolution) 
running Microsoft Windows operating system (Microsoft Corp, Redmond, WA) and 
connected to the device via a standard universal serial bus (USB) 2.0 cable.   
 
SAMPLE SELECTION 
 
This study included smear microscopy slides prepared from sputum specimens submitted 
by 585 consecutive adults (age ≤ 18 yr) with cough between 2 and 24 weeks’ duration 

Slide tray 

Focus adjustment 

Lateral slide 
position adjustment 

Longitudinal slide 
position adjustment 
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enrolled in the International HIV-Associated Opportunistic Pneumonias (IHOP) study at 
Mulago Hospital (Kampala, Uganda) between September 2007 and January 2008. We 
excluded slides only if corresponding culture results were unavailable. 
 
Details of patient enrollment and evaluation for the IHOP study have been published 
previously.212,225 Briefly, patients submitted two sputum samples to the Uganda National 
Tuberculosis Reference Laboratory (NTRL) for all mycobacterial studies. Experienced 
NTRL technicians prepared smears on glass slides, stained them using auramine-O, and 
interpreted results using LED FM (Lumin; LW Scientific, Lawrenceville, GA; 
magnification × 400) in accordance with standard algorithms.225,248,249 In addition, the 
technicians cultured sputum sediment on Löwenstein-Jensen media.225,249 After initial 
smear examination, all slides were stored in opaque, sealed slide boxes and transported to 
the second study site, a temperature- and light-controlled laboratory space at UC 
Berkeley where all further aspects of the study were completed.  
 
DIGITAL FLUORESCENCE MICROSCOPY 
 
Two pre-doctoral students (AT and CR) blinded to the original FM and culture results re-
examined smears using two identical CellScope devices. Both students had no prior 
experience with microscopy, but were provided training on operation of the device and 
AFB identification, including instruction by a CellScope engineer (NS), review of WHO 
and IUATLD smear microscopy guidelines, and instruction on staining and slide reading 
protocols by expert microscopists at the San Francisco Department of Public Health.  
 
The students re-stained slides in batches250 (≤ 20 slides) using the 3-minute F.A.S.T. 
auramine-O stain kit (QBC Diagnostics, Port Matilda, PA),251 and read slides within 24 
hours of staining. A wax pencil was used to circumscribe each smear to provide a highly 
visible boundary line during reading. 
 
Slide reading and the imaging with the CellScope device was done according to a 
standardized protocol (see Online Supplement for details). Reading time was collected 
for all slides. 535 consecutive slides were divided equally between the two students, read 
once, and scored dichotomously as positive or negative based on the detection of AFB 
within one smear length. The remaining 50 slides were read twice by each student and 
scored semi-quantitatively using an adaptation of the IUATLD/WHO semi-quantitative 
grading system for LED FM.249 An over-labeling system was implemented by a study 
coordinator not involved in slide reading for purposes of blinding (Figure 2). 

 
Figure 23.  Reading strategy for subset of 50 semi-quantitatively scored slides. The subset was divided into 
two sets of 25 slides each (denoted here as slides A and slides B). 
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STATISTICAL ANALYSIS 
 
Our primary objective was to demonstrate that the sensitivity and specificity of 
CellScope-based LED FM performed by inexperienced readers was non-inferior to 
conventional LED FM performed by experienced technicians. The sample size for the 
study was fixed by the number of slides available for the analysis and supported a non-
inferiority margin of 15% with 80% power and a 5% significance level based on a one-
sided equivalence test of correlated proportions (Power Analysis and Sample Size; 
NCSS, Kaysville, UT). In calculating this, we assumed that the sensitivity of 
conventional LED FM would be 60% using mycobacterial culture as the gold standard252 
and that the difference in sensitivity and specificity between LED FM with CellScope 
and conventional methods would be 0%.  
 
We calculated the sensitivity and specificity of the smear microscopy techniques in 
reference to culture results. We compared the sensitivity and specificity of the techniques 
using McNemar’s paired test of proportions and reported the exact binomial 95% 
confidence interval (CI) for sensitivity and specificity differences.  We evaluated 
correlation between the techniques as well as intra- and inter-reader reliability using 
weighted kappa statistics based on the IUATLD External Quality Assessment 
guidelines.253 We performed all data analysis using STATA 10.0 software (Statacorp LP, 
College Station, TX) and Microsoft Excel 2008 (Microsoft Corp, Redmond, WA). 
 
ETHICS 
 
The study protocol was approved by institutional review boards at Makerere University, 
Mulago Hospital, the Uganda National Council for Science and Technology, and the 
University of California, San Francisco. University of California, Berkeley determined 
that the proposed study was not human subject research based on the use of de-identified 
microscopy smears. 
 

RESULTS 
 

STUDY POPULATION 
 
Of the total 585 slides read, 60 slides (10%) lacked associated culture results or other data 
and were excluded from analysis. Table 1 shows the characteristics of the patients 
corresponding to the remaining 525 slides. Two hundred forty-six (47%) were women 
and 380 (72%) were HIV-infected. The median age of the patient population was 32 
years (interquartile range [IQR] 27-39) and the median CD4+ T-lymphocyte count among 
HIV-infected patients was 55 cells/µl (IQR 19-175). M. tuberculosis was cultured from 
227 (39%) specimens. 
 
Seven of the 60 slides excluded from analysis were among the 50 slides semi-
quantitatively scored, leaving 43 from this subset for analysis. Sex and age characteristics 
were no different between patients represented by this subset compared to the remaining 
482 (P = 0.32 and 0.89 respectively). HIV infection, however, was less prevalent (53 vs. 
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72%, difference 21%, 95% CI 7-34%), as was culture positivity (23 vs. 41%, difference 
18%, 95% CI 2-33%).  
 

TABLE 1. DEMOGRAPHICS AND CLINICAL CHARACTERISTICS 

Characteristic, N (%) Study cohort  
(N = 525) 

Male 246 (47%) 

Age in years, median (IQR) 32 (27 to 39) 

HIV seropositive 380 (72%) 

CD4 T-lymphocyte count, median (IQR) 55 (19 to 175) 

Culture positive 207 (39%) 

Definition of abbreviation:  HIV = human immunodeficiency virus;  
IQR = Interquartile range 

 
LED FM WITH CELLSCOPE VERSUS CONVENTIONAL METHODS 
 
Using culture as a reference standard, conventional LED FM was more sensitive (70 vs. 
63%, difference 7%, 95% CI 1-13%) than LED FM with CellScope (Table 2). We also 
found that conventional LED FM was more specific (93 vs. 85%; difference 7%, 95% CI, 
3-12%) than with CellScope.  However, these differences, including their confidence 
intervals, were within the preselected 15% margin of non-inferiority. Sensitivity was 
similar between both readers (P = 0.45), whereas specificity was slightly different (90 vs. 
80%, difference 10%, 95% CI 2.2-18%). 
 

TABLE 2. DIAGNOSTIC ACCURACY OF LIGHT-EMITTING DIODE FLUORESENCE MICROSCOPY  
WITH CELLSCOPE VERSUS WITH CONVENTIONAL METHODS  

 CellScope  
LED FM 

Conventional  
LED FM 

Difference  
(95% CI) 

P value 

Overall (N = 525)     

% Sensitivity 63 70 7 (1 to 13) 0.029 

% Specificity 85 92 7 (3 to 12) < 0.01 

Definition of abbreviations:  CI = confidence interval; LED = light-emitting diode;  
FM = fluorescence microscopy 

 
CellScope and conventional LED FM were positive in a similar proportion of patients (34 
vs. 32%, P = 0.38), with moderate correlation between techniques (agreement 84%; 
unweighted kappa, 0.64). Among 83 discordant pairs of results, a greater proportion were 
positive with CellScope and negative with conventional LED FM (55 vs. 45%) but the 
difference was nonsignificant (P = 0.38). 
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EXAMINATION TIME 
 
Median slide examination time for LED FM with CellScope was 252 seconds (IQR, 137-
358). Examination time varied between slides scored as positive versus those scored as 
negative. Median examination time was 80 seconds (IQR, 32-194) for positive slides 
versus 297 seconds (IQR, 225-385) for negative slides. 
 
INTER- AND INTRA-READER RELIABILITY ANALYSES 
 
Tables 3, 4a and 4b show results of a sub-analysis of the 43 slides with complete data that 
were semi-quantitatively scored twice by both readers. Based on these results, inter-
reader reliability was moderate (agreement, 90%; weighted kappa, 0.65) (Table 3) and 
intra-reader reliability varied by reader (agreement, 85 vs. 71%; weighted kappa, 0.48 vs. 
0.11) (Table 4a and 4b). 
 

TABLE 3. INTER-READER COMPARISON OF SEMI-QUANTITATIVE SCORES FOR LIGHT-EMITTING DIODE  
FLUORESENCE MICROSCOPY WITH CELLSCOPE 

   Reader 1  (N = 43) 
 

   

  Negative Scanty 1+ 2+ 3+ Total 

 Negative 29 5    34 

Reader 2  
(N = 43) 

Scanty 2     2 

1+  1 2   3 

 2+ 1   1  2 

 3+     2 2 

 Total 32 6 2 1 2 43 

 
 

TABLE 4a. INTRA-READER COMPARISON OF SEMI-QUANTITATIVE SCORES FOR LIGHT-EMITTING  
DIODE FLUORESENCE MICROSCOPY WITH CELLSCOPE: READER 1 

   1st Read 1  (N = 43) 
 

   

  Negative Scanty 1+ 2+ 3+ Total 

 Negative 25 5    30 

2nd Read  
(N = 43) 

Scanty 7 1  1  9 

1+   1   1 

 2+   1   1 

 3+     2 2 

 Total 32 6 2 1 2 43 
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TABLE 4b. INTRA-READER COMPARISON OF SEMI-QUANTITATIVE SCORES FOR LIGHT-EMITTING  
DIODE FLUORESENCE MICROSCOPY WITH CELLSCOPE: READER 2 

   1st Read 1  (N = 43) 
 

   

  Negative Scanty 1+ 2+ 3+ Total 

 Negative 24 1 2 1 2 30 

2nd Read  
(N = 43) 

Scanty 6     6 

1+ 1 1 1   3 

 2+ 1     1 

 3+ 2   1  3 

 Total 34 2 3 2 2 43 

 
DISCUSSION 

 
Increasing access to high-quality smear microscopy is crucial to global TB control. In this 
study, the first to evaluate the diagnostic accuracy of a portable digital microscopy device 
compared to conventional methods, we found that LED FM by CellScope was non-
inferior to conventional LED FM involving commercial laboratory fluorescence 
microscopes. These findings are particularly significant given a substantial training and 
experience advantage enjoyed by technicians performing the conventional method. Our 
results suggest that portable digital microscopy could make an important contribution to 
expanding access to microscopy services in low-income, high TB burden settings where 
laboratory infrastructure and trained medical personnel are scarce. 
 
Prior approaches to integrated, portable digital microscopy have, like CellScope, 
capitalized on advances in LEDs and image sensors, although system designs have 
varied. Optofluidic microscopy devices have recently been able to accommodate 
fluorescence, but they continue to require assumptions about the specimen such as flow 
speed and optical working distance.254 Lensless holographic microscopy devices have 
succeeded in achieving high-resolution imaging, although they require that specimen to 
be immobilized at a fixed working distance.255 Recent prototypes of array microscopy 
platforms allow imaging of separate fields of view without need for scanning, but 
improvements in image quality are needed.244 None of these portable digital microscopy 
devices have been subjected to rigorous evaluation of diagnostic accuracy compared to 
conventional methods, as we present here. 
  
CellScope has a number of design features that optimize it for use in limited-resource, 
peripheral settings. Its LED bulbs are long-lasting, have low energy requirements, and 
cost little to replace.246 The inexpensive CMOS image sensor used in CellScope is no 
different than that found in a typical commercial mobile camera phone. The device is 
capable of LM as well as FM and, unlike most fluorescence microscopes, can be used in 
direct sunlight. CellScope’s battery life of over 5 hours is a valuable asset in areas with 
unreliable electricity. And the estimated manufacturing cost of CellScope is less than a 
low-cost commercial LED fluorescence microscope. Although the current design is not 
standalone and requires connection to a computer, the use of inexpensive netbook laptops 
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contains costs and minimally affects portability. In future designs the computing tasks of 
CellScope could be easily handled by a smartphone. 
 
Although in this study we evaluated CellScope as an alternative method for a 
microscopist to visualize smears, the device’s digital images along with computing power 
and the opportunity for connection to mobile phone networks open exciting avenues for 
new applications of the device. Mobile phone coverage in most low-income countries is 
extensive.226 Previous studies have demonstrated the feasibility of using cellular networks 
to transmit images to remote experts for consultation and quality assurance 
purposes.227,256 The same technology can also be harnessed through geographic 
information systems (GIS) to generate detailed maps, spatial distributions of disease 
incidence and performance indictors of disease control.257 Moreover, a number of recent 
studies have indicated significant progress in the development of reliable algorithms for 
the detection of AFB in images of smear microscopy slides233-235, suggesting that 
computer algorithm-based analysis of CellScope’s digital images could soon be used to 
assist or even replace human readers.  
 
Our study has several potential limitations. First, the moderate sample size, which was 
fixed by the availability of slides, limited our statistical power and therefore the 
narrowness of the non-inferiority margin. However, given that the technicians who 
performed the conventional LED FM had a significant training and experience advantage 
over the CellScope technicians, we believe that the selected non-inferiority margin was 
justified. Second, the intra-reader variability raises concerns about reliability, although 
we believe that this may be a reflection of learning taking place between the first and 
second readings. Further evaluation is needed. Third, because the CellScope technicians 
were raised and educated in the US, our findings should be validated with technicians 
from low-resource regions who have less familiarity with personal computers and 
electronics. Such evaluation could identify important opportunities for improvements in 
the user interface. Finally, our study population consisted of hospitalized patients, many 
of whom had advanced HIV infection. While the specific values that our study 
determined for sensitivity and specificity of the techniques may not be generalizable to an 
ambulatory or low HIV-infected population, we would expect that differences between 
techniques would be conserved.  
 
In summary, our findings suggest that LED FM by the digital imaging device CellScope 
is non-inferior to LED FM by conventional laboratory-based methods involving standard 
fluorescence microscopes. This study is the first to evaluate the diagnostic accuracy of a 
portable digital microscopy device compared to conventional methods. The device’s 
portability as well as the opportunities it offers for telemicroscopy and automated AFB 
detection makes CellScope an attractive alternative microscopy platform for TB control. 
Additional implementation studies should be conducted in more diverse patient 
populations and comparing LED FM by CellScope and conventional methods with both 
techniques performed by similarly trained technicians from low-resource areas.   
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