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Abstract

Tuberculosis genotyping data are frequently used to estimate the proportion of tuberculosis cases
in a population that are attributable to recent transmission (RT). Multiple factors influence
genotype-based estimatesof RTand limit the comparison of estimates over time and across
geographic units. Additionally, methods used for these estimates have not been validated against
field-based epidemiologic assessments of RT. Here we describe a novel genotype-based approach
to estimation of RT based on the identification of plausible-source cases, which facilitates
systematic comparisons over time and across geographic areas. We compared this and other
genotype-based RT estimation approaches with the gold standard of field-based assessment of RT
based on epidemiologic investigation in Arkansas, Maryland, and Massachusetts during 1996—
2000. We calculated the sensitivity and specificity of each approach for epidemiologic evidence of
RT and calculated the accuracy of each approach across a range of hypothetical RT prevalence
rates plausible for the United States. The sensitivity, specificity, and accuracy of genotype-based
RT estimates varied by approach. At an RT prevalence of 10%, accuracy ranged from 88.5% for
state-based clustering to 94.4% with our novel approach. Our novel, field-validated approach
allows for systematic assessments over time and across public health jurisdictions of varying
geographic size, with an established level of accuracy.
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Tuberculosis (TB) disease may result from infection acquired recently (recent transmission
(RT)) or from infection acquired many years in the past (1). TB disease attributable to RT
represents active transmission in a population, which can be interrupted by prompt public
health intervention (2). Measuring TB attributable to RT provides a tool with which public
health programs can focus limited public health resources and track progress in TB control
efforts to interrupt transmission (3-6).

TB attributable to RT cannot be distinguished clinically from TB resulting from the
reactivation of remotely acquired infection (7); for this reason, measuring RT requires a
knowledge of the transmission connections (epidemiologic links) between cases. Field-based
epidemiologic investigation to identify the source of a given case (a source case-secondary
case pair) represents the gold standard for determining which cases are likely to be due to
RT. However, these source-case investigations are extremely resource-intensive and are
rarely conducted. Contact investigations, which differ from source-case investigations in that
they are used to identify persons who have been exposed to a person with contagious TB, are
an essential component of TB control (2) and represent another source of information on
transmission connections that can be used to understand RT in a population (8). However,
these investigations are also resource-intensive, and the data are often not collected
systematically. Additionally, con-tact investigations frequently miss connections between
cases, particularly in hard-to-reach populations, such as persons who abuse chemical
substances and persons experiencing home-lessness (9-12).

TB genotyping is frequently used to estimate the proportion of TB cases in a population that
are attributable to RT (5, 8, 13-21), as it provides a tool with which to infer transmission
connections between cases. Genotype-based methods for estimating RT rely on the
fundamental assumption that cases related by RT will have identical genotypes (typically
referred to as clustered cases), while cases resulting from the reactivation of remotely
acquired infection will have unique genotypes in the population (nonclustered cases). While
genotype data alone suggest transmission, they do not always correlate with RT (22).
Nevertheless, genotype-based estimates of RT have many advantages: They are not
dependent on field data, they can be made on a large scale with data that are routinely
available in many jurisdictions, and they can be easily automated and systematically applied
over time and across geographic units. Genotype-based methods do require that a high
proportion of culture-positive TB cases in the population are genotyped (23); however, in the
United States, where genotyping is routine for all culture-positive cases, this is not an
obstacle (24, 25).

While genotype-based estimates of RT have been generated often, the methods used for
these estimates have not been standardized. As a result, estimates have varied dramatically,
even across populations that would be expected to have similar rates of RT (15-19, 21, 26).
Multiple factors affect genotype-based RT estimates, including the geographic unit over
which clustering is defined (20), the time window of the study (26), and whether or not
source cases are taken into account (27). Because RT estimates are sensitive to the
geographic unit and time window over which clustering is defined, comparisons of RT
across jurisdictions of different geographic sizes and over time are problematic. A
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systematic approach to address both of these factors is essential to the use of RT estimation
approaches for programmatic purposes, such as tracking estimates of RT over time across
jurisdictions of different sizes. At the same time, estimation approaches that do not exclude
likely source cases (e.g., by excluding the first case in a genotype cluster) can substantially
overestimate the proportion of cases that are attributable to RT, as they estimate the
proportion of cases simply involved in RT, as opposed to cases attributable to RT.

Regardless of the methods used, genotype-based estimates of RT have not been validated
against field-based epidemiologic assessments of RT. As a result, the sensitivity and
specificity of previous RT estimates based on genotyping are unknown, and it is not clear
which approaches are the most accurate approaches for estimating RT.

In this paper, we validate previously published genotype-based approaches to RT estimation
against the gold standard of field-based assessments of RT based on the epidemiologic
investigation and calculate the sensitivity and specificity of each for epidemiologic evidence
of RT using various geographic definitions. Additionally, we propose a novel approach for
estimating TB attributable to RT that overcomes many of the limitations of prior approaches,
facilitates systematic comparisons of RT across jurisdictions of different geographic sizes
and over time, and accounts for source cases. We validated this approach, which we call the
plausible-source case approach, against field-based assessments of RT derived from
epidemiologic investigation, and we calculated the sensitivity and specificity of our estimate
for epidemiologic evidence of RT. We compared our proposed approach with previously
published approaches in order to identify the most accurate approach to estimation of RT for
the US population.

Study population

The National TB Genotyping and Surveillance Network (NTGSN) was established as part of
a population-based study conducted at 7 US sites during 1996—2000 (28, 29). As part of this
study, isolates from cases identified at the participating sites were genotyped using IS6110
restriction fragment length polymorphism (RFLP), and epidemiologic field investigations
were conducted to identify potential transmission relationships between cases.
Epidemiologic field investigations included contact investigation for all cases. At 3 study
sites, researchers also conducted detailed epidemiologic investigations of cases with the
same genotype pattern (cluster investigations) for cases reported during 1998-2000. Details
on the original NTGSN study have been previously reported (28, 29).

We included a subset of the NTGSN study population in our analysis: culture-positive cases
who had an isolate with >6 RFLP bands from participating states that conducted the most
rigorous epidemiologic field investigations (including both contact investigation and cluster
investigation): Arkansas, Maryland, and Massachusetts. We restricted our analysis to isolates
with =6 RFLP bands because the discrimination of this method is poor among isolates with
fewer than 6 bands (30) and because discrimination among isolates with =6 RFLP bands has
been described as being similar to discrimination using the combination of spoligotyping
and 24-locus mycobacterial interspersed repetitive unit—variable-number tandem repeat
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(MIRU-VNTR) analysis (31), the genotyping methods currently used in the United States.
Information on clinical and demographic characteristics, risk factors, and zip code of
residence was available from routinely collected surveillance data for all cases.

Field-based gold standard for RT

We defined the gold standard for RT using data collected through the comprehensive
epidemiologic field investigations conducted as part of the NTGSN study. Potential
transmission relationships between cases (epidemiologic links) were investigated through
both contact investigation and cluster investigation. Epidemiologic links included potential
transmission relationships identified within a household as well as nonhousehold
relationships (e.g., coworkers, friends, and residents of congregate settings such as jails,
homeless shelters, and long-term care facilities). When epidemiologic links were identified,
TB control staff in the field determined the direction of transmission where possible,
describing each identified source case—secondary case pair.

While the NTGSN investigation identified epidemiologic links and the direction of
transmission between cases where possible, field investigators did not apply criteria for
classifying transmission links as recent or not. Therefore, we applied criteria to the NTGSN
field data to classify each case into one of 3 field-based gold-standard RT categories: 1) field
evidence of RT, 2) no field evidence of RT, and 3) possible RT. We defined RT as
transmission occurring within 2 years before the diagnosis of a reported case, consistent
with the time period when risk of progression from infection to active disease is highest (32,
33) and when the opportunity for public health intervention is greatest. Practically, we
implemented this definition by requiring that an identified source case be diagnosed within 2
years before the diagnosis date of the putative secondary case, or, because source cases are
sometimes identified after a secondary case, that the source case be diagnosed at any time
following the secondary case. Since the diagnosis date is not reported in routinely collected
surveillance data, we used the earliest of 3 dates as a proxy for diagnosis date: the date on
which a patient specimen was collected for drug susceptibility testing, the date on which TB
treatment was initiated, or the date on which the patient was counted as having a verified
case of TB.

We categorized each case into one of the 3 field-based gold-standard RT categories using the
following definitions:

. Field evidence of RT. a case of TB disease with an identified source case (i.e., an
epidemiologic link between 2 cases and a known direction of transmission),
where the source case was diagnosed during the period between 2 years before
the given case's diagnosis date and any time following the given case's diagnosis
date and the cases had matching RFLP patterns. Matching RFLP patterns were
required because genotyping data often disprove suspected transmission links
between cases (34).

. No field evidence of RT: case had no identified epidemiologic link to another
case.
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. Possible RT: a case with an identified epidemiologic link to another case but no
known direction of transmission (i.e., TB control staff in the field could not
determine which case was the source case and which was the secondary case), or
a case with an identified source case for which the RFLP patterns did not match
those of the identified source case.

In order to allow each case the same time interval for a source case to be identified (2 years
prior), we only categorized cases for which the full time interval could be evaluated.
Therefore, only cases reported during January 1, 1998-September 30, 2000 were classified
into one of the 3 field-based gold-standard RT categories. The XZ test was used to compare
demographic and risk factors across the 3 categories.

Genotype-based RT estimates

We used 4 approaches to estimate RT for the cases reported during January 1, 1998-
September 30, 2000; each of these approaches utilized only routinely collected genotyping
and surveillance data and was applied independently of the field-based gold standard. Three
of the approaches, referred to here as geographic approaches, were based on geography and
genotyping alone. The geographic units in these approaches have been previously used as
the basis for published estimates of RT (14, 19-21). The fourth approach, the plausible-
source case approach, is a novel approach we propose that is based on identifying a
plausible-source case of transmission based on clinical and demographic factors, the time
interval between cases, geography, and genotyping data. Each of these 4 approaches was
applied to TB cases to estimate cases attributable to RT, and then each approach was
compared with the field-based gold standard.

Geographic approaches

State-based clustering: Cases with an RFLP pattern that matched that of at least 1 other
case in the same state during January 1, 1998-September 30, 2000 were classified as RT.

County-based clustering: Cases with an RFLP pattern that matched that of at least 1 other
case in the same county during January 1, 1998-September 30, 2000 were classified as RT.

SaTScan-based clustering: SaTScan is a software tool, developed by Dr. Martin Kulldorff
(Harvard Medical School, Boston, Massachusetts) in conjunction with Information
Management Services, Inc. (Calverton, Maryland), that analyzes data using spatial scanning
statistics (35) and has been used to estimate TB RT by identifying geographic areas with
larger-than-expected rates of genotype clustering (20). TB cases in a statistically significant
SaTScan cluster (P < 0.05) with at least 1 other case during the period January 1, 1998—
September 30, 2000 were classified as RT. SaTScan version 8.0.2 was run using a circular
geography that is not restricted by administrative boundaries (e.g., state or county) and a
maximum search radius of 50 km (31.3 miles), and case location was determined as the
latitude and longitude of the geographic center of the case's zip code of residence.

Novel approach: the plausible-source case approach—We evaluated each case
reported during January 1, 1998- September 30, 2000 by comparing it with cases reported in
the full study population (January1,1996—-December 31, 2000), to determine whether a
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plausible-source case could be identified; if a plausible-source case was identified, the given
case was classified as attributable to RT. Comparison with cases in the longer time window
was necessary in order to evaluate plausible-source cases over the same time unit for each
case. A plausible-source case was defined as a case that 1) involved a respiratory form of TB
(pulmonary, laryngeal, pleural, or miliary) in a patient over 4 years of age and 2) was
diagnosed within 2 years prior to the given case. For cases that could not themselves be
classified as source cases (e.g., a case without a respiratory form of TB or in a patient <4
years of age), we also allowed for a plausible-source case to be diagnosed up to 3 months
following a given case (an arbitrarily selected time frame in which case-finding activities
such as contact investigation or source-case investigation could reasonably be expected to
occur). The plausible-source case must have resided within the specified geographic distance
from the given case (calculated as the distance between the centroids of the cases' reported
zip codes of residence or, where the zip code was missing or invalid, the centroids of the
cases' reported cities of residence) and must have had the same RFLP pattern.

We included pleural TB as a respiratory form of disease because of the high probability that
a case reported as pleural also has pulmonary involvement (36-38).

If any plausible-source case was identified, the related case was classified as attributableto
RT. However, cases diagnosed in foreign-born persons less than 100 days after their entry
into the United States were never classified as attributable to RT, even if a plausible-source
case was identified; this criterion was included because of the likelihood that cases
diagnosed in foreign-born persons during this time period represent infection acquired
outside of the United States (39).

We implemented the plausible-source case approach using a range of geographic distance
thresholds between cases, from 0 miles to 500 miles (800 km).

Comparison of genotype-based RT estimates with field-based gold standard

For each of the 4 genotype-based estimation approaches, we calculated the sensitivity and
specificity of the estimate for true RT, as defined by the field-based gold standard. Using
these sensitivity and specificity calculations, we evaluated the accuracy of the method across
a range of hypothetical prevalence rates of RT plausible for the US population or
subpopulations within the United States.

Calculation of sensitivity and specificity—Sensitivity was calculated as the
percentage of “field evidence of RT” cases that were classified as RT by the given method.
Specificity was calculated as the percentage of cases with “no field evidence of RT” that
were classified as not RT by a given method. Cases of “possible RT” (i.e., cases with unclear
evidence of RT) were not included in sensitivity and specificity calculations.

Calculation of accuracy—Using the sensitivity and specificity calculated for each
method, accuracy was evaluated across a range of hypothetical RT prevalence values using
the following formula:
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Accuracy = (sensitivity X prevalence) + [specificity X (1 — prevalence)] .

For the RT algorithm, sensitivity, specificity, and accuracy were calculated for each
geographic distance threshold considered.

Sensitivity analysis—To evaluate the impact of our decision to exclude cases in the
“possible RT” field-based gold-standard RT category from our sensitivity and specificity
calculations, we conducted a sensitivity analysis in which we included these cases as having
“field evidence of RT” (see Web Tables 1 and 2, available at http://aje.oxfordjournals.org/)
and an additional sensitivity analysis in which we included these cases as having “no field
evidence of RT” (Web Tables 3 and 4).

To evaluate the impact of our criterion that cases in foreign-born persons diagnosed less than
100 days after entry into the United States never be classified as attributable to RT, even if a
plausible-source case was identified by our plausible-source case approach, we conducted a
sensitivity analysis in which we removed this criterion (such that any case for which a
plausible-source case was identified would be classified as attributable to RT, regardless of
country of origin or time since arrival in the United States) (Web Table 5).

To evaluate the impact of our definition of RT as transmission between cases diagnosed
within a 2-year period, we conducted a sensitivity analysis in which we defined RT as
transmission between cases diagnosed within a 1-year period (Web Appendix, Web Tables 6
and 7).

Stratified analysis—We stratified sensitivity, specificity, and accuracy calculations
according to cases' nativity (US-born (Web Tables 8 and 9) or foreign-born (Web Tables 10
and 11)).

We conducted analyses using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina),
and SaTScan, version 8.0.2 (Dr. Martin Kulldorff and Information Management Services,
Inc.).

Study population

During 1996-2000, a total of 2,935 cases of culture-positive TB were reported in Arkansas,
Maryland, and Massachusetts; 1IS6770 RFLP genotyping results were available for 2,842
(96.8%). Of these, 2,198 cases (77.3%) had an isolate with =6 RFLP bands and were
included in our full study population. Of the 2,198 cases in the study population, 1,188
(54%) were reported between January 1, 1998, and September 30, 2000, and therefore could
be classified into one of the 3 field-based gold-standard RT categories for sensitivity and
specificity calculations. Zip code was missing or invalid for 69 (3.1%) of the 2,198 cases; for
68 (98.6%) of these cases, city of residence was available and was used for geographic
distance calculations in the plausible-source case approach.
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Of the 2,198 cases in the study population, 1,862 (84.7%) had a respiratory form of TB. This
included 88 cases with pleural TB but no other respiratory site reported.

Field-based gold-standard RT classifications

Of the 1,188 cases that could be classified into one of the 3 field-based gold-standard RT
categories, 72 (6.1%) met the definition for field evidence of RT, 103 (8.7%) met the
definition of possible RT, and 1,013 (85.3%) had no field evidence of RT. Cases with field
evidence of RT were more frequently aged <4 years, were more frequently US-born, and
more frequently had reported excess alcohol abuse or injecting drug use in the year prior to
diagnosis (Table 1).

Genotype-based RT estimates

The percentage of cases estimated to be due to RT by the genotype-based methods varied by
approach. Of the geographic approaches considered, the percentage estimated to be due to
RT ranged from a low of 12.7% using SaTScan-based clustering to a high of 22.3% using
state-based clustering (Figure 1). Using the plausible-source case approach, the percentage
of cases estimated to be due to RT ranged by geographic threshold considered, from a low of
5.6% using a 1-mile (1.6-km) threshold to a high of 17.8% using a 500-mile (800-km)
threshold (Figure 2).

Comparison of genotype-based RT estimates with the field-based gold standard

The sensitivity and specificity of estimates varied by approach. Among the geography-based
approaches, state-based clustering yielded the highest sensitivity but the lowest specificity
(Table 2), while the sensitivity and specificity of SaTScan and county-based clustering were
similar. The accuracy of each approach varied across the hypothetical prevalence rates of RT
that were considered. The accuracy of state-based clustering was lowest when the prevalence
of RT was less than or equal to 25% but was the most accurate of the geography-based
methods considered when the prevalence of RT was 30% or more. At prevalence rates less
than or equal to 25%, SaTScan was the most accurate of the geography-based methods
considered.

The sensitivity and specificity of the plausible-source case approach varied by the distance
threshold (Table 3). Increasing the distance threshold across which plausible-source cases
could be identified increased the sensitivity but decreased specificity. For RT prevalence
<30%, the accuracy was maximized at 10 miles (16 km).

For the range of RT prevalence rates most plausible for the United States (£30%), the
accuracy of the plausible-source case approach with a distance threshold of 10 miles (16 km)
was slightly higher than that of other methods considered, ranging from 93.2% for an RT
prevalence of 30% to 94.4% for an RT prevalence of 10%. Using this approach, the
estimated percentage of cases attributable to RT in the study population was 11.4%.
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Discussion

In this paper we have presented, to our knowledge, the first systematic evaluation of
approaches to estimation of TB attributable to RT, validating estimates against field-based
epidemiologic data. We observed a range of estimates of TB attributable to RT according to
the method used, illustrating the importance of having a validated and standardized approach
to estimation.

While there is no perfect gold standard for identifying TB attributable to RT, the population-
based data used as our gold standard were unique in their strength, including findings from
field-based cluster investigations as well as contact investigations. Cluster investigations
often identify transmission events missed by contact investigation alone, including
transmission in difficult-to-reach populations (9) and transmission that crosses geographic
boundaries (40). Case-patients with field evidence of RT disproportionately reported
characteristics that have previously been associated with RT and outbreaks, including US
birth and substance abuse (41).

While differences in accuracy between the methods we considered were relatively small
(ranging from 89.2% to 94.1% when the true RT prevalence was 15%), the difference in
prevalence estimates generated by the methods was substantial (ranging from 22.3% for
state-based clustering to 11.4% for the plausible-source case method with a 10-mile (16-km)
threshold), indicating that small differences in accuracy have important consequences for
population-based prevalence estimates. In low-incidence populations like that of the United
States, where the expected prevalence of TB attributable to RT is probably less than 30%, a
high specificity is more important than high sensitivity in the accuracy of an RT measure.
Our plausible-source case approach, with a threshold of 10 miles, yielded a slightly more
accurate RT estimate than other methods for the range of prevalence rates that are plausible
for the United States.

SaTScan has been proposed as an alternative to methods that limit clustering definitions to a
single jurisdiction, such as the state- or county-based methods (20). While SaTScan does
have the potential to capture transmission that crosses jurisdictional boundaries, geographic
units over which clustering is defined are not consistent across geographic areas (35),
because the search radius can be varied up to the maximum radius in order to capture the
highest concentration of cases with a given genotype. SaTScan, as well as the state-and
county-based methods, cannot easily be applied to assess trends over time.

The plausible-source case approach we propose overcomes many limitations of previous
approaches to estimation of RT. It identifies potential transmission across geographic
boundaries, using a consistent geographic distance that allows for comparison across
jurisdictions of different geographic size. It evaluates the same time frame for a plausible-
source case for all cases, regardless of when during the study period the case was diagnosed.
Unlike the n— 1 method (8), the commonly used approach to account for source cases (15,
16, 18, 19, 21), our plausible-source case approach does not assume that the first case in the
cluster is the source case for every other case in the cluster. Rather, it considers plausible-
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source cases for each case individually, requiring that a plausible-source case have
characteristics associated with infectiousness.

The plausible-source case approach provides a standard method that allows for
comparability across time and geographic jurisdictions. At the same time, it allows users the
flexibility to choose a different threshold that is best suited to their population and
application. We chose a threshold that maximizes the accuracy of RT estimates in the range
of RT prevalence expected in the United States (<30%). The appropriate threshold will
probably differ in different populations, depending on the true prevalence of RT.

Our study had a number of limitations. First, our validation was limited by an imperfect gold
standard. Despite rigorous epidemiologic field investigations, some transmission links were
likely to have been missed; even the best investigations can miss links, particularly in hard-
to-reach populations (9). Second, because genotyping data were a component of both gold-
standard criteria and genotype-based estimation methods, sensitivity and specificity
calculations were probably inflated. Third, the US National Tuberculosis Genotyping
Service currently uses 24-locus MIRU-VNTR and spoligotyping to genotype TB, not
IS6110 RFLP, the method used in this study. However, evidence suggests that the resolution
of 24-locus MIRU-VNTR is similar to that of 1S6110 RFLP (31); therefore, it is reasonable
that the findings obtained here are applicable to current genotyping methods. Finally, our
study included only 3 US states, which are not representative of the United States as a
whole. RT estimates for the study population therefore cannot be generalized to the full US
population, and movement of populations might be different in areas not considered. The 10-
mile (16-km) threshold might not be ideal in all settings within the United States.

We have identified an approach for estimating TB attributable to RT that overcomes many
limitations of previous approaches and have validated it against field-based epidemiologic
data. While it is unlikely that any estimate will be completely accurate, this validated
approach allows for systematic assessments over time and across jurisdictions of varying
geographic size, with an established level of accuracy. Our plausible-source case approach,
with a threshold of 10 miles, yields RT estimates with a high level of accuracy for the range
of prevalence rates plausible for the United States, and it facilitates comparisons over time
and across public health jurisdictions of varying geographic size. To our knowledge, this
represents the first validated approach to estimation of TB attributable to RT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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State-Based County-Based SaTScan-Based
Clustering Clustering Clustering

RT Estimation Method

Estimated percentage of tuberculosis (TB) cases attributable to recent transmission as
determined using state-based clustering, county-based clustering, and SaTScan-based (35)
clustering, Arkansas, Maryland, and Massachusetts, January 1, 1998—-September 30, 2000.
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Estimated percentage of tuberculosis (TB) cases attributable to recent transmission as
determined using the novel plausible-source case approach, with distance thresholds ranging
from 0 to 500 miles (800 km), Arkansas, Maryland, and Massachusetts, January 1, 1998—

September 30, 2000. 1 mile = 1.6 km.
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