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H I V / A I D SM A J O R A R T I C L E
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(See the editorial commentary by Fennelly on pages 1358–60)

Background. Nosocomial transmission of tuberculosis remains an important public health problem. We created
an in vivo air sampling model to study airborne transmission of tuberculosis from patients coinfected with human
immunodeficiency virus (HIV) and to evaluate environmental control measures.

Methods. An animal facility was built above a mechanically ventilated HIV-tuberculosis ward in Lima, Peru.
A mean of 92 guinea pigs were continuously exposed to all ward exhaust air for 16 months. Animals had tuberculin
skin tests performed at monthly intervals, and those with positive reactions were removed for autopsy and culture
for tuberculosis.

Results. Over 505 consecutive days, there were 118 ward admissions by 97 patients with pulmonary tuberculosis,
with a median duration of hospitalization of 11 days. All patients were infected with HIV and constituted a
heterogeneous group with both new and existing diagnoses of tuberculosis. There was a wide variation in monthly
rates of guinea pigs developing positive tuberculin test results (0%–53%). Of 292 animals exposed to ward air,
159 developed positive tuberculin skin test results, of which 129 had laboratory confirmation of tuberculosis. The
HIV-positive patients with pulmonary tuberculosis produced a mean of 8.2 infectious quanta per hour, compared
with 1.25 for HIV-negative patients with tuberculosis in similar studies from the 1950s. The mean monthly patient
infectiousness varied greatly, from production of 0–44 infectious quanta per hour, as did the theoretical risk for
a health care worker to acquire tuberculosis by breathing ward air.

Conclusions. HIV-positive patients with tuberculosis varied greatly in their infectiousness, and some were
highly infectious. Use of environmental control strategies for nosocomial tuberculosis is therefore a priority,
especially in areas with a high prevalence of both tuberculosis and HIV infection.

Institutional transmission of tuberculosis is an impor-

tant public health problem. Numerous outbreaks of

tuberculosis have been reported in hospitals [1, 2],

homeless shelters [3, 4], and correctional facilities [5,

6]. Nosocomial tuberculosis is particularly important
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in resource-limited settings where control measures are

hardest to implement and tuberculosis burden is high-

est. Nosocomial tuberculosis is exacerbated by HIV in-

fection, which increases susceptibility to tuberculosis

infection [7] and progression to disease [8] and causes

clinic attendance and hospitalization. HIV infection has

an ill-defined effect on tuberculosis infectiousness, with

conflicting results from household contact studies for

HIV-positive and HIV-negative patients with tubercu-

losis [9]. Although delayed diagnosis because of atypical

presentation may result in increased transmission of

tuberculosis, reduced lung cavitation and decreased

sputum bacillary load may reduce infectiousness in per-

sons with HIV infection [10, 11].
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Figure 1. Schematic representation of the animal facility on the roof

of a tuberculosis ward. The HIV-tuberculosis ward is located on the ground

floor, and exhaust air flowed through ductwork in the false ceiling up to

the animal facility on the roof. Air passed over the guinea pigs and then

passed through 2 extractor fans before being exhausted into the atmo-

sphere through the chimney.

Measuring transmission of tuberculosis is difficult. Tuber-

culosis rates among hospital staff are confounded by exposures

outside of the workplace. Conventional mechanical air sam-

pling for viable Mycobacterium tuberculosis has been unsuc-

cessful [12], and PCR-based techniques [13, 14] also detect

nonviable organisms. Much of our understanding of airborne

transmission of tuberculosis is based on classic 1950s studies

in which guinea pigs were exposed to exhaust air from a tu-

berculosis ward [15, 16]. By matching patient and guinea pig

tubercular infection, using drug susceptibility and temporal

exposure patterns, the investigators demonstrated airborne

transmission of tuberculosis by droplet nuclei, as well as great

variability in patient infectiousness and reduced infectiousness

after the initiation of treatment.

Since the numerous hospital outbreaks associated with the

tuberculosis resurgence during the 1980s and 1990s, the US

Centers for Disease Control and Prevention developed guide-

lines for tuberculosis control in health care settings, which were

recently updated [17]. Although use of these guidelines in

North America has been paralleled by a decrease in reported

nosocomial transmission of tuberculosis, the efficacy of indi-

vidual interventions is unclear, because they are often imple-

mented simultaneously and because of the difficulties in mea-

suring transmission. It is important to determine which

interventions are effective for reducing hospital-acquired in-

fections, particularly in resource-limited settings. There has

been renewed interest recently in upper-room UV light as an

environmental control measure for tuberculosis [18, 19], but

there have been no efficacy studies in a clinical setting. The

aim of this study was to recreate the original air sampling model

(from the 1950s) in the modern era of HIV infection and

multidrug-resistant tuberculosis, to investigate the infectious-

ness of such patients, and to allow subsequent evaluation of

environmental control measures for tuberculosis.

METHODS

Patient recruitment. The study was performed at Hospital

Nacional Dos de Mayo (Lima, Peru). Persons with HIV infec-

tion with existing or suspected tuberculosis were treated in two

4-bed, negative-pressure rooms. All ward air was exhausted via

ducts to the tuberculosis infectiousness facility on the roof. This

ward operated normally as part of the tuberculosis-HIV service,

and the study had no influence on patient admission, treatment,

or duration of hospital stay.

Tuberculosis infectiousness facility. An airtight animal fa-

cility was constructed on the hospital roof (figure 1). Ward air

passed through the animal facility before extractor fans ex-

hausted it outside. Animals were housed in groups of 6–8.

Animal cages had wire mesh drop-through floors to minimize

the risk of horizontal tuberculosis spread via the fecal-oral route

[20, 21]. Airflow from the ward and into the animal house was

measured using an airflow capture hood (Alnor) on injection

and extraction vents. Airflow patterns were assessed visually

using smoke emitters (Regin HVAC Products).

Animals. Outbred male and female Peruvian guinea pigs,

weighing 600–1000 g, were maintained in quarantine for �1

month. All guinea pigs were skin tested at monthly intervals

by intradermal injection with 100 U of purified protein deriv-

ative (PPD; Evans Vaccines). The diameter of induration was

measured at 48 h. At least 2 negative monthly test results were

required before transfer from quarantine to the hospital roof

to ensure freedom from tuberculosis.

Experimental protocol. One hundred forty-four animals

were added to the exposure facility initially, with an additional

148 added after 6 months. Total duration of ward air exposure

was 505 days. Monthly tuberculin skin tests were continued,

and those with positive reactions were removed for humane

sacrifice and autopsy. A mean of 40 negative control guinea

pigs were maintained in a separate rooftop facility ventilated

with fresh air. An additional 13 animals were injected intra-

muscularly with 0.5 mL of Mycobacterium bovis sensitizing

agent [22] (Center for Veterinary Biologics) to act as positive

control animals for different PPD batches. Care of control an-

imals was identical to that of animals exposed to ward air.

Diagnosis of tuberculosis in animals. Evidence of tuber-

cular infection was sought in the lungs; bronchohilar, paratra-

cheal, and mesenteric lymph nodes; spleen; and liver. Lesions

were divided into halves, with one part stored in 10% for-

maldehyde and the other homogenized in 2 mL of sterile 0.9%

saline for culture for M. tuberculosis. If no lesion suspicious for

tuberculosis was detected, one-half of one diaphragmatic lung
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lobe and all bronchohilar lymph nodes were removed for ho-

mogenization and culture. Tissue homogenates were decon-

taminated for 15 min using NaOH-NALC [23], and the re-

sulting mixture was centrifuged for 15 min at 17�C. The pellet

was resuspended in 2 mL of 0.9% saline plus 0.2% bovine serum

albumin (Sigma), and 125 mL of the specimen was cultured for

M. tuberculosis using the microscopic-observation drug-sus-

ceptibility assay [24].

Patient and ward air infectiousness. Mean patient infec-

tiousness per month was calculated using the Wells-Riley model

of airborne infection [25], assuming guinea pig pulmonary

ventilation to be 0.23 m3/day [15] and adjusting for non–ward

air infiltration into ducts [26]. Ward periods relating to each

monthly skin test were calculated considering a lag of 21 days

prior to the test, reflecting the incubation period for tuber-

culosis in guinea pigs [15, 27].

Ethical approval. The study was approved by the institu-

tional review boards at Hospital Dos de Mayo, Asociación Be-

néfica PRISMA (Lima), and Imperial College London Ham-

mersmith Hospital Campus. Animal ethics approval was

obtained from the Veterinary Medicine faculty at Universidad

Nacional Mayor San Marcos (Lima) who supervised all animal

work.

Statistical analyses. SPSS software, version 10 (SPSS), was

used. Parametric data were compared using Student’s t test,

and nonparametric data were compared using the Mann-Whit-

ney U test or Wilcoxon signed-ranks test. A x
2 test was used

for data with binomial outcomes.

RESULTS

Patients. Over 505 days, there were 185 admissions to the

negative-pressure rooms by 161 patients, resulting in a total of

2667 patient-days (mean bed occupancy, 66%). The median

duration of hospitalization was 11 days (interquartile range, 6–

21days). There were 118 admissions by 97 patients with pul-

monary tuberculosis (1798 patient-days; 67%), 33 admissions

by 30 patients with extrapulmonary tuberculosis (609 patient-

days; 23%), and 34 admissions by 34 persons suspected of

having tuberculosis but with no subsequent evidence of tu-

berculosis (260 patient-days; 10%). Forty-one admissions due

to pulmonary tuberculosis (35%) were by patients with positive

sputum smear results (figure 2A). All of the patients were HIV

positive. Patients with pulmonary tuberculosis included those

admitted for diagnosis and initiation of treatment, for treat-

ment of adverse reactions, or for other complications of tu-

berculosis or HIV infection.

Ward airflow. The mean total airflow leaving the ward

(�SD) was L/s, including L/s from a small402 � 9.4 56.6 � 0.9

side room used in the mornings to administer intravenous

medications to patients without tuberculosis. Mean total airflow

entering the animal house (�SD) was L/s—the459.2 � 15.1

difference reflecting outside air infiltration into ducts (mean

rate of infiltration [�SD], ). In smoke pattern12% � 3.5%

testing, smoke entered the animal house, dispersing rapidly to

both sides of the central partition without visible areas of

stagnation.

Infectiousness of ward air. The proportion of guinea pigs

with positive PPD testing results (induration, �7.5 mm) each

month is shown in figure 2B. Attrition in total numbers reflects

monthly removal of PPD-positive and -negative control ani-

mals for autopsy, as well as intercurrent deaths. There were no

PPD-positive animals in months 1, 13, and 16, and there was

just 1 in months 3 and 7. Ward air was highly infectious before

the month 10 skin test, at which point 92 animals (53%) had

positive PPD results. Estimated patient infectiousness, volume

of ward air in which 1 infectious quantum was suspended, and

daily risk of M. tuberculosis infection averaged over each study

month using the Wells-Riley model are shown in figure 2C.

Detection of tuberculosis transmission via PPD skin testing.

During the quarantine period, 760 PPD skin tests were per-

formed for 308 animals. All reactions had a diameter !7.5 mm

( , mm). Among unexposed negative con-mean � SD 3.6 � 1.2

trol animals, 287 tests were performed for 50 animals. All re-

actions were !7.5 mm ( , mm). Amongmean � SD 4.0 � 1.5

ward air–exposed animals, 1564 tests were performed for 292

animals. The majority of reactions again were !7.5 mm, but

larger reactions were now seen. Figure 3 shows the frequency

distributions of PPD reactions among quarantined, unexposed

negative control, and ward air–exposed animals. A putative

cutoff of �7.5 mm for a positive test was selected.

When males and females were compared, there was no sig-

nificant difference in PPD responses ( ) or in rates ofP p .2

positive tests in exposed animals (both 10%; ). All 13P p .7

animals challenged with Mycobacterium bovis sensitizing agent

developed skin test responses �7.5 mm. The median reaction

size for 93 tests conducted within 6 months of a sensitizing

injection was 16 mm (interquartile range, 8.5–20 mm). Re-

sponses decreased over time but increased after rechallenge.

The infection data were not confounded by serial testing,

because reaction size did not change over time. This was for-

mally investigated in quarantined animals. In the first batch of

animals, the mean reaction size (�SD) was mm (in4.0 � 1.1

148 tests) in the first month, mm (in 147 tests) in3.7 � 1.4

the second month, and mm (in 147 tests) in the third3.6 � 1.3

month. There was no significant difference between the first

and second or second and third months. There was a statis-

tically significant decrease in reaction size between the first and

third months of 0.4 mm ( ), but this is not of biologicalP p .01

importance. Similar data were obtained for the second batch

of animals.

The data were also not affected by the introduction of a

second batch of animals to monitor patient infectiousness. The



1352 • CID 2007:44 (15 May) • HIV/AIDS

Figure 2. Patient-bed occupancy, percentage of exposed guinea pigs with positive skin test reactions to purified protein derivative (PPD), and

infectiousness of ward air, by study month. A, Bed occupancy for the 8-bed ward from which all exhaust air passed over the guinea pigs. B, Percentages

(with 95% CIs) of exposed guinea pigs each month with positive PPD skin test results (�7.5 mm induration at 48 h). C, Infectiousness of ward air.

The mean infectiousness of patients with pulmonary tuberculosis (TB) in the ward per month (infectious quanta produced per hour [q/h]) was calculated

using the Wells-Riley model of airborne infection [25]. Also shown is the volume of ward air in cubic meters in which 1 infectious quantum is

calculated to have been suspended, assuming that 1 infectious quantum was responsible for each PPD-positive guinea pig. In addition, the mean

daily risk of tubercular infection is shown for a health care worker breathing ward air without respiratory protection, estimated for each study month

using the Wells-Riley model, assuming pulmonary ventilation to be 0.167 L/s [28] and the infectious TB dose for guinea pigs and health care workers

to be equal.

first batch had been exposed to ward air for 6 months when

the second batch began exposure. Subsequently, 38 (14%) of

265 skin test results were positive in the first group, which was

almost identical to 95 (14%) of 671 test results being positive

in the second group ( ). Thus, there was no accumulationP p .9

in the exposure chamber over time of animals resistant to tu-

berculosis because of the removal of PPD-positive susceptible

animals.

Analysis of guinea pig infection. Autopsy and culture re-

sults are shown in table 1. A macroscopic lung primary focus

and/or enlarged, hard bronchohilar or paratracheal lymph

nodes with evidence of caseation were considered to be direct

evidence of tuberculosis acquired by the airborne route. One

hundred thirty-five of 285 animals had a positive culture result

for M. tuberculosis in at least 1 tissue, which comprised bron-

chohilar or paratracheal lymph nodes (52 [93%] of 56 speci-

mens positive for M. tuberculosis); lung (44 [81%] of 54 spec-

imens positive for M. tuberculosis); spleen (58 [61%] of 95
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Figure 3. Tuberculin purified protein derivative (PPD) skin test re-

sponses in guinea pigs exposed and not exposed to ward air. The fre-

quency distribution of induration diameter at 48 h for PPD skin tests is

shown for quarantined animals (760 tests in 308 animals over 3 months)

(A), unexposed negative control animals on the roof (287 tests in 50

animals over 13 months) (B), animals exposed to ward air (1564 tests in

292 animals over 16 months) (C), and animals exposed to ward air as in

C, with the y axis truncated at 30 mm to emphasize the distribution of

large responses �7.5 mm (D).

specimens positive for M. tuberculosis); or combined lung/

lymph node (70 [99%] of 71 specimens positive for M. tuber-

culosis). Autopsy and culture results for unexposed and exposed

animals revealed a good relation to PPD results (figure 4). A

receiver operating characteristic [29] curve characterizing the

relative sensitivity and specificity of different cutoffs for skin

test positivity is shown in figure 5. The point closest to the

top-left corner is usually selected as the cutoff (in this case, 8.5

mm). A cutoff of �7.5 mm was adopted, because responses of

�7.5 mm were seen only in exposed animals, and this cutoff

gave increased sensitivity with only a small decrease in speci-

ficity, compared with the cutoff of 8.5 mm.

DISCUSSION

This study used a robust method of studying tuberculosis trans-

mission to demonstrate that the infectiousness of air from a

tuberculosis-HIV ward was highly variable. During the majority

of the study, ward air was relatively safe, causing few infections

in the guinea pigs, but at other times, the air was highly in-

fectious. Patient infectiousness appeared highly variable among

this heterogeneous group of patients with tuberculosis and HIV

infection, as seen in patients with tuberculosis but without HIV

infection in similar studies conducted during the 1950s.

Marked variability in the infectiousness of air from this tu-

berculosis-HIV ward was demonstrated. During the first 9

months, ward air was of relatively low infectiousness, with !7%

of exposed guinea pigs developing positive skin test results each

month. Furthermore, no PPD-positive animals were observed

in months 13 and 16. In contrast, ward air was highly infectious

prior to month 10, when 92 animals (53% of the colony) were

PPD-positive. This variation is not accounted for by changes

in bed occupancy, in patient bed-days for patients with positive

sputum smear results, or by grade of smear result positivity

(data not shown). Environmental factors, such as relative hu-

midity (highest in winter, study months 13–14), are also un-

likely to explain this variation. This variability of infectiousness

concurs with the studies by Riley et al. [15, 16, 30], in which

tuberculosis transmission occurred from a minority of patients,

and also with more recent work studying aerosols generated

by coughing patients with tuberculosis [31].

Estimated using the airborne infection model, the mean in-

fectiousness of patients with pulmonary tuberculosis each

month varied from production of 0–44 infectious quanta per

hour (1 quantum being the “infectious dose” for tuberculosis

[25]). The mean infectiousness during the whole study was 8.2

infectious quanta per hour, 16 times that calculated for the

heterogeneous mix of patients without HIV infection studied

by Riley et al. [25] during the 1950s and 1960s. This mean

infectiousness, however, masks variability in infectiousness be-

tween patients [30]. In the studies during the 1950s and 1960s,

a patient with laryngeal tuberculosis accounted for many in-

fections in guinea pigs (estimated production, 60 infectious

quanta per h [25]), and treatment was deferred in some patients

to study the effect on infectiousness. There was no evidence of

laryngeal tuberculosis in our study, and in contrast to the stud-

ies written or cowritten by Riley [15, 16, 30], all patients in

our study were immunosuppressed due to HIV infection. DNA

fingerprinting of patient and guinea pig M. tuberculosis strains
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Figure 4. Autopsy and culture results for negative control guinea pigs

not exposed to ward air and guinea pigs exposed to ward air, according

to tuberculin purified protein derivative (PPD) skin test reaction size.

Autopsies were graded as normal (no shading); abnormal, with nonspecific

changes (light gray shading); or abnormal, with changes pathognomonic

for pulmonary tuberculosis (dark gray shading). The numbers of guinea

pigs that were culture-positive for Mycobacterium tuberculosis are de-

noted by dots in the graph for each category of autopsy result. Two PPD-

positive animals and 1 PPD-negative animal did not have cultures per-

formed and were excluded from this figure.

Table 1. Autopsy and tuberculosis culture results for guinea pigs that were killed after administration of a monthly tuberculin purified

protein derivative (PPD) skin test or that died between skin tests (intercurrent deaths).

PPD status

Positive autopsy results Negative autopsy results

Total

no. of

guinea pigs

Pulmonary primary focus

present

Primary focus

absent
Total

no. of

guinea pigs

Culture-

positive

Culture-

negative

No

culture
a

Total

no. of

guinea pigs

Culture-

positive

Culture-

negative

No

culture
a

Culture-

positive

Culture-

negative

Positive 116 3 2 4 0 125 4 30 0 34 159

Negative 6 1 0 0 0 7 2 98 1 101 108

Intercurrent deaths 1 0 3 0 0 4 2 18 1 21 25

Total 123 4 5 4 0 136 8 146 2 156 292

NOTE. Data are no. of guinea pigs. A positive autopsy result was defined as the presence of a macroscopic hard, white pulmonary primary focus and/or

enlarged, hard, caseating bronchohilar or paratracheal lymph nodes.
a

No cultures performed for operational reasons.

may allow investigation of determinants of patient infectious-

ness, such as cough frequency. Although the Wells-Riley model

has limitations, such as assuming steady-state conditions [32],

it is useful for comparisons with published infectiousness values

using the same model [25, 32], as well as for quantifying

monthly variations in our study.

The potential for air in HIV-tuberculosis wards to be highly

infectious underscores the need for effective implementation

of administrative tuberculosis control measures, such as prompt

identification, isolation, and treatment of patients with tuber-

culosis. Furthermore, the need for environmental control mea-

sures to reduce tuberculosis transmission is highlighted. Natural

ventilation, which can provide high rates of air exchange for

little or no cost and is applicable across a wide variety of health

care settings, including waiting rooms and emergency depart-

ments, is an important environmental control strategy in low-

resource settings [33, 34] in which burdens of tuberculosis and

HIV infection are highest. However, with inherent limits in the

protection afforded by dilutional ventilation [28], there is a

need for new environmental control strategies and for further

development of existing measures, such as upper-room UV

light. Community transmission of tuberculosis is also impor-

tant, and it is not possible to say whether the patients in our

study were likely to be more or less infectious than community

patients, owing to factors such as advancement of disease,

cough hygiene practices, and treatment. The identification of

highly infectious patients and of the duration of infectiousness

would facilitate optimal use of scarce isolation facilities in low-

resource settings and might perhaps allow targeted treatment

of latent infection with M. tuberculosis.

To accurately determine infectiousness, we have optimized

this in vivo air sampling model. A PPD test cutoff of �7.5 mm

of induration was defined, which was well supported by the

absence of responses 17 mm in 1047 tests of quarantined and

negative control animals and by the receiver operating char-

acteristic curve. The area under this curve was 0.91, reflecting

a test of excellent accuracy [29]. By selecting 7.5 mm instead

of 8.5 mm as the cutoff, greater sensitivity is gained with only

a small loss in specificity. This helps minimize the chance of

animals with tuberculosis remaining in the exposure chamber

and risking horizontal tuberculosis transmission between ani-

mals. Of the 4 of 13 animals with responses of 7 mm that were
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Figure 5. Receiver operating characteristic curve for 100 U of tuber-

culin purified protein derivative (PPD) skin test in guinea pigs, on the

basis of sensitivity and specificity calculated from combined autopsy and

culture data for 267 animals exposed to ward air. The area under the

curve is 0.91, suggesting a test of excellent accuracy. As indicated by

the adjacent numbers, the points on the graph correspond to PPD cutoff

points for positive tests of �14, 13, 12, 11, 10, 9.5, 9, 8.5, 8, 7.5, 7,

6.5, 6, and 5.5 mm.

found to have tuberculosis, 3 went on to develop skin test

responses �7.5 mm while awaiting autopsy.

The significance of PPD-positive animals with negative au-

topsy and culture results is of interest. Of 159 exposed guinea

pigs with PPD responses �7.5 mm, 30 (19%) had negative

culture and autopsy results (figure 4). A study by Mills et al.

[35], in which Riley was a researcher, similarly identified such

a group of animals. One possible explanation is reduced strain

virulence, and infection of guinea pigs by the intramuscular or

airborne route with clinical M. tuberculosis strains has shown

considerable differences in virulence [36–42]. For reduced M.

tuberculosis strain virulence, mycobacterial numbers in spleen

or primary lung lesions may decrease to !100 colony-forming

units by 6 weeks [40], and a lung focus may potentially resolve

over time. Because of the monthly PPD system and the ∼21-

day interval from infection to PPD conversion [27], an animal

may have been infected for 3–7 weeks by the time the skin test

was administered. If infection occurred with a reduced-viru-

lence strain, by the time of autopsy, there may have been little

macroscopic evidence of tuberculosis, and mycobacterial levels

may have been less than detection limits. Variation in the air-

borne fitness or dose of inhaled bacilli may also contribute to

the discordance between culture and skin test results. Experi-

mental airborne infection of guinea pigs with clinical M. tu-

berculosis strains has shown variability in lesion-inducing ef-

ficiency, defined as the number of colony-forming units

required to be inhaled to produce a macroscopic primary focus

[40], which ranged from 1, for fully virulent, to 4, for poorly

virulent strains. It is possible that a guinea pig infected with

fewer droplet nuclei than the lesion-inducing efficiency number

for that strain may develop a positive skin test result without

autopsy or culture evidence of tuberculosis. Therefore, if only

guinea pigs with macroscopic evidence of tuberculosis are in-

cluded, assessments of patient infectiousness may be

underestimations.

There are 2 additional potential confounders of the data.

First, 5 animals had false-negative PPD results, of which 3 had

tuberculosis at autopsy, including a grossly underweight animal

that may have developed anergy due to extensive disease. The

remaining 2 animals with apparently false-negative PPD results

may have represented laboratory cross-contamination or, al-

ternatively, early tubercular infection prior to PPD conversion.

Second, horizontal tuberculosis transmission between animals

inside the facility may confound these studies of patient infec-

tiousness. Tuberculosis transmission may occur between guinea

pigs by the respiratory and fecal-oral routes [20, 21]. However,

drop-through cages were installed to prevent coprophagy. Im-

portantly, the spatial distribution of tubercular infection in the

animal facility was random, consistent with airborne infection

from patients in the ward and not with horizontal spread.

In summary, this study has demonstrated marked variability

in infectiousness of air from an HIV-tuberculosis ward with a

heterogeneous mix of patients. Average patient infectiousness

each month varied greatly, as did the estimated risk of noso-

comial tuberculosis transmission to a health care worker on

the ward. This highlights the importance of the continuing need

for administrative and environmental control measures for re-

ducing institutional tuberculosis transmission. This air sam-

pling model is currently in use, evaluating upper-room ultra-

violet light and negative air ionization to prevent airborne

transmission of tuberculosis.
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