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Rationale: Mycobacterium tuberculosis is transmitted by infectious
aerosols, but assessing infectiousness currently relies on spu-
tum microscopy that does not accurately predict the variability
in transmission.
Objectives: To evaluate the feasibility of collecting cough aerosols
and the risk factors for infectious aerosol production from patients
with pulmonary tuberculosis (TB) in a resource-limited setting.
Methods: We enrolled subjects with suspected TB in Kampala,
Uganda and collected clinical, radiographic, and microbiological
data in addition to cough aerosol cultures. A subset of 38 subjects
was studied on 2 or 3 consecutive days to assess reproducibility.
Measurements and Main Results: M. tuberculosis was cultured from
cough aerosols of 28 of 101 (27.7%; 95% confidence interval [CI],
19.9–37.1%) subjects with culture-confirmed TB, with a median 16
aerosol cfu (range, 1–701) in 10 minutes of coughing. Nearly all
(96.4%) cultivable particles were 0.65 to 4.7 mm in size. Positive
aerosol cultureswereassociatedwithhigherKarnofskyperformance
scores (P¼ 0.016), higher sputum acid-fast bacilli smearmicroscopy
grades (P ¼ 0.007), lower days to positive in liquid culture (P ¼
0.004), stronger cough (P¼ 0.016), and fewer days on TB treatment
(P ¼ 0.047). In multivariable analyses, cough aerosol cultures were
associated with a salivary/mucosalivary (compared with purulent/
mucopurulent) appearance of sputum (odds ratio, 4.42; 95% CI,
1.23–21.43) and low days to positive (per 1-d decrease; odds ratio,

1.17; 95%CI, 1.07–1.33). Thewithin-test (kappa, 0.81; 95%CI, 0.68–
0.94) and interday test (kappa, 0.62; 95% CI, 0.43–0.82) reproduc-
ibility were high.
Conclusions: A minority of patients with TB (28%) produced cultur-
able cough aerosols. Collection of cough aerosol cultures is feasible
and reproducible in a resource-limited setting.
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Tuberculosis (TB) continues to be a major cause of global
morbidity and mortality, especially among those infected with
HIV (1). The spread of multidrug-resistant (MDR) and exten-
sively drug-resistant TB has highlighted the importance of pre-
venting transmission of TB, both in the community and within
healthcare facilities (2, 3). Mycobacterium tuberculosis is trans-
mitted by fine aerosols (i.e., via the airborne route in infectious
droplet nuclei , 5 mm in diameter), yet assessment of infectious-
ness has been based on microscopic examination of sputum
for more than a century. Both experimental and epidemiolog-
ical data suggest that sputum examination for acid-fast bacilli
(AFB) is neither a sensitive nor a specific indicator of infec-
tiousness (4–7). Moreover, although the size of aerosol particles
is a critical determinant of aerosol deposition in the lungs and
a factor that impacts infection control measures, the magnitude
and size distribution of aerosols generated by patients with TB
is unknown.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

There is no definitive method to determine which patients
with tuberculosis (TB) are most infectious, and there is con-
siderable variability of infectiousness among patients based
on both epidemiological and experimental studies.

What This Study Adds to the Field

We report on the measurement of infectious aerosols from
a large group of patients with TB during voluntary coughing.
This study demonstrates the feasibility of collecting cough
aerosols from patients as a way of detecting infectiousness.

mailto:kevin.fennelly@medicine.ufl.edu
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As part of a study of nosocomial transmission of TB in
Uganda, we modified the previously described Cough Aerosol
Sampling System (CASS) (8) to collect, quantify, and size aero-
sol particles containing culturable M. tuberculosis produced by
voluntary coughing in patients with active pulmonary TB. We
also evaluated factors associated with cough aerosol production.

Some of the results from this study have been previously re-
ported in the form of abstracts (9, 10).

METHODS

Study Population and Measurements

From November 5, 2002 to December 14, 2004, we recruited subjects
with suspected TB attending the National Tuberculosis and Leprosy
Program Chemotherapy Centre at Mulago Hospital in Kampala,
Uganda. Patients were recruited if they had a recent diagnosis (past
7 d) of sputum AFB-positive pulmonary TB from any laboratory. Sub-
jects were included in the final analysis if their sputum was confirmed
to be culture-positive for M. tuberculosis. Patients with hemoptysis,
pneumothorax, or other serious comorbid conditions, and patients
who were unable to walk to the procedure room were ineligible. We
used a standardized questionnaire to collect demographic and clinical
information. The extent of disease on a chest radiograph at baseline
was graded on an ordinal scale by an experienced clinician. Subjects
were offered HIV testing and a CD41 lymphocyte cell count was mea-
sured in HIV-infected patients; patients with a CD41 cell count less
than 200 cells/ml were referred for antiretroviral treatment according to
existing national guidelines (11). All patients were offered TB treatment
according to Ugandan National Tuberculosis and Leprosy Program
treatment guidelines. Patients found to have MDR-TB were treated
when medications became available, as explained elsewhere (12).

Laboratory Methods

Sputa specimens were processed with the standard digestion and de-
contamination method usingN-acetylcysteine-sodium hydroxide (13). Cen-
trifugates were used to prepare smears and cultures on 7H10 agar and in
the BACTEC 460 liquid culture system (Becton Dickinson, Franklin
Lakes, NJ) according to the manufacturer’s recommendations (14). Spu-
tum smear microscopy was performed using auramine O fluorescent stain
and reported according to the CDC microscopy grading scheme (15).
Confirmation ofM. tuberculosis complex was determined by the BACTEC
NAP test (Becton Dickinson). Drug susceptibility testing for first-line TB
drugs was done on isolates from sputum using BACTEC 460.

CASS Method

We used the CASS method previously described (8) with minor mod-
ifications. Briefly, the CASS consists of a custom-built stainless steel
cylindrical chamber with noncompressible tubing connecting the inlet
to a disposable mouthpiece (Figure 1). The chamber holds two Ander-
sen six-stage cascade impactors for viable bioaerosol sampling
(Thermo Scientific, Inc., Rockford, IL), each with six plastic Petri
plates (Fisher Scientific, Inc., Hanover Park, IL) holding selective
7H11 agar that were loaded in a class II biological safety cabinet. A
vacuum pump (GAST, Inc., Benton Harbor, MI) connects the air sam-
plers by tubing (Tygon, Cole Parmer, Inc., Vernon Hills, IL) to fittings
that pass through the wall of the chamber. In-line 47-mm filter holders
(Cole Parmer, Inc.) loaded with high-efficiency particle air filters (EPM
2000; Whatman, Inc., Piscataway Township, NJ) are placed between
the chamber and the vacuum pump for biosafety.

A single-stage impactor (SKC, Inc., Eighty-Four, PA) loaded with the
same 7H11 agar was used to sample ambient room air. One settle plate of
the same agar was placed inside the chamber and one in the study room to
sample large aerosol particles. A timer (GraLab, Inc., Centerville, OH)
connected to the vacuum pump was set for 5 minutes. The vacuum pump
was calibrated using a primary flow meter (DryCal DC Lite; BIOS, Inc.,
Butler, NJ), and calibrations were rechecked every 6 months.

CASS Study Protocol

All studies were performed before the morning meal by one of two
trained technicians. During each study, the windows in the study room

were open and a fan used to direct airflow from behind the technician,
past the subject, and out through the windows. All study personnel wore
fit-tested N95 respirators. Before the subject entered the study room,
we recorded ambient temperature and relative humidity, and the room
air was sampled for 5 minutes to determine if airborne M. tuberculosis
was present. Subjects were instructed to cough into the CASS mouth-
piece as much and as frequently as was comfortable for two 5-minute
sessions separated by a rest of approximately 5 minutes. No sputum
induction was used. The technician subjectively assessed the cough
strength as weak, moderate, or strong. Flow rates through the samplers
were recorded. Sputum specimens were collected if produced. The
CASS chamber was autoclaved and other components were disinfected
after each study.

After the study, the aerosol samplers were removed and trans-
ported to the laboratory, where they were unloaded in the biological
safety cabinet. Plates were incubated at 378C. They were read at 1 week
to detect any rapidly growing contaminants and then at 3, 6, and
9 weeks to record cfu of M. tuberculosis; as there were rarely new
cfu at 9 weeks, we used the 6-week count as the outcome measure.
Confirmation of M. tuberculosis complex was determined by BACTEC
NAP. The appearance of sputa specimens expectorated during studies
was classified as purulent, mucopurulent, mucosalivary, salivary, or
bloody by the microbiology technicians according to laboratory gui-
delines (16). These data were dichotomized into two groups for anal-
ysis: purulent/mucopurulent or salivary/mucosalivary, with two bloody
specimens excluded. To assess reproducibility of the CASS method,
the last 40 subjects were asked to return (without interrupting TB
treatment) for two additional studies on consecutive days, with a goal
of three cough aerosol studies per subject.

Ethical Approvals

Participating patients provided written informed consent in their native
language. The study was approved by theAIDSResearch subcommittee
of the Uganda National Council of Science and Technology, the Insti-
tutional Review Boards at the University of Medicine and Dentistry of
New Jersey, and the London School of Hygiene and Tropical Medicine.

Analytic Strategy

Differences in the production of positive cough aerosol cultures were
assessed in unadjusted analyses using Fisher exact (categorical data),
Wilcoxon rank sum (continuous measures), and Cochran-Armitage
trend (ordinal measures) tests. We used Spearman rank correlation
to evaluate combinations of continuous or ordinal measures. Variables
that were positively associated with cough aerosol cultures in univariate
analyses at P less than or equal to 0.2 were included in a stepwise
logistic regression model to identify independent predictors of cough
aerosol production. Reproducibility between cough aerosol cultures
collected during the first and second sessions was assessed using intra-
class correlation coefficient (ICC) on log-transformed cfu11 values
and when dichotomized (any versus no cfu) using McNemar test. Con-
cordance of aerosol production between studies on the same patient
was assessed using Cohen kappa when there were two measurements
per patient and Fleiss kappa when more than two measurements, and
the ICC on log-transformed cfu11 values. Statistical analyses were
conducted using SAS 9.1 (Cary, NC). All tests were two-tailed and
conducted at the 5% significance level.

RESULTS

Characteristics of Patients with TB

We evaluated 112 patients with suspected TB; 101 (90%) had
confirmed culture-positive sputum and were further analyzed.
Most subjects were men (70%), had advanced radiographic dis-
ease (63%), and had high bacillary load as assessed by sputum
smear (74% with > 31 AFB) (Table 1). Nearly all (99%) sub-
jects presented with chronic cough. MDR-TB was isolated from
eight (8%) participants. Of the 84 (83%) subjects with HIV
results, 49 (58%) were HIV infected and had a median CD4
cell count of 112 cells/ml (interquartile range, 33–274).
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Cough Aerosol Cultures

Of the 101 subjects with positive sputum cultures, 28 (27.7%;
95% confidence interval [CI], 19.9–37.1%) produced culture-
positive cough aerosols from the first CASS study (first 5-min
cough period). Among the positive aerosols, the median was 16
CFU (interquartile range, 5–30) with a range of 1 to 710 cfu
(Table 2); 16 (57%) of these subjects produced 10 or more cfu in
aerosols. The proportion of patients who generated culture-
positive aerosols increased as sputum smear microscopy grade
increased (Spearman correlation, 0.40; P ¼ 0.033; Figure 2) and
as sputum BACTEC days to positive (DTP) decreased (Spear-
man correlation,20.31; P ¼ 0.001). Although all CASS-positive
patients were sputum AFB smear positive, the majority of spu-
tum AFB smear–positive subjects (62 of 90, 69%) did not pro-
duce culturable cough aerosols. Conversely, none of the 11
sputum AFB-negative/culture-positive subjects produced cough
aerosols.

Tuberculous Aerosol Particle Size Distribution

The mode of the particle size distribution of culturable aerosols
was on stage 5 (1.1–2.0 mm), and nearly all (96.4%) particles
collected measured between 0.65 and 4.7 mm in aerodynamic
diameter (i.e., deposited in stages 3 to 6 of the Andersen cascade
impactors) (Figure 3). Of the 74 settle plates inside the chamber,
only 8 (11%) had positive growth. NoM. tuberculosis was cultured
from ambient air, but 45% of these plates were contaminated with
mold.

Factors Associated with Cough Aerosol Cultures

In unadjusted analyses (Table 1), the production of culturable
aerosols during the first 5-minute cough period was associated
with a higher Karnofsky performance score (P ¼ 0.016), higher
sputum AFB smear microscopy grade (P ¼ 0.007), lower
BACTEC DTP (P ¼ 0.004), strong cough (P ¼ 0.016), and
fewer days on TB treatment before enrollment (P ¼ 0.047).
Other variables marginally associated with aerosol production
were a higher CD4 cell count (P ¼ 0.11), a salivary or mucosa-
livary appearance of sputum (P ¼ 0.077), and a higher ambient
relative humidity at the time of testing (P ¼ 0.068). Of 14 sub-
jects with resistance to isoniazid and/or rifampicin, 7 (50%) had
culturable aerosols (P ¼ 0.090). Factors not associated with
cough-generated aerosols were HIV status, number of days of
cough before enrollment, extent of disease on chest radiograph,
or cavitary disease.

In multivariable analyses (Table 3), only a salivary or muco-
salivary appearance of the sputum (odds ratio, 4.42; 95% CI,
1.23–21.4) and lower sputum BACTEC DTP (per 1-d decrease;
odds ratio, 1.17; 95% CI, 1.05–1.33) were independently associ-
ated with cough aerosols of M. tuberculosis. The exclusion of
HIV-infected subjects did not significantly change these results
(Table 3).

Reproducibility

There was excellent agreement in the log-cfu11 between the
two 5-minute sessions of coughing in the same session (ICC,
0.83; 95% CI, 0.56–0.88). However, participants were more

Figure 1. Cough Aerosol Sampling System. View inside of chamber with two Andersen cascade impactors and settle plate (left) and set up in

procedure room ready for use (right).
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TABLE 1. CHARACTERISTICS OF PARTICIPANTS AT ENROLLMENT ACCORDING TO COUGH AEROSOL SAMPLING
SYSTEM RESULTS

Characteristic* All† (N ¼ 101) Aerosol Negative‡ (N ¼ 73) Aerosol Positive‡ (N ¼ 28) P Valuex

Age, yr 32 (27–38) 31 (28–38) 32 (27–41) 0.74W

Sex

Male 71 (70) 50 (70) 21 (30) 0.63E

Female 30 (30) 23 (77) 7 (23)

Body mass index, kg/m2 17.6 (16.2–19.5) 17.6 (16.2–19.5) 17.6 (16.4–19.6) 0.89W

Karnofsky score 90 (80–90) 80 (80–90) 90 (80–100) 0.016W

HIV status

Uninfected 35 (42) 25 (71) 10 (29) 0.61E

Infected 49 (58) 38 (78) 11 (22) 0.11W

CD4 count (HIV1 only), cells/ml 112 (33–274) 69 (31–253) 159 (100–594)

TB treatment category

New 26 (27) 20 (77) 6 (23) 0.61E

Retreatment 71 (73) 49 (69) 22 (31)

Any smoking history

Yes 36 (44) 30 (83) 6 (17) 0.20E

No 46 (56) 32 (70) 14 (30)

Days of cough before enrollment 80 (45–120) 90 (60–90) 60 (38–120) 0.86W

Albumin, g/L 33.7 (29.8–36.9) 33.7 (29.6–36.6) 32.2 (30.8–39.1) 0.56W

Chest X-ray findings

Extent of disease

Normal 5 (6) 5 (100) 0 0.71E

Minimal 9 (11) 7 (78) 2 (22)

Moderate 16 (20) 11 (69) 5 (31)

Advanced 51 (63) 38 (75) 13 (25)

Cavitations

Absent 36 (37) 28 (78) 8 (22) 0.35E

Present 60 (63) 40 (67) 20 (33)

Sputum characteristics

Volume, ml 7.5 (4–12) 6.5 (4–12) 9 (5–12.5) 0.32W

Appearance

Salivary/mucosalivary 59 (70) 21 (36) 38 (64) 0.077E

Purulent/mucopurulent 23 (28) 3 (13) 20 (87)

Bloody 2 (2) 1 (50) 1 (50)

Acid-fast bacilli smear

Negative 11 (11) 11 (100) 0 0.007T

11 5 (5) 4 (80) 1 (20)

21 11 (11) 8 (73) 3 (27)

31 24 (24) 20 (83) 4 (17)

41 50 (50) 30 (60) 20 (40)

Middlebrook 7H10 agar culture, cfu

0 1 (1) 1 (100) 0 0.13T

20–100 3 (3) 3 (100) 0

101–200 2 (2) 2 (100) 0

.200 92 (94) 64 (70) 28 (30)

Days to positive BACTEC 460 culture 8 (4–12) 8 (5–14) 5 (3–9) 0.004W

Drug susceptibility testing

Sensitive to I and R 84 (86) 63 (75) 21 (25) 0.16E

Resistant to I or R 6 (6) 3 (50) 3 (50)

Resistant to I and R (MDR) 8 (8) 4 (50) 4 (50)

CASS characteristics

Ambient temperature, 8C 23 (22.1–24.2) 23 (22.1–24.3) 22.6 (21.6–23.2) 0.13W

Relative humidity, % 70.9 (66–74.4) 70.4 (65.4–73.7) 73 (68.2–77.4) 0.068W

Cough assessment (subjective)

Weak 43 (43) 35 (81) 8 (19) 0.016T

Moderate 44 (44) 31 (70) 13 (30)

Strong 13 (13) 6 (46) 7 (54)

Days on TB treatment before enrollment

Non-MDR only (n ¼ 75) 4 (3–6) 4 (3–6) 3 (2.5–4) 0.047W

MDR only (n ¼ 6) 4 (1–69) 5 (0–132) 3 (1–69) .0.99W

Aerosol cfu 0 (0–2) 0 (0–0) 16 (5–30) –

Definition of abbreviations: CASS ¼ Cough Aerosol Sampling System; cfu ¼ colony forming units of Mycobacterium tuberculosis; I ¼ isoniazid;

IQR ¼ interquartile range; MDR ¼ multidrug resistant; R ¼ rifampicin; TB ¼ tuberculosis.

*Missing data as follows: age (n ¼ 4), BMI (19), Karnofsky score (14), HIV status (17), CD4 (2), TB status (4), smoking history (19), days of cough

before enrollment (19), days on TB treatment before enrollment (20), albumin (24), chest X-ray extent of disease (20), cavitations (5), drug

susceptibility testing (3), cough assessment (1). Middlebrook culture results were missing (1) or contaminated (2).
yValues are n (column %) or median (IQR).
zValues are n (row %) or median (IQR).
xCategorical variables compared using exact (E) or Cochran Armitage trend (T) tests and continuous variables using a Wilcoxon (W) test.
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likely to produce culturable aerosol in the first versus the second
5-minute period of coughing (McNemar P ¼ 0.008). None of the
subjects without cfu in the first period produced aerosols in the
second.

Of the 40 subjects recruited for the assessment of day-to-day
reproducibility, 38 were sputum culture positive; of these, 34
(89%) completed all three studies, and 4 (11%) completed
two studies. Of the 38 subjects, 14 (36%) generated cultivable
aerosols in at least one of the three sampling periods: 8 (57%)
were positive on the first test, an additional 4 (29%)were positive
on the second, and another 2 (14%) in the third study. Of those
participating in all three studies, 26 of 34 (76%) were concordant
on all three studies (Fleiss kappa, 0.62; 95%CI, 0.43–0.82). There
were no significant differences in the aerosol cfu between the
three cough aerosol studies (P ¼ 0.67), and the ICC was 0.62
(95% CI, 0.46–0.76). The pattern of discordance appeared to be
random, and discordance mostly involved subjects with less than

10 aerosol cfu, as observed with subjects with same-day discor-
dant results.

Contamination

Of the 1,344 solid culture plates used for cough aerosol cultiva-
tion in the 112 patients screened, 161 (12%) were contaminated
withmold. Cough aerosol plate mold contamination was strongly
associated with mold isolation from ambient air (P , 0.001).
Mold collection was positively associated with relative humidity
(P ¼ 0.004) and negatively associated with temperature (P ,
0.001).

Adverse Events

One subject vomited during the procedure; at the time, study
personnel were not aware the subject had eaten breakfast before
the cough study. Otherwise, the procedure was well tolerated.

Figure 2. Aerosol cfu by sputum acid-fast bacilli (AFB)

smear result.

TABLE 2. COUGH-GENERATED AEROSOL PRODUCTION ACCORDING TO SPUTUM ACID-FAST BACILLI AND CULTURE RESULTS

Characteristic Level Statistic All Sputum AFB Negative Sputum AFB 11 Sputum AFB 21 Sputum AFB 31 Sputum AFB 41 P Value*

Total n (row %) 101 (100) 11 (11) 5 (5) 11 (11) 24 (24) 50 (49)

Sputum Middlebrook

7H10 agar culture, cfu

0 n (col %) 1 (1) 1 (11) 0 0 0 0 0.014S

20–100 3 (3) 1 (11) 0 1 (9) 0 1 (2)

101–200 2 (2) 1 (11) 0 0 1 (4) 0

.200 92 (94) 6 (67) 5 (100) 10 (91) 22 (96) 49 (98)

Sputum BACTEC 460

culture, DTP

N 101 11 5 11 24 50 ,0.001S

Median 8 16 17 10 9 5

(Min, max) (1, 39) (3, 32) (4, 20) (3, 19) (3, 17) (1, 39)

(25th, 75th) (4, 12) (7, 30) (14, 18) (7, 18) (8, 11) (3, 8)

Aerosol cfu, (all) No n (col %) 73 (72) 11 (100) 4 (80) 8 (73) 20 (83) 30 (60) 0.007T

Yes 28 (28) 0 1 (20) 3 (27) 4 (17) 20 (40)

Median 0 0 0 0 0 0 0.033S

(Min, max) (0, 710) (0, 0) (0, 4) (0, 27) (0, 27) (0, 710)

(25th, 75th) (0, 2) (0, 0) (0, 0) (0, 2) (0, 0) (0, 15)

Aerosol cfu (CASS

positives only)

N 28 0 1 3 4 20

Median 16 — 4 8 6 19

(Min, max) (1, 710) — (4, 4) (2, 27) (1, 27) (1, 710)

(25th, 75th) (5, 30) — (4, 4) (2, 27) (3, 18) (8, 34)

Definition of abbreviations: AFB ¼ acid-fast bacilli; CASS ¼ Cough Aerosol Sampling System; cfu ¼ colony forming units of Mycobacterium tuberculosis; DTP ¼ days to

positive.

Missing results were excluded.

*Cochran Armitage trend test (T), testing whether Spearman Correlation is zero (S), or Wilcoxon rank sum test (W).
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DISCUSSION

This is the first study to describe themagnitude, variability, and par-
ticle size distributions of aerosols with culturable M. tuberculosis

from patients with pulmonary TB during voluntary coughing.

Most of the subjects in the initial report were studied during

sputum induction procedures and had MDR-TB (8). In this

larger study, we confirmed the original observation that fewer

than one-third of patients with sputum culture–positive TB gen-

erate viable tuberculous aerosols during voluntary coughing, and

we demonstrated that cough aerosol sampling is feasible in a re-

source-limited, high-burden setting.
Cough aerosol cultures were best predicted by the sputum

bacterial load measured by DTP in liquid culture and by the ap-

pearance of the sputum. However, these factors explained only

15% of the variability in culturable cough aerosol production.

Thus, it is clear that cough aerosol cultures are not simply a re-

flection of the sputum bacillary load, even though DTP was the

strongest predictor of cough aerosol cultures. DTP may not only

reflect bacillary concentration but likely also measures the met-

abolic capacity or “vitality” of the bacilli. Sputum with a salivary

appearance was more highly associated with cough aerosols

than purulent sputum. Sputum appearance is most likely a sur-

rogate for viscosity and other rheological, or flow, properties of

respiratory secretions. These properties have long been sus-

pected as determinants of infectiousness (17), and experimental

data using mucus stimulants suggest that aerosolization is in-
versely associated with “cohesivity” (18).

Most of the culturable cough aerosols were less than 5 mm, an
aerodynamic size range that can be inhaled and deposited in the
lower respiratory tract or can remain suspended in room air
indefinitely. These data, obtained by direct measurement, are
consistent with the early theoretical estimates by Wells that
airborne M. tuberculosis is transmitted in infectious droplet nu-
clei of this size range (19). The size distribution of these tuber-
culous aerosols is similar to that observed in cough aerosols of
gram-negative bacteria from patients with cystic fibrosis (20).

The positive association of cough aerosol cultures with cough
strength, Karnofsky performance status, and CD4 counts among
HIV-infected patients in univariate analyses suggests that hea-
lthier ambulatory patients may be more infectious than very ill
bedridden patients. Other studies will be needed to confirm this,
especially as these associations were not significant in the adjusted
model. Similarly, the association of cough aerosol cultures with
fewer days of TB treatment and with INH resistance in univariate
analyses may have implications for prevention of TB transmission
in both healthcare facilities and the community. Isoniazid has the
best early bactericidal activity among TB drugs, and further re-
search will be needed to determine if early bactericidal activity
is associated with decreased infectiousness.

Our findings are consistent with the concept that sputum
smear status should only be considered a risk factor (not the

Figure 3. Mean percentage of aerosol cfu on each Andersen
stage in subjects producing at least one aerosol cfu.

TABLE 3. RESULTS OF MULTIPLE LOGISTIC REGRESSION TO PREDICT AEROSOL PRODUCTION

Characteristic Level* Odds Ratio (95% CI) P Value†

All subjects (N ¼ 101)

Sputum appearance Purulent/mucopurulent 1 (referent)

Salivary/mucosalivary 4.42 (1.23–21.43) 0.0702

BACTEC 460 culture Per 1-d decrease 1.17 (1.05–1.33) 0.0014

HIV-uninfected only (N ¼ 35)

Sputum appearance Purulent/mucopurulent 1 (referent)

Salivary/mucosalivary 29.36 (2.43–1,365) 0.0189

BACTEC 460 culture Per 1-d decrease 1.53 (1.14–2.63) 0.0012

Definition of abbreviation: CI ¼ confidence interval.

* Participants with missing data for dependent or independent variables and bloody sputum type (2 subjects) were excluded

from model.
y Likelihood ratio tests.
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sine qua non) for infectiousness, as suggested by others (21).
There is experimental (22–24), classic epidemiologic (25, 26),
and molecular epidemiologic (27–30) evidence of considerable
variability of infectiousness among sputum smear–positive
patients (6). In addition, cough aerosols may provide a better
estimate of inhaled dose than the sputum AFB smear and, thus,
may help provide insights into TB pathogenesis. In animal mod-
els, the inhaled dose of tuberculous aerosols predicts infectivity,
severity of disease, and mortality (31).

Limitations

Although it seems logical that individuals who have cough aero-
sols of M. tuberculosis in a transmissible size are more likely to
be infectious than those who do not, this study was not designed
to directly measure transmission. In addition, as patients with
smear-negative specimens were excluded in our screening, our
study cannot estimate the frequency of culturable cough aero-
sols among these patients.

Although it may have been scientifically preferable to study
all patients with TB off therapy, ethically we could not delay
treatment of these patients with a high rate of TB-HIV coinfec-
tion and on open wards, so most patients were studied after ini-
tiating treatment for TB. Thus, it is possible that our data may
have underestimated the infectiousness of patients with un-
treated TB due to an early effect of treatment on infectiousness.
However, these data are probably a reasonable estimate of infec-
tiousness of patients with TB who are newly diagnosed and just
started on treatment. We chose an exclusion criterion of 7 days
of treatment based on the initial data from patients in the United
States, most of whom had MDR-TB (8), but there may be
differences in the rate at which infectious aerosols decrease
after treatment with first-line versus second-line antituberculous
drugs. The rate at which patients become noninfectious is un-
known, although in our first study in the United States, the
cough aerosol cultures of four patients with MDR-TB treated
with effective drugs decreased exponentially over a 3-week pe-
riod (8). Although a review in 1976 suggested that most patients
probably become noninfectious within 2 weeks (32), subsequent
authors argued against that conclusion (33, 34). The earlier re-
view cited data from household contact studies that did not find
additional infections among household contacts after the index
TB case was placed on effective treatment. However, such anal-
yses are limited by considerable selection bias, as the contacts
who were susceptible or exposed had been infected before the
case was treated, removing them from the pool of subjects under
subsequent study. In addition, there is experimental evidence that
tubercle bacilli remain viable and potentially infectious during
early treatment, as guinea pigs were infected by injection with
bacilli from the washed sputum from patients treated for 3 to 7
weeks (35, 36). The uncertainty about when patients on treat-
ment become noninfectious is reflected in current guidelines that
recommend a conservative approach to removal from respiratory
isolation (37). We anticipate that future developments of cough
aerosol measurement could provide data to help reduce this un-
certainty about when patients become noninfectious.

Another potential limitation of our study is that there may be
bacilli in cough-generated aerosols that are viable but not cultur-
able, such as the recently identified lipid-laden bacilli that may
be associated with nonreplicating persistence (38). Mold con-
tamination of culture plates was more common in this tropical
setting than it was in the high desert of Denver, Colorado (8).
In Kampala, 12% of the cough aerosol plates were contaminated
with mold compared with only 0.06% in Denver. Although mold
contamination did not appear to impair our ability to identify
M. tuberculosis aerosol production, it might have decreased our

total cfu counts in some subjects. As in many other tests of pul-
monary function (39, 40), cough-generated aerosol production is
effort dependent and probably varies with motivation, strength,
sense of well-being, and other factors. However, collection of
sputum specimens is also limited by similar issues (41, 42).

Potential Benefits

The nearly 3-log range of cough aerosol cultures suggests that
a minority of patients are more highly infectious than others,
consistent with both older (24) and more recent (22) findings
of disseminators of TB. In the near future, it may be possible to
identify the minority of patients with TB who are most likely
infectious using cough aerosol collections with point-of-care
devices. Identification of the most highly infectious patients
could allow for more cost-effective use of resources, both for
infection control in hospitals (e.g., isolation rooms) and for
public health control of TB (e.g., active case finding with tar-
geted treatment of contacts exposed to the most highly infec-
tious cases). Such targeted treatment around “superspreaders”
of disease is theoretically more efficient in controlling epidemics
(43) and might improve TB control. In addition, improved iden-
tification of infectious cases may decrease exposure misclassifi-
cation and improve the precision of future drug and vaccines
studies that depend on accurate ascertainment of exposed
household contacts. As a major goal of drug therapy is to render
patients noninfectious to halt transmission, an improved and
validated method of measuring infectiousness could also offer
a novel outcome measure used in the evaluation of new treatment
regimens. Knowing when patients become noninfectious could also
allay concerns about hospital discharges and community-based
treatment, especially for patients with MDR-TB or extensively
drug-resistant TB.
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