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The 1994 Centers for Disease Control and Prevention guidelines on preventing tuberculosis

(TB) transmission among health care workers (HCWs), and the 1997 Occupational Safety and

Health Administration (OSHA) proposed TB standard, do not address the issue of acceptable

risk. Further, many infection control personnel oppose OSHA’s promulgating a standard

because they believe most TB infections among HCWs are nonoccupational in origin. This

article examines the relationship between TB infection and disease rates, and introduces a

probability framework to apportion infection risk between occupational and nonoccupational

exposure. It is argued that most TB infections among HCWs are work-related. A 0.2% overall

annual risk of TB infection (accounting for both workplace and community exposure) is

proposed as acceptable, because in the context of an infection surveillance program it limits an

HCW’s cumulative disease risk close to the value for the general United States population.

Based on the probability framework, an estimate of the background community infection rate,

and the traditional Wells-Riley risk model, it is shown that a target workplace infection risk

value can be derived and expressed in terms of an expected pulmonary dose. The latter target

dose informs risk management decision-making.

This research was funded by
a grant from the National
Institute for Occupational
Safety and Health, Centers
for Disease Control and
Prevention, Award K01-
OH001555–03. The ideas
expressed are solely the
author’s responsibility and do
not necessarily represent the
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A
n increased incidence of active pulmo-
nary tuberculosis (TB) in the U.S. pop-
ulation in the early 1990s, combined
with nosocomial outbreaks of multidrug-

resistant TB, has led to renewed concern for TB
transmission among health care workers
(HCWs).(1–3) Infection usually occurs via inhala-
tion of respirable particles carrying viable Myco-
bacterium tuberculosis (M. tb) bacilli that are
emitted in respiratory aerosols by persons with
pulmonary TB. It is estimated that 10% of in-
fected persons eventually develop clinical disease
absent receiving prophylactic antibiotic therapy,
and that half of these cases occur in the first year
following infection.(4)

Prior to the advent of antibiotic therapy in the
1950s, HCWs experienced high rates of M. tb in-
fection, and substantial numbers developed active
TB.(3) Rates of M. tb infection currently reported
for HCWs are much lower. In a mail questionnaire
survey of hospital epidemiologists, employee infec-
tion rates in 1992 as reported for 109 hospitals had
a median value of 0.5% (range: 0–7.7%).(5) In an

ongoing prospective cohort study involving 29,000
HCWs, the cohort annual infection rate is reported
to be approximately 1%.(6) Note that infection rates
for particular groups of HCWs can be considerably
higher.(7)

In 1992 the National Institute for Occupa-
tional Safety and Health (NIOSH) issued rec-
ommendations on respiratory protection against
M. tb aerosol.(8) In 1994 the Centers for Disease
Control and Prevention (CDC) issued final
guidelines for preventing TB transmission in
health care facilities.(9) In 1997 the Occupational
Safety and Heath Administration (OSHA) pro-
posed a comprehensive standard on preventing
TB transmission among HCWs.(10) Although
these guidelines/standards have been valuable in
promoting integrated M. tb infection control
plans, none have directly addressed the issue of
acceptable risk. Further, many infection control
professionals oppose OSHA’s promulgation of a
TB standard, in part because they believe that
most M. tb infections among HCWs are not
work-related.(6)
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This article has two overall purposes—to argue that most HCW
M. tb infections are occupational in origin, and to propose an
acceptable occupational M. tb infection risk in the context of cu-
mulative disease risk. To this end, a probability framework is pre-
sented to apportion M. tb infection risk between occupational and
nonoccupational exposure, and to inform risk management deci-
sions.

APPORTIONING INFECTION RISK

It is the author’s experience that hospital infection control staff
attribute most employee M. tb infections to nonoccupational ex-

posures, particularly where infected employees have not had doc-
umented contact with TB patients and/or where infection rates
in different job categories have no clear association with the ex-
pected frequency of TB patient contact. As a case in point, the
CDC’s classification of a hospital area or staff group as ‘‘low risk’’
involves the criterion that the observed M. tb infection rate (based
on tuberculin skin test conversions) is no greater than for other
hospital areas or staff groups in which occupational exposure to
M. tb was unlikely.(9) Absent such differences, the CDC assumes
that most observed infections are not work-related. Note that the
1994 CDC guidelines described some scenarios as low risk even
though the annual rates of infection (ARIs) across all hospital em-
ployees were 1.2 to 1.8%.

Apportioning M. tb infections between occupational and non-
occupational exposure is complicated by the lack of direct assess-
ment of background infection rates in the general U.S. population
and in specific metropolitan areas. The ARI for the general U.S.
population in the 1970s was estimated to be .008%.(11) Based on
1994 data, OSHA estimated the general U.S. population ARI to
be 0.15%, with a range across the 50 states of .02 to 0.35%.(10)

The Relationship Between Infection and Disease Rates

Absent direct knowledge of the background ARI, is it reasonable
to attribute most of an ARI among HCWs of say, 1%, to nonoc-
cupational exposure? One approach is to consider the annual TB
disease rate that would correspond to a nonoccupational ARI of
1%. The annual number of TB disease cases per 105 population
members, denoted I, is related to the ARI and to the population
prevalence of latent M. tb infection (PREV, a fraction between 0
and 1) by the following approximation (derived in Appendix 1):

5I ø [ARI(1 2 PREV)(0.05) 1 (PREV)(0.00097)] 3 10 (1)

In the preamble to the proposed TB standard, OSHA estimated
that 6.6% of general U.S. population members carry latent M. tb
infections.(10) If ARI 5 .01 (1%) and PREV 5 .066 (6.6%), then
I ø 53 TB disease cases per 105 population members per year. In
contrast, in 1997 the reported TB disease incidence rate for the
general U.S. population was 7.4 per 105.(12) In other words, a
background ARI of 1% would correspond to an annual TB disease
rate seven times greater than the reported U.S. population rate.
Moreover, a background ARI of 1.8% (termed ‘‘low risk’’ as pre-
viously noted) would correspond to I ø 91 TB disease cases per
105 per year, which is 12 times the reported population rate.
Therefore, absent additional information concerning nonoccupa-
tional contacts among infected HCWs, it is unreasonable to as-
sume that a 1% ARI (much less a 1.8% ARI) is predominantly
nonoccupational in origin.

Note that Equation 1 can be used to obtain an estimate of the
current general U.S. population ARI by setting I 5 7.4 and PREV
5 .066; the corresponding ARI is 2 3 1024 (.02%). For the U.S.

population disease rate of 9.4 per 105 in 1994 (the year for which
OSHA estimated the ARI to be 0.15%), Equation 1 yields ARI 5
6.4 3 1024 (.064%), which is 60% lower than OSHA’s estimate.

A Probability Framework

Infection risk can be apportioned between occupational and non-
occupational exposure in the following manner. Let lW denote the
per-hour probability of infection while in the workplace, and let
lC denote the per-hour probability of infection while in the gen-
eral community outside the workplace (which includes the home
environment). For simplicity, assume that (1) both lW and lC are
constant over time; (2) infection in the workplace and in the com-
munity are mutually exclusive events; and (3) an HCW spends 5
hours at work and 19 hours in the community each day. The latter
statistics correspond to spending 1825 hours at work per year, or
228 shifts of 8 working hours per shift.

For a susceptible HCW subject to this process for n days, the
cumulative risk (probability) of being infected on the job,
Pr[HCW Workplace Infection z n days], and being infected in the
community, Pr[HCW Community Infection z n days], are given
by the following expressions (derived in Appendix II):

Pr[HCW Workplace Infection z n days]

5·lW 2n(5·l 119·l )W C5 ·[1 2 e ] (2)
5·l 1 19·lW C

Pr[HCW Community Infection z n days]

19·lC 2n(5·l 119·l )W C5 ·[1 2 e ] (3)
5·l 1 19·lW C

Because workplace versus community infection are mutually ex-
clusive events, an HCW’s total n-day cumulative infection risk,
Pr[HCW Infection z n days], is the sum of Equations 2 and 3, or:

2n(5·l 119·l )W CPr[HCW Infection z n days] 5 1 2 e (4)

For a non-HCW, it is assumed that lC applies 24 hr/day, in which
case the background general population (non-HCW) n-day cu-
mulative infection risk is

2n(24·l )CPr[Background Infection z n days] 5 1 2 e (5)

Note that the framework permits a health care workplace to exert
a protective effect if lW , lC. The latter circumstance would per-
tain if a facility does not admit or treat TB patients. To illustrate,
if lC 5 1.7 3 1027/hour and n 5 365 days, Equation 5 indicates
the general population annual infection risk is 0.15%, which cor-
responds to OSHA’s estimate for the general U.S. population. If
lW 5 0 for a HCW in a particular facility, Equations 2–4 indicate
that the HCW’s annual infection risk is 0.12%, all due to com-
munity exposure.

Clearly, one needs values for lW and lC to compute an absolute
risk. An estimate for lC can be obtained by equating
Pr[Background Infection z n days] with an estimated general pop-
ulation ARI, although an estimate for lW may not be available.
However, the framework still proves useful for apportioning in-
fection risk given relative values for the l parameters.

In this regard, consider the prevalence of persons with TB dis-
ease in a hospital versus the community. In one study of three
urban hospitals the numbers of TB patients admitted in 1995 were
28, 56, and 57, respectively; in all three hospitals, TB patients
comprised approximately 0.4% of inpatients.(13) The latter preva-
lence corresponds to 400 TB cases per 105 inpatients. In the two
counties in which these hospitals were located, the TB disease rates
for 1995 were, respectively, 19 per 105 and 36 per 105.(13) Because
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TB disease cases must be reported, it is thought that TB disease
prevalence and incidence rates are close in value.

If one assumes random mixing or contacts between HCWs and
non-HCWs in both the hospital and community, the ratio lW/lC

is equal to the ratio of the TB case prevalence among hospital
inpatients to the TB case prevalence among community members.
Based on the preceding prevalence values, lW 5 11 3 lC to 21
3 lC. Note that random mixing corresponds to the standard mass
action assumption used in population modeling of infectious dis-
ease transmission.(14) Further, the random mixing assumption like-
ly understates the difference between lW and lC, because HCWs
as a group are unlikely to share several important characteristics
associated with community members having TB disease (e.g.,
homelessness, HIV infection, recent jobless status).

Next, consider an observed ARI of 1% among a large HCW
cohort; this value is within the range of ARIs observed in the
three-hospital study.(15) In Equation 4, by setting Pr[HCW Infec-
tion z n 5 365] 5 .01 and lW 5 11 3 lC, one finds that lW 5
4.1 3 1026/hour and lC 5 3.7 3 1027/hour. By using these l
values in Equations 2 and 3, one finds that Pr[HCW Workplace
Infection z n 5 365] 5 2.7 3 Pr[HCW Community Infection z
n 5 365]. In the alternative, if lW 5 21 3 lC, Pr[HCW Workplace
Infection z n 5 365] 5 5.7 3 Pr[HCW Community Infection z
n 5 365]. In brief, these results suggest that HCWs subject to an
ARI of 1% in the urban hospital study had a three- to sixfold
greater chance of acquiring M. tb infection on the job than in the
community.

ACCEPTABLE INFECTION RISK

Cumulative Risk

The idea of acceptable infection risk should properly be considered
in the context of cumulative risk. The reason is that an annual risk
that seems acceptably low can produce an alarming cumulative risk
over a working lifetime or portion thereof. For discussion pur-
poses, the annual rate of infection also can be viewed as an annual
risk of infection. If the ARI (as a fraction between 0 and 1) is
constant over m years, the cumulative risk of infection, denoted
CRI, is

mCRI 5 1 2 (1 2 ARI) (6)

For example, if ARI 5 .01 (1%), and if m 5 45 yr (a working
lifetime), then CRI 5 0.36 (36%), or a one-in-three chance of
infection. In this context, the 1994 CDC guidelines’ description
of an ARI 5 .018 (1.8%) as low risk is a misnomer, because it
produces a 45-yr CRI of 0.56 (56%).

To integrate risk over time, many infection controllers use the
related concept of the expected time to infection, defined as 1/
ARI (in years), rather than the CRI. For example, if ARI 5 .01,
the expected time to infection is 100 yr, which is greater than an
expected lifetime, say, 75 yr. However, the expected time to in-
fection understates the degree of risk on the individual and cohort
level, while the CRI has a clear meaning on both levels.

First, if ARI 5 .01 for an individual, the CRI after 10 years is
0.1 (a 1-in-10 chance). Most individuals would likely appreciate
this nontrivial degree of infection risk when posed in cumulative
risk terms, but dismiss the risk when posed in terms of taking 100
years on average to become infected. Second, if ARI 5 .01 for all
individuals in a cohort of size N, the expected number of infec-
tions after 10 years is 0.1 N, which is the product of the CRI and
the cohort size. In contrast, the expected time to infection has an

ambiguous meaning at the cohort level, because there is a different
expected time for the first infection, for the second infection, and
so forth. In fact, if the ARI value is the same for all N individuals,
the expected time to the first infection is equal to the quantity 1/
(ARI 3 N). Therefore, if N 5 1000 and ARI 5 .01, the expected
time to observe the first infection is only 0.1 yr (37 days), not
100 yr.

A Proposal for Acceptable Risk

Specifying an acceptable risk of infection or disease is a complex
issue, involving value judgments and economic analyses that are
beyond the scope of this article. The tack taken here is to propose
an overall ARI value that, in the context of an M. tb infection sur-
veillance program, limits an HCW’s risk of developing TB disease
close to the general population risk value.(16) In this regard, the
1997 general U.S. population TB disease rate of 7.4 per 105 can
be interpreted as an annual TB disease risk. Over a 12-year period,
this annual risk produces a cumulative TB disease risk of approxi-
mately 1 per 1000, or: 1 2 (1 2 .000074)12 5 .00089. The latter
computation is analogous to finding a CRI via Equation 6.

In a previous analysis, it was shown that in the absence of a
surveillance program that detects and prophylactically treats new
M. tb infections, an ARI of 0.2% produces a cumulative 12-year
disease risk of .0013 (or 1.3 per 1000); in the presence of a perfect
surveillance program (i.e., all new M. tb infections are detected
and successfully treated) using a 12-month tuberculin skin test
interval, an ARI of 0.2% produces a 12-year cumulative disease
risk of .0006 (or 0.6 per 1000).(16) CDC guidelines recommend,
and the proposed OSHA standard requires, that all susceptible
HCWs with potential exposure to infectious TB patients be skin
tested at least annually. If the surveillance program is only 50%
effective (due to the combination of negative test error, noncom-
pliance with testing, and failure of antibiotic prophylaxis),(16) an
ARI of 0.2% produces a 12-year cumulative disease risk of .00095,
or approximately 1 per 1000, which is similar to the general pop-
ulation 12-year disease risk. Therefore, an overall ARI of 0.2% is
proposed as acceptable.

In the context of the framework previously described, this ARI
corresponds to Pr[HCW Infection z n 5 365] 5 .002, which has
workplace and community components. If a value for lC is spec-
ified, the permissible value of lW can be determined from Equation
4, and the corresponding value of Pr[HCW Workplace Infection
z n 5 365] can be determined from Equation 2. The latter quan-
tity provides a target risk value for designing infection control
measures. For example, OSHA’s estimated ARI 5 0.15% for the
general U.S. population corresponds to lC 5 1.7 3 1027/hour.
Given this lC and Pr[HCW Infection z n 5 365] 5 .002, it follows
that lW 5 4.5 3 1027/hour and Pr[HCW Workplace Infection z
n 5 365] 5 .0008 (.08%). The manner in which the latter target
risk value can be used is now described.

A Proposal for Risk Assessment/Management

The Wells-Riley risk model for M. tb infection relates the expected
pulmonary dose d (which depends on the airborne M. tb concen-
tration) to an infection risk r over a specified exposure period,(17,18)

and can be written as

2dr 5 1 2 e (7)

Pertinent details of the model, including the relationship between
d and the airborne M. tb concentration, are provided elsewhere.(19)

If the occupational exposure period is taken as 5 hr/day over n
days, r can be equated with Pr[HCW Workplace Infection z n
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FIGURE 1. Flow diagram of the pathways by which a susceptible
HCW can acquire M. tb infection over the course of 2 days. Each
day the HCW spends 5 hr at work and then spends 19 hr in the
community. Given that the HCW is not infected when entering
either environment, a horizontal arrow shows probability of
infection in the indicated environment during the exposure
period, and a vertical arrow shows probability of not being
infected in the indicated environment during the exposure
period.

days], in which case a specified workplace infection risk corre-
sponds to a specified pulmonary dose, or

d 5 ln(1 2 Pr[HCW Workplace Infection z n days]) (8)

Given an estimate for an HCW’s pulmonary dose, one can use
the traditional industrial hygiene framework of applying controls
at the source (most often a TB patient), pathway (air), and recep-
tor (the HCW) to select one or more measures to attain the target
dose value. Because there is still no practical method for measuring
the airborne concentration of viable M. tb, an HCW’s pulmonary
dose in the absence of new controls must be estimated. One meth-
od is using the past ARI in the same work group or an analogous
work group. The second method is using published estimates of
M. tb emission rates in combination with measurements of work-
space ventilation characteristics.(19) The following scenario illus-
trates the first method.

Consider personnel who perform bronchoscopies, and assume
that their past ARI is .06 (6%). The latter value is similar to the
ARI observed in a 2-year study of pulmonary physicians who per-
formed bronchoscopies.(20) If lC 5 1.7 3 1027/hour (correspond-
ing to a general population background ARI 5 0.15%), then
Pr[HCW Workplace Infection z n 5 365] 5 .0588 and Pr[HCW
Community Infection z n 5 365] 5 .0012 by Equations 2 and 3,
respectively. In turn, the current expected occupational dose is d
5 .0606 by Equation 8. Given that the target occupational risk is
Pr[HCW Workplace Infection z n 5 365] 5 .0008, in which case
the overall ARI would equal .002, the target dose is d 5 .0008
by Equation 8. Therefore, the current expected occupational dose
must be reduced by 99% (from .0606 to .0008) to arrive at an
acceptable infection risk. If the sole source of occupational M. tb
exposure is the bronchoscopy suite, a combination of increased
ventilation, in-room air filtration, and high-level respiratory pro-
tection (e.g., wearing a hooded powered air-purifying respirator
during bronchoscopies on known and suspect TB patients) should
be sufficient to limit d # .0008.

DISCUSSION

The preceding probability framework is a reasonable approach
to apportioning infection risk between workplace and com-

munity exposure. Further, in combination with the Wells-Riley
risk model and a specified acceptable overall ARI of 0.2%, the
probability framework permits a quantitative method for occupa-
tional risk assessment and management. At the same time, the
proposed risk assessment method is subject to uncertainty, pri-
marily due to uncertainty in the estimates for lC and lW.

As previously noted, there are no recent surveys that have di-
rectly assessed the background population ARI by state or met-
ropolitan area. In the preamble to its proposed TB standard,
OSHA did estimate the background population ARI for all 50
states based on 1994 data.(10) Therefore, a state-specific lC can be
derived by equating Pr[Background Infection z n 5 365] in Equa-
tion 5 with the OSHA ARI estimate, and solving for lC. It is
certainly preferable to use a more recent estimate for the state-
specific ARI, but even then the corresponding lC value can over-
state or understate the true lC value for a particular group of
HCWs. Overestimating versus underestimating the HCW lC value
would have the effect of, respectively, overly restricting versus in-
adequately restricting the target occupational risk value.

Given that OSHA’s population ARI estimates are based in part
on TB disease rates, the author judges that the corresponding lC

value from Equation 5 would more likely overestimate the true

HCW lC, because HCWs as a group do not share important char-
acteristics associated with many community members with TB dis-
ease. Although a biased estimate for lC is not desirable, an over-
estimate is health-conservative by overly constraining the target
occupational risk value. It is also noted that OSHA’s estimated
1994 ARI values for 3 of 50 states (Alaska, Hawaii, New York),
and for the District of Columbia are sufficiently high such that a
HCW’s overall ARI would exceed 0.2% even if lW 5 0. If this
circumstance remains after using more recent ARI estimates, the
recommended approach is to select infection control measures that
bring the future expected occupational dose to a value as low as
reasonably achievable.

Estimating a lW value, which corresponds to a future expected
occupational dose, is subject to perhaps greater uncertainty. If one
uses a past ARI value for a group of HCWs, as previously illus-
trated, one inherently assumes that the future occupational risk (in
the absence of new controls) will be the same as the past. How-
ever, infection risk depends in part on the number of TB patients
seen and their degree of infectivity. Therefore, changes in the fu-
ture number of TB cases treated and in patient infectivity can
increase or decrease the lW value relative to the current estimate.

Even if the risk construct and estimates for lC and lW were
perfect, it must be recognized that infection and disease incidence
are stochastic processes, in which case there is inherent uncertainty
in the incidence outcomes.(16) For example, if there are 2 infections
expected among 1000 susceptible persons after 1 year, it would
not be unreasonable to see 0 infections (probability ø 14%) or 5
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infections (probability ø 4%). The latter probabilities are based on
a Poisson distribution with an expected value of two for the future
number of infections.

Although the risk assessment method proposed in this article
is subject to uncertainty, as are all risk assessment methods, it of-
fers the benefits of being proactive and promoting a reasoned se-
lection of infection control measures. Without an estimate of cur-
rent occupational infection risk (i.e., the expected pulmonary dose
in the absence of new controls), ‘‘risk assessment’’ becomes an
after-the-fact count of infection and disease incidence. Moreover,
without an infection risk estimate and a target risk value, there is
no objective way to design infection controls. For example, the
1994 CDC guidelines recommend that newly constructed TB pa-
tient isolation rooms be provided with at least 12 nominal air
changes per hour (ACH), a rate for which there can be a high
operational cost. However, no justification was offered for a min-
imum of 12 ACH versus, say, 8 ACH or 20 ACH. Further, no
effort was made to assess the magnitude of infection risk remain-
ing with 12 ACH, nor to decide whether the residual risk was
acceptable. In essence, there was no quantitative basis for making
this ventilation recommendation.

In conclusion, the author recommends that OSHA adopt a
0.2% overall ARI as the measure of acceptable infection risk, and
that the probability framework and risk assessment method de-
scribed here be incorporated into an HCW tuberculosis standard.
In offering this recommendation, it is not intended that a health
care employer be cited for noncompliance if the observed ARI
among a group of HCWs exceeds 0.2%. Rather, the 0.2% overall
ARI is to be used to estimate a target occupational dose and select
appropriate control measures. At a minimum, this analysis can
contribute to future deliberations by public health agencies re-
garding occupational tuberculosis transmission.
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APPENDIX I:
The Relationship Between Infection and

Disease Rates

TB disease incidence has two components—cases that arise
among newly infected individuals, and cases that arise among

those latently infected. For newly infected persons, there is an es-
timated 5% probability of developing disease in the first year fol-
lowing infection, and a 10% lifetime probability.(4) Given values for
the ARI and the PREV, these probabilities can be used to estimate
disease incidence as follows.

In a given year, the expected number of TB disease cases that
occur due to new infections, INew, is the product of the ARI, the
number of uninfected individuals, S, and the probability .05 of
developing disease in the first year of infection. The number S
equals the population size, N, times the complement of the prev-
alence of latent infections, or: S 5 (N)(12PREV). Therefore:

I 5 (ARI)(N)(12PREV)(.05)New (A1)

Next, consider that an estimated 5% of newly infected persons
develop disease over their remaining lifetimes subsequent to the
first year of infection, although the length of a ‘‘remaining life-
time’’ was not defined.(4) However, if 75 yr is the expected lifetime
in the United States, and if 18 yr is taken as the age of infection,
the remaining lifetime after the first year of infection is 56 yr. To
produce a 10% lifetime disease risk, the remaining lifetime disease
risk subsequent to the first year of infection must be 5.3%. To
explain, if 1000 individuals are newly infected, and 50 (5%) de-
velop disease in the first year, then 50 of 950 (5.3%) must develop
disease in the remaining 56 years to produce a 10% lifetime risk.

To compute the annual disease risk among latently infected
persons, a constant hazard rate is assumed such that each year
subsequent to the first year of infection, a fraction .00097 of la-
tently infected persons develop TB disease. Note that: 1 2 (1 2
.00097)56 5 .053. In a given year, the expected number of TB
disease cases that occur due to latent infections, ILatent, is the prod-
uct of .00097 and the number who are latently infected
(N)(PREV), or:
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I 5 (N)(PREV)(.00097)Latent (A2)

If N 5 105, the sum of Equations A1 and A2 is the expected
annual incidence of TB disease per 105 population members, I,
which is the typical reporting unit:

5I 5 [(ARI)(1 2 PREV)(0.05) 1 (PREV)(0.00097)]3 10 (A3)

Equation (A3) also assumes the following conditions: (1) the ARI
is stable over several years; (2) there is a negligible influx into the
community of individuals with TB disease; (3) there is a negligible
population fraction of immunocompromised individuals infected
with M. tb; and (4) the population size is stable. Note that a large
influx of individuals with TB disease and/or a large population
fraction of immunocompromised persons infected with M. tb
would increase the observed disease incidence rate. A large influx
of persons with TB disease would increase the count of newly
diagnosed cases. Immunocompromised persons infected with M.
tb are estimated to have an 8% annual risk of developing TB dis-
ease,(1) which is 80-fold greater than the annual risk for nonim-
munocompromised persons infected with M. tb (i.e., .08/
.00097).

APPENDIX II:
Apportioning the Risk of Infection

lW and lC denote the per-hour probability of infection in, res-
pectvely, the workplace and the community. It is assumed that:

(1) lW and lC are constant over time; (2) infection in the work-
place and in the community are mutually exclusive; and (3) an
HCW spends 5 hours at work and 19 hours in the community
each day. Consider how a susceptible HCW might become in-
fected over 2 consecutive days (see Figure 1).

The HCW begins Day 1 by spending 5 hours on the job. The
probability of not being infected in this 5-hour period is ,25·lWe
and the probability of being infected is the complement 1 2

. Next, the HCW spends 19 hours in the community. Given25·lWe
that the HCW was not previously infected, the probability of not
being infected in this 19-hour period is , and the probability219·lCe
of being infected is . At the end of Day 1, the proba-219·lC1 2 e
bility of having been infected at work is , and the prob-25·lW1 2 e
ability of having been infected in the community is 25·lWe (1 2

. The latter quantity is the product of the sequential prob-219·lCe )
abilities of not being infected at work and subsequently being in-
fected in the community.

Given no infection on Day 1, the individual’s probability of
not being infected at work on Day 2 is again , and the prob-25·lWe
ability of being infected at work is . Given no infection25·lW1 2 e
on the job on Day 2, the probability of not being infected in the
community during the rest of the day is again , and the219·lCe
probability of being infected in the community is . At219·lC1 2 e
the end of Day 2, the 2-day cumulative probability of having been
infected at work is: . The25·l 25·l 219·l 25·lW W C W1 2 e 1 e ·e (1 2 e )
first term in the sum is the probability of being infected at work

on Day 1. The second term is the product of the sequential prob-
abilities of not being infected at work or in the community on
Day 1 and subsequently being infected at work on Day 2.

Similarly, the 2-day cumulative probability of being infected in
the community is: 25·l 219·l 25·l 219·l 25·lW C W C We (1 2 e ) 1 e ·e ·e (1 2

. The first term in the sum is the probability of being infected219·lCe )
in the community on Day 1. The second term is the product of
the sequential probabilities of not being infected at work or in the
community on Day 1, not being infected at work on Day 2, and
subsequently being infected in the community on day 2.

If the process continues for n days, an HCW’s n-day cumula-
tive probability of being infected on the job is

Pr[HCW Workplace Infection z n days]

n21
25·l 2(5·l 119·l ) iW W C5 (1 2 e ) 1 1 (e ) (B1)O[ ]i51

This expression in the brackets can be simplified by using the series
relationship:

n1 2 x
2 n211 1 x 1 x 1 . . . 1 x 5 , for zx z , 1

1 2 x

If , Equation (B1) becomes2(5·l 1 19·l )W Cx 5 e

Pr[HCW Workplace Infection z n days]

2n(5·l 119·l )W C1 2 e
25·lW5 (1 2 e ) (B2)

2(5·l 119·l )W C1 2 e

Next, consider the quotient . In25·l 2(5·l 1 19·l )W W C(1 2 e )/(1 2 e )
general, lW K1 and lC K1, in which case the quotient can be
written as: 5 3 lW/(5 3 lW 1 19 3 lC). The latter step uses the
approximation e2a ø 1 2 a, as a → 0. Therefore, Equation B2
may be written as

Pr[HCW Workplace Infection z n days]

5·lW 2n(5·l 119·l )W C5 ·[1 2 e ] (B3)
5·l 1 19·lW C

The above expression corresponds to Equation 2 of the main text.
In an analogous fashion, an HCW’s n-day cumulative probability
of being infected in the community is given by

Pr[HCW Community Infection z n days]

n21
25·l 219·l 2(5·l 119·l ) iW C W C5 e (1 2 e ) 1 1 (e )O[ ]i51

2n(5·l 119·l )W C1 2 e
25·l 219·lW C5 e (1 2 e ) (B4)

2(5·l 119·l )W C1 2 e

Using the approximation e2a ø 1 2 a, as a → 0, the above ex-
pression becomes:

Pr[HCW Community Infection z n days]

19·lC25·l 2n(5·l 119·l )W W C5 e · ·[1 2 e ] (B5)
5·l 1 19·lW C

In general, lW K 1, in which case . Therefore, Equation25·lWe ø 1
B5 is equivalent to Equation 3 of the main text.


