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Summary
Background Sputum smear microscopy is a common surrogate for tuberculosis infectiousness. Previous estimates
that smear-negative patients contribute 13−20% of transmissions and are, on average, 20 to 25% as infectious as
smear-positive cases are understood to be high. Herein, we use an ideal real-world setting, a comprehensive dataset,
and new high-resolution techniques to more accurately estimate the true transmission risk of smear-negative cases.

Methods We treated all adult culture-positive pulmonary TB patients diagnosed in the province of Alberta, Canada
from 2003 to 2016 as potential transmitters. The primary data sources were the Alberta TB Registry and the Provin-
cial Laboratory for Public Health. We measured, as primary outcomes, the proportion of transmissions attributable
to smear-negative sources and the relative transmission rate. First, we replicated previous studies by using molecular
(DNA) fingerprint clustering. Then, using a prospectively collected registry of TB contacts, we defined transmission
events as active TB amongst identified contacts who either had a 100% DNA fingerprint match to the source case or
a clinical diagnosis. We supplemented our analysis with genome sequencing on temporally and geographically
linked DNA fingerprint clusters of cases not identified as contacts.

Findings There were 1176 cases, 563 smear-negative and 613 smear-positive, and 23,131 contacts. Replicating previ-
ous studies, the proportion of transmissions attributable to smear-negative source cases was 16% (95% CI, 12−19%)
and the relative transmission rate was 0.19 (95% CI, 0.14−0.26). With our combined approach, the proportion of
transmission was 8% (95% CI, 3−14%) and the relative transmission rate became 0.10 (95% CI, 0.05−0.19).

Interpretation When we examined the same outcomes as in previous studies but refined transmission ascertain-
ment with the addition of conventional epidemiology and genomics, we found that smear-negative cases were
»50% less infectious than previously thought.
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Introduction
Prior to the COVID-19 pandemic, globally, tuberculosis
(TB) was the number one infectious disease cause of
death. With 10 million new cases and 1.45 million
deaths annually, TB has appropriately, albeit belatedly,
become the focus of high-level commitments and con-
certed elimination efforts.1 However, while TB
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elimination requires an end to transmission, there are
still many unanswered questions about the transmis-
sion of TB.2

The number of infectious droplet nuclei per volume
of air3 determines TB infectiousness. Varying patient,
pathogen, and environmental factors can create the req-
uisite conditions for a transmission. In terms of patient-
level factors, infectiousness of a person with TB
depends on disease type (laryngeal vs pulmonary vs
extra-pulmonary), radiographic findings, symptomology
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Research in context

Evidence before this study

To gather evidence on the studies examining sputum
smear microscopy status and transmission, we searched
PubMed/Medline between 1996 and 2020, with the key-
words “tuberculosis” and “transmission” or “smear
microscopy” or “smear negative” or “smear positive”.
Three studies (published between 1999 and 2007) used
molecular epidemiology to estimate two outcomes
describing transmissions: the proportion of TB transmis-
sions attributable to smear-negatives and the relative
transmission rate. These studies estimated that the pro-
portion of transmissions arising from smear-negative
patients was »17% and the relative transmission rates
was 0.22−0.24.

Added value of this study

When we exclusively used molecular epidemiology, our
estimates of infectiousness corresponded with previous
results. However, when we combined molecular epide-
miology with conventional epidemiology (namely, rig-
orous, systematic contact tracing) and genome
sequencing, we found that smear-negative cases were
50% less infectious than reported in these prior studies.
Our study shows the value of conventional epidemiol-
ogy and whole genome sequencing and also highlights
the challenges of accurately discerning chains of
transmissions.

Implications of all the available evidence

Our findings reflect the value of a comprehensive strat-
egy of discerning chains of transmissions and the vari-
able results that may ensue from different methods.
Our study also suggests that smear-negative patients
are less infectious than previously thought. These
updated estimates may be used in TB transmission
modelling, and smear-negative patients may be consid-
ered a lower priority for contact tracing and a lesser
infection control concern.
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(most notably cough), delays in diagnosis, treatment
characteristics, and, importantly, sputum smear-status.3

Sputum smear microscopy remains the most com-
monly used surrogate marker for estimating infectious-
ness.4 Historical studies observed that household
contacts of smear-positive patients were between 2 and
12 times more likely than household contacts of smear-
negative patients to be infected with Mycobacterium
tuberculosis (M. tb).3 More recent studies have examined
the question of transmission from smear-negative
patients by comparing clusters of DNA fingerprints aris-
ing from smear-negative vs smear-positive source
patients.5−7 These studies, themselves now between 10
and 20 years old, estimated that the relative transmis-
sion rate of smear-negative compared with smear-
positive patients was 0.22−0.24, or roughly 20 to 25%
the likelihood of transmission.

There is no gold standard for identifying TB trans-
missions. In some studies in low-incidence settings,
conventional epidemiology alone, without DNA finger-
printing, may underestimate transmissions.8 By con-
trast, DNA fingerprint clustering alone appears to
overestimate the number of recent transmissions.9,10

When France et al. compared field-based (conventional
and molecular investigation) evidence of recent trans-
mission with genotype-based (molecular) estimates,
they found that genotype-based estimates could overes-
timate recent transmission by as much as 75%.11 How-
ever, it is also well-established that compared with
traditional molecular methods, genome sequencing
allows for greater resolution in identifying transmis-
sions.12−14 Unfortunately, for most jurisdictions,
genome sequencing remains prohibitively expensive.

Given the reliance on sputum smear microscopy for
triaging contact-tracing efforts and establishing infec-
tion control protocols, estimates of the infectiousness of
smear-negative cases need to be updated. Therefore, we
re-examined the contribution of smear-negative source
patients to tuberculosis transmissions in a low TB inci-
dence, low HIV prevalence, high-income setting. We
compared previously described DNA fingerprint cluster-
ing techniques with an approach combining molecular
and conventional epidemiology supplemented with
genome sequencing.
Methods

Population
We included all culture-positive pulmonary TB patients
diagnosed in the province of Alberta, Canada (popula-
tion 4251,900 and crude TB incidence 5.5/100,000 pop-
ulation in 2016) from January 2004 to December 2016
as notified in the Alberta TB Registry.15 For each patient,
we extracted routinely and systematically collected (in
real-time) demographic, clinical, laboratory, and con-
tact-tracing information from the Integrated Public
Health Information System—the location of the provin-
cial tuberculosis database.
Smear-Status definition
We used auramine-rhodamine stains for screening
respiratory sputum samples and followed this with con-
firmatory Ziehl-Neelsen staining. A smear-positive indi-
vidual had at least one positive respiratory sample prior
to the initiation of anti-tuberculosis therapy. A smear-
negative individual had to have at least three respiratory
samples submitted for analysis and all samples submit-
ted prior to initiation of therapy had to be negative. All
mycobacteriology in the province is performed in a sin-
gle laboratory: Provincial Laboratory for Public Health.
www.thelancet.com Vol 43 Month January, 2022
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Molecular genotyping
From July 2003 to June 2016, isolates of Mycobacterium
tuberculosis from all culture-positive cases of TB diag-
nosed in Alberta were routinely DNA fingerprinted by
use of standardised restriction fragment-length poly-
morphism (RFLP), supplemented in isolates with five
or fewer copies of the insertion sequence 6110, by
spoligotyping.16,17 From January 2014 onwards, isolates
had 24 loci mycobacterial interspersed repetitive units
(MIRU) typing.18
Genome sequencing of M. tb
M. tb was grown on Lowenstein-Jensen media, and
heat killed at 90 °C for 30 min prior to DNA
extraction. Routine methods of extraction, sequence
quality control and assessment were then per-
formed.

Following bead beating with 0.5 mm glass beads
(Sigma Z763748) for 5 min, lysozyme (Sigma L6876)
was added and incubated at 37 °C for 1 h. Further lysis
of the cells was done with the MagaZorb� DNA Mini-
prep kit proteinase K, lysis buffer (Promega MB1004)
and RNAse A (Qiagen #19,101) digestion at 60 °C over-
night. Extraction was completed using the MagaZorb�

kit on the Kingfisher mL Purification System. Extracted
DNA was checked on a 1% agarose gel and quantified
using the Qubit BR kit.

Illumina-compatible libraries were generated using
the Illumina Nextera DNA Flex Library Prep Kit (Illu-
mina 20,018,705), and sequenced on an Illumina
MiSeq with the 600-cycle MiSeq Reagent Kit v3 (Illu-
mina MS-102−3003).
Sequence quality control and assessment
Raw Illumina sequences were assessed for quality
with FastQC v0.11.8 (bioinformatics.babraham.ac.
uk/projects/fastqc/) and MultiQC v1.7.19 Adapters
were trimmed with trimmomatic v0.39, as well as
quality filtering and keeping any sequences greater
than 75 bp in length. Kraken 2.0.8-beta20 with
minikraken2_v2_8GB_201,904_UPDATE was used
to classify the trimmed reads, allowing us to iden-
tify and keep reads classified as M. tb complex
(MTBC) or the genus Mycobacterium − all other
reads were discarded. Of the 49 M. tb genomes
sequenced, two (Mtb34 and Mtb42) had significant
non-Mycobacterium sequences (26% and 41%,
respectively) that were removed by this taxonomic
filtering. The remaining 47 genomes were > 99%
classified as Mycobacterium. These quality-filtered
classified sequences were used in downstream anal-
ysis. Estimated depth of coverage after quality filter-
ing ranged from 40 to 454x. Biohansel 2.4.021 was
used to determine the lineages of each data set,
indicating a mix of lineage 1, 2 and 4.
www.thelancet.com Vol 43 Month January, 2022
Phylogenetic tree and pairwise single nucleotide
variant distances
H37Rv (NC_000962.3) was used as a reference for
mapping and single nucleotide variant (SNV) calling
with Snippy 4.5.0 (github.com/tseemann/snippy) using
default settings (minimum mapping quality 60, mini-
mum base quality 13, minimum depth 10). Core SNVs
were determined with Snippy, masking the variable
regions with the packaged masking file resulting in 93
−95% coverage of the H37Rv reference genome. A core
SNV phylogeny was generated using IQ-TREE 1.6.1222

with a generalized-time reversible model and with dis-
crete Gamma rate heterogeneity (GTR+G4), one thou-
sand bootstraps,23,24 one thousand single branch test
replicates,25 and using constant sites as determined by
snp-sites 2.5.1.26 The resulting phylogenetic tree was
visualized with FigTree v1.4.4 (github.com/rambaut/
figtree), displayed using a midpoint-root. Pairwise SNV
distances were calculated using snp-dists 0.6.3 (github.
com/tseemann/snp-dists).

Since three different lineages were used to generate
the pairwise SNV distances and the phylogenetic trees,
to provide further resolution on the pairwise distances
between known MIRU pairs, we regenerated the core
SNVs for each individual pair using Snippy and re-cal-
culated the pairwise distance using snp-dists.
Outcome
The primary outcomes of interest were the proportion
of TB transmission attributable to smear-negative cases
and the relative transmission rate. The proportion of TB
transmission attributable to smear negative sources was
defined as: [number of transmissions arising from
smear-negative sources]/[total number of transmis-
sions]. The relative transmission rate is defined as:
[Smear-negative transmission events/total number of
smear-negative patients with culture-positive pulmo-
nary TB]/[smear-positive transmission events/total
number of smear-positive patients with culture-positive
pulmonary TB].
Statistical methods
The Wald method was used to estimate 95% confidence
intervals (CI) for the proportions of transmission attrib-
utable to smear-negative cases; we also calculated 95%
CI for relative transmission rate using the Clopper-Pear-
son (exact) method. Chi-square testing was used to
examine whether there was a statistically significant dif-
ference in the proportion of transmissions attributable
to smear negative cases between method #1 (molecular
epidemiology using DNA fingerprint clusters) and
method #2 (combined conventional epidemiology,
molecular epidemiology and genome sequencing). Chi-
square testing was also used to examine whether there
was global difference between method #1, method #2,
3
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and the two sensitivity analyses. SAS version 9.4 was
used for statistical analysis.
Method #1: molecular epidemiology (DNA fingerprint
cluster)
The goal of this analysis was to replicate the methodol-
ogy of previous studies.5−7 The analysis was carried out
on all TB patients from July 2003 to June 2016. Given
there was no RFLP typing after June 2016, clustering
could no longer be determined beyond this date. We
defined a cluster as two or more patients having 100%
matched DNA fingerprints and ordered them chrono-
logically. Within the cluster, if the first patient had only
extra-pulmonary TB, they were excluded and the subse-
quent patient (ordered chronologically), would be con-
sidered the index patient. We employed the
methodology described in the seminal paper by Behr
et al.: “Secondary cases that were preceded only by cases
of smear-negative TB were attributed to smear-negative
transmission.6 All cases that occurred after any case of
smear-positive TB were attributed to smear-positive
transmission.” Tostmann et al. also used this method.7

We also carried out an analysis where we restricted the
time elapsed between a transmission event to 2-years.
Method #2: combined conventional and molecular
epidemiology supplemented with genome sequencing
For this method, we identified all contacts of pulmonary
TB patients diagnosed from January 2004 to December
2016. The province of Alberta has a rigorous, prospec-
tive, routine contact tracing system that relies upon the
stone-in-pond principle (i.e., contact tracing begins with
close or high-risk contacts before casual or low-risk con-
tacts).3 As per the Canadian TB standards, for smear-
negative cases, household and other high-priority con-
tacts are assessed in the initial round of contact investi-
gations; however, medium-priority contacts (e.g. other
close non-household contacts) are only assessed if there
is evidence of transmission in the first round.3 For
smear-positive cases, both high and medium priority
are assessed from the outset. Contacts in places of social
aggregation (i.e. educational or work settings, places of
worship, or homeless shelters) are routinely
identified.27

Once the contact list for each case was assembled, we
matched contacts by name, date-of-birth, and their
unique TB registry number to a list of all known cases
of TB in the province that occurred 6 months before or
24 months after the diagnosis of the putative source
case. The diagnosis date was defined as the start date of
treatment. As previously reported28,29 secondary cases
were described as follows (see Fig. 1). “Type-100 second-
ary cases were contacts diagnosed in the 30 month win-
dow who had identical (100% matched) DNA
fingerprints via RFLP or MIRU (if the putative source
was diagnosed after June 2014). “Type-200 secondary
cases were contacts of the source case who were diag-
nosed with active TB within the 30-month transmission
window but were culture-negative. This classification
captures primarily paediatric cases from whom it may
be difficult to obtain a specimen for culture. A paediatric
chest radiologist independently verified that the paediat-
ric Type-2 secondary cases met radiographic criteria for
the diagnosis of primary pulmonary TB.30 If a second-
ary case was diagnosed in the 6 months prior to the
source case, it was only considered a transmission event
if the secondary case had primary disease.

Otherwise, we ordered conventional epidemiologi-
cally linked cases with identical DNA fingerprints chro-
nologically and assumed the first case was the source
case. As in the DNA fingerprint clustering analysis,
“secondary cases that were preceded only by cases of
smear-negative TB were attributed to smear-negative
transmission. All cases that occurred after any case of
smear-positive TB were attributed to smear-positive
transmission”.6

Despite rigorous contact tracing, some secondary
cases may still not be identified. To identify secondary
cases that had not been identified as contacts, we first
identified all “non-contacts” in the 30-month transmis-
sion window that had an isolate with an identical DNA
fingerprint. We then determined whether these “non-
contacts” were spatially linked to the putative source −
i.e. lived in the same forward sortation area, a geo-
graphic unit associated with a postal facility that is
determined by the first three digits of their postal code.
These were referred to as “Type-300 secondary cases. To
further confirm that putative source and Type-3 second-
ary case were linked, their isolates were sequenced and
required to show no more than 10 SNVs differences.

We also undertook four sensitivity analyses. First, we
recognized that the assumption that all cases occurring
after a smear-positive case were attributable to the
smear-positive source could, in some chains of trans-
mission, lead to an underestimation of transmissions
arising from smear-negative cases. For instance, under-
estimation could occur where the first case is smear-pos-
itive and the second and third cases are smear-negative
and the third case is a contact of both the first and
the second case. Therefore, we undertook a sensitivity
analysis where cases that were linked to both a smear-
positive and smear-negative case but occurred chrono-
logically immediately after the smear-negative case were
attributed to the smear-negative case. That is, in the sen-
sitivity analysis, all cases that occurred after the smear-
positive TB case were not attributed to the smear-posi-
tive individual. Next, we undertook a sensitivity analysis
where we excluded all transmissions in contacts who
had been diagnosed within 6 months of arrival to Can-
ada. This was done to account for the possibility that the
contact may have acquired their disease prior to coming
to Canada. That is, their disease may have been acquired
from a source who was not residing in Alberta. For the
www.thelancet.com Vol 43 Month January, 2022



Figure 1. A summary of the steps involved in measuring TB transmission by “Method #200 .
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final sensitivity analysis, we only considered transmis-
sions that arose in close contacts.

The STROBE checklist was reviewed and, where pos-
sible and relevant to our study design, we adhered to
STROBE guideline recommendations.
Study approval
The University of Alberta Health Research Ethics Board
(HREB) Biomedical Panel for review of non-invasive
studies involving humans provided approval for this
study, protocol ID Pro00088408. Patient consent was
not obtained as routinely collected data was used.
Role of the funding source
The funding agency had no role in the study design,
data collection, data analysis, data interpretation or writ-
ing of the report.
Results

Method #1: molecular epidemiology (DNA fingerprint
cluster)
There were 1767 patients diagnosed with culture-posi-
tive TB (pulmonary or extra-pulmonary) between July
2003 and June 2016. From this cohort, 633 individuals
were included in 151 unique clusters, ranging in size
from 2 to 90. The cluster of 90 individuals was due to a
www.thelancet.com Vol 43 Month January, 2022
low-copy number and these isolates underwent spoligo-
typing. Upon spoligotyping, there were 29 unique
transmission chains—all of which were initiated by a
smear-positive case. 62% of clusters consisted of only 2
individuals. There were 372 secondary events. From
these secondary events, 314 arose from smear-positive
patients and 58 from smear-negative patients. That is,
the proportion of cases arising from a smear-negative
source was 16% (58/372), 95% CI, 12−19%. In this
cohort, there were 1135 pulmonary TB cases; 554 were
smear-negative and 581 were smear-positive. Therefore,
the relative transmission rate was (58/554)/(314/581)
=0.19, 95% CI, 0.14−0.26 (see Table 1). These findings
were unchanged when we restricted transmissions to a
2-year window.
Method #2: combined conventional and molecular
epidemiology supplemented with genome sequencing
We then looked for secondary cases amongst 23,131 con-
tacts of 1176 adult pulmonary TB cases diagnosed from
January 2004 to December 2016. The characteristics of
smear-negative vs smear-positive patients are described
in Table 2. Smear-negative patients were more likely to
be foreign-born (84 vs 76%), less likely to present with
cavitation (7% vs 44%), and had fewer total contacts
(6 § 9 vs 32 § 64) but the same number of paediatric
close contacts under 5 years of age (0.5 § 1.5 vs
0.7 § 1.7).
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Relative Transmission Rate Proportion of Transmissions
Attributable to Smear-Negative Source

Replication of DNA fingerprint clustering methods

(Method #1)

0.19 (95% CI, 0.14−0.26) 16% (95% CI, 12−19%)

Molecular and conventional epidemiology supplemented

with whole genome sequencing (Method #2)

0.10 (95% CI, 0.05−0.19) 8% (95% CI, 3−14%)

Sensitivity analysis #1 (attributed transmission to a smear-

negative case even if the secondary case had also been

exposed to a smear-positive individual)

0.13 (95% CI, 0.07−0.24) 11% (95% CI, 5−17%)

Sensitivity analysis #2 (excluded contacts who had only

been in Canada less than 180 days)

0.08 (95% CI, 0.04−0.17) 7% (95% CI, 2−12%)

Behr et al. 1999 0.22 17%

Tostmann et al. 2008 0.24 13%

Hernandez-Garduno et al. 2004 n/a 17−41%

Table 1: A comparison of the relative transmission rate and proportion of transmissions
a

attributable to smear-negative sources when
replicating previous methodology versus our combined approach.

a Test comparing Method #1 vs Method #2, p = 0.048. Global test comparing Method #1 vs Method #2 vs Sensitivity analysis #1 vs Sensitivity analysis #2,

p = 0.038.
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In addition to Type-1 and Type-2 secondary cases
there were 23 putative sources with potentially 28 Type-
3 secondary cases. Using core SNV analysis on these iso-
lates, we were able to determine that 13 were consistent
with transmission (see Fig. 2). From these 13 Type-3 sec-
ondary cases, one transmission was attributed to a
smear-negative and 12 to a smear-positive source. Thus,
once we included geographically and temporally linked
DNA fingerprint clusters that were confirmed to be
linked by core SNVs, the proportion of cases attributable
to smear-negative cases remained at 8% (9/110), 95%
CI, 3−14%, p = 0.05, and the relative transmission rate
at 0.10 (9/563)/(101/613), 95% CI, 0.05−0.19.
Female

Age (years)

Cavitation (missing n = 1 from smear-negative; n = 1 from smear-positive)

HIV (missing n = 4)

Relapse/re-treatment

Resistance to any first-line agents

Ethnicitya

CB, non-Indigenous

Indigenous

Foreign-Born

Total number of contacts

Total number of close contacts

Close contacts/case

All contacts/case

(Close contacts + casual contacts)/case

Number of close paediatric contacts (<5 years of age)

Table 2: Characteristics of the 1176 patients 14 years of age or older w
a CB=Canadian-born; Indigenous refers to First Nations, M�etis, or Inuit people
In the first sensitivity analysis, out of the 110 trans-
missions which occurred, only three more cases would
be re-classified to be attributable to smear-negative
patients. The proportion of cases attributable to smear-
negative patients would be 11% (12/110), 95% CI, 5
−17%, and the relative transmission rate would be 0.13
(12/563)/(98/613), 95% CI, 7−24%. In the second sen-
sitivity analysis, we excluded eight contacts who were
diagnosed with TB within 6 months of arrival to Can-
ada. All excluded cases would have constituted a Type-2
transmission event. Therefore, when considering trans-
mission to known contacts, the proportion of cases
attributable to smear-negative cases was further reduced
Smear-Negative N = 563 (%) Smear-Positive N = 613 (%)

264 (47) 251 (41)

49 (SD 21) 48 (SD 20)

41 (7) 270 (44)

35 (6) 35 (6)

47 (8) 59 (10)

71 (13) 69 (11)

32 (6) 48 (8)

62 (11) 105 (17)

469 (84) 460 (76)

3409 19,376

2670 6153

4.7 (SD 6.7) 10 (SD 15)

Median=4 (IQR 4) Median=5 (IQR 8)

6 (SD 9) 32 (64)

Median=4 (IQR 5) Median=12 (IQR 25)

0.5 (1.5) 0.7 (1.7)

ith culture-positive pulmonary TB.
s according to the Constitution Act of 1982.

www.thelancet.com Vol 43 Month January, 2022



Figure 2. Phylogenetic tree from core SNVs of 49 M. tuberculosis isolates.
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to 7% (7/102), 95% CI, 2−12%, and the relative trans-
mission rate decreased to 0.08 (7/563)/(95/613), 95%
CI, 0.04−0.17. There was a statistically significant dif-
ference in the global analysis when comparing
www.thelancet.com Vol 43 Month January, 2022
proportions of transmissions attributable to smear-neg-
ative sources as determined by the various methods and
sensitivity analyses (Method #1, Method #2, and the two
sensitivity analyses) (Table 1). When looking only at
7



Smear-Negative Smear-Positive

Type-1 (N = 64) N = 4 (%) N = 60 (%)

Days to diagnosis of contact (mean, SD) 243 (185) 119 (143)

Close contact 3 (75) 52 (87)

Household contact 2 (50) 35 (58)

Average age (SD) 33 (10) 33 (19)

Median age (IQR) 31 (12) 30 (11)

<5 years old (all contacts) 0 2 (3)

Between 5−14 years old 0 8 (13)

HIV (+) 1 (25) 3 (5)

Foreign-born 2 (50) 18 (30)

Positive airway secretion smear-status 1 (25) 16 (27)

Diagnosed within 6 months of arrival to Canada 0 0

Type-2 (N = 33) N = 4 (%) N = 29 (%)

Days to diagnosis of contact (mean, SD) 33 (30) 47 (49)

Close contact 4 (100) 36 (100)

Household contact 4 (100) 23 (79)

Average age (SD) 20 (26.4) 8 (9.5)

Median age (IQR) 7 (22) 4 (9)

<5 years (all contacts) 2 (50) 16 (55)

Between 5−14 years old 1 (20) 9 (31)

HIV (+) 0 0

Foreign-born contact 4 (100) 9 (31)

Diagnosed within 6 months of arrival to Canada 2 (50) 6 (21)

Type-3 (N = 13) N = 1 (%) N = 12 (%)

Days to diagnosis of contact (mean, SD) 279 293 (200)

Average age (SD) 55 40 (10)

Median age (IQR) 39 (11)

<5 years 0 0

Between 5−14 years old 0 0

HIV (+) 0 0

Foreign-born contact 0 3 (25)

Diagnosed within 6 months of arrival to Canada 0 0

Positive airway secretion smear-status 1 (100) 6 (50)

Table 3: Characteristics of secondary cases, according to source case smear-status.
Alberta’s prospective, routine contact tracing consists of the gathering of information about the number, type (close or casual), tuberculin skin test (TST), and

disease status of contacts for all pulmonary TB cases. We defined close and casual contacts as per the Canadian TB Standards. Assessment of contacts included

a symptom enquiry and TST 8−12 weeks after the final contact with the source case (if the contact was not already TST positive), a chest radiograph if symp-

tomatic or TST positive, and sputum for acid-fast bacilli smear and culture if symptomatic or if chest radiograph was abnormal.
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transmissions to close contacts, the relative transmis-
sion rate was [8/563]/[75/613]=0.12 (95% CI 0.06
−0.25).

The characteristics of all secondary cases are
described in Table 3.
Discussion
Using the DNA fingerprint clustering technique
reported in three separate studies,5−7 we found that the
proportion of TB transmitted from smear-negative
patients was 16% and the relative transmission rate was
0.19, a finding in line with these previous studies. How-
ever, when we combined both molecular and conven-
tional epidemiology and supplemented it with core SNV
analysis, we found that smear-negative cases were
»50% less infectious than previously thought.

When Tostmann et al. looked at transmission based
on epidemiologic data alone, only 6% (26/417) of
source cases were smear-negative.7 They attributed the
discrepancy in their findings to epidemiologic links fail-
ing to reveal all contacts. While relying only on epidemi-
ologic data may miss certain transmission events, it is
also possible that DNA fingerprint clustering techni-
ques in the absence of epidemiologic data techniques
overestimate transmission events.9,10

In most settings, accounting for TB transmission is
very challenging.2 However, our resource-rich, low-inci-
dence setting provides an ideal real-world condition for
studying transmission biology. First, there is a high
www.thelancet.com Vol 43 Month January, 2022
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proportion of foreign-born patients. These individuals
are often re-activating imported strains of M. tb rather
than acquiring new strains. This means there is a
higher diversity of strains, fewer large clusters, and an
enhanced ability to discern transmissions. In our
cohort, only 35% of cases had clustered DNA finger-
prints and 85% of the clusters included five or fewer
cases. Furthermore, we routinely implement rigorous
contact tracing and incorporate social network analysis
as necessary. The comprehensiveness of our routine
contact tracing enhances our confidence in the assess-
ment of transmissions.

Our study also includes Type-2 secondary cases (cul-
ture-negative active TB diagnoses). These patients were
diagnosed based on a clinical case definition that
included radiographic findings or rarely, sputum
smear-positive but culture-negative instances. Only 5/33
of the Type-2 secondary cases were adult-type cases
(over 14 years old). To our knowledge, no other study
comparing transmissions from smear-negative to
smear-positive patients has included such secondary
cases. Because young children are highly vulnerable
and therefore may serve as sensitive sentinels of trans-
mission even when the bacillary burden of the source
case is low, we believe their inclusion is crucial. In fact,
the tendency to rely on only molecular or even genomic
techniques to determine transmission may lead to a
neglect of paediatric TB in transmission analyses.

Despite the strengths of our study, there are also sev-
eral limitations. First, smear-negative source cases have
fewer close and casual contacts. Based on the Canadian
TB standards,3 our protocols dictate that contact tracing
of a smear-negative source can begin with only house-
hold contacts whereas for smear-positive sources, all
close contacts (including non-household) are included
in the first round of contact tracing. This likely accounts
for the large difference in close-contacts for smear-nega-
tives (4.7 § 6.7) versus smear-positives (10 § 15). While
this can introduce bias, it is mitigated by the fact that if
we identify tuberculin skin test (TST) conversions or
secondary cases in the household, contact tracing is
expanded to non-household close contacts and beyond.
Furthermore, if it is assumed that contacts under the
age of 5-years-old are close household contacts (which
unfortunately are not captured separately from other
close contacts), then close household contacts are simi-
lar for smear-negatives (0.5 § 1.5) vs (0.7 § 1.7). Also,
given that 91% of the transmissions within the whole
cohort occurred amongst close contacts and 63%
amongst household contacts, the first “concentric circle”
of household contacts should be identifying most cases
and triggering further contact tracing, as necessary.
Finally, the inclusion of the temporally and geographi-
cally linked cases that were confirmed by core SNV anal-
ysis should help to identify transmissions amongst non-
identified contacts. When we conducted a sensitivity
analysis which only considered transmission arising in
www.thelancet.com Vol 43 Month January, 2022
close contacts, the relative transmission rate was 0.12
(95% CI 0.06−0.25). However, we think that consider-
ing only close contacts is a less accurate representation
of transmission risk posed by the two groups because
an important feature of smear-positivity is precisely the
fact that there is the potential for “superspreading” to
casual (or distant) contacts. Given the outcome measure
we chose to examine, which was selected out of a desire
to easily compare our findings to previous studies, we
could not adjust for number of contacts or clustering.
Future studies should look at the odds of transmission
arising from a patient with smear-negative disease as
their main outcome, and consider accounting for house-
hold clustering, symptoms, and other clinical parame-
ters. Importantly, though, even in such a study, the
outcome (number of transmissions) would still rely on
the contact-tracing methodology.

Another limitation is that for the combined analysis
“Method 200, we defined a transmission event as having
occurred within a 30-month transmission window.
While there may be cases of very delayed disease onset,31

our method has been previously published and
described28,32,33 with sensitivity analyses corroborating
its appropriateness. Findings from other studies31,34,35

also suggest that this length of time is likely to capture
the vast majority of transmission events. It is also possi-
ble that some contacts may have left the province and
developed TB outside of Alberta or Canada; unfortu-
nately, there are no national registries to allow us to con-
sider secondary cases reported outside of the provincial
jurisdiction. However, there is no reason to think that
there should be a differential bias in migration out of
Alberta between contacts of patients with smear-nega-
tive vs smear-positive disease. In addition, because 38
cases occurred in contacts who were foreign-born, it is
possible that their TB exposure and thus the true trans-
mission event occurred outside of Canada. However,
when we restricted analyses to only include those who
developed TB after 6 months since arrival to Canada,
this only served to further reduce the relative contribu-
tion of cases from smear-negative sources.

Finally, while we are the first group to use core SNV
analysis in ascertaining transmissions attributable to
smear-negative patients, given the known higher resolu-
tion of genome sequencing over DNA fingerprinting,
we would ideally, financial constraints aside, have
sequenced all clusters. Nevertheless, there remains a
high degree of certainty around the validity of the trans-
mission when there is both a clear epidemiologic link
and 100% matched DNA fingerprint by conventional
methods.36

We recognize the growing body of literature explor-
ing the role of subclinical (asymptomatic) disease in
transmission of tuberculosis37,38 and the evolving
understanding of the dynamic nature of TB disease pro-
gression.38 This could mean that we may be systemati-
cally underestimating the contribution of subclinical
9
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cases,37 the vast majority of which are smear-negative.39

Mechanistically, if you consider the significant aerosol
production arising from routine activities like speaking
or singing, cough would not be required for transmis-
sion.40 While we believe our findings are an accurate
reflection of transmission ascertainment reliant on rou-
tine contact tracing practice and while we attempt to
account for unidentified secondary cases, the evolving
literature around the role of transmission from subclini-
cal cases shows the challenge in attributing precise
transmission rates based on smear-status. Developing
the most accurate picture of transmission and attack
rates requires the use of a variety of methodologies
ranging from mathematical modelling to conventional
epidemiology reliant on contact tracing.

The aim of this study was to replicate previous tech-
niques while enhancing the previously used molecular
clustering technique with conventional epidemiology
and genomics. Our findings, therefore, are an update of
these previous techniques. Based on this update, we
believe that smear-negative cases result in a lower burden
of transmissions than previously estimated. And our
exploration of different methodologies of ascertaining
transmission highlights the continued importance of con-
ventional field epidemiology and the importance of revis-
iting questions about TB biology with the assistance of
new tools. By showing that smear-negative cases contrib-
ute to fewer transmissions than previously thought, our
findings can update estimates used in TB disease model-
ling and may assist in triaging of resources in increas-
ingly resource constrained public health programs.
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