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Abstract

Rationale: The persistent burden of tuberculosis (TB) disease
emphasizes the need to identify individuals with TB for treatment
and those at a high risk of incident TB for prevention. Targeting
interventions toward those at high risk of developing and
transmitting TB is a public health priority.

Objectives: We aimed to identify characteristics of individuals
involved in TB transmission in a community setting, which may
guide the prioritization of targeted interventions.

Methods: We collected clinical and sociodemographic data from
a cohort of patients with TB in Lima, Peru. We used whole-
genome sequencing data to assess the genetic distance between all
possible pairs of patients; we considered pairs to be the result of a
direct transmission event if they differed by three or fewer SNPs,
and we assumed that the first diagnosed patient in a pair was the
transmitter and the second was the recipient. We used logistic

regression to examine the association between host factors and
the likelihood of direct TB transmission.

Measurements and Main Results: Analyzing data from 2,518
index patients with TB, we identified 1,447 direct transmission
pairs. Regardless of recipient attributes, individuals less than

34 years old, males, and those with a history of incarceration had
a higher likelihood of being transmitters in direct transmission
pairs. Direct transmission was more likely when both patients
were drinkers or smokers.

Conclusions: This study identifies men, young adults, former
prisoners, alcohol consumers, and smokers as priority groups for
targeted interventions. Innovative strategies are needed to extend
TB screening to social groups such as young adults and prisoners
with limited access to routine preventive care.
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At a Glance Commentary

Scientific Knowledge on the
Subject: The medical and research
community is actively exploring the
best strategies to identify and treat
individuals with tuberculosis (TB)
disease. Genomic studies have aided in
identifying the primary source of TB
infection by examining connections
between patients in transmission
clusters. However, existing research
reveals a gap in current TB strategies
regarding the effective detection and
tracking of transmission sources, as
well as understanding how assortative
mixing patterns may influence
transmission dynamics.

What This Study Adds to the
Field: In this study, we propose a
novel approach for evaluating factors
that influence TB transmission
dynamics within a community
setting, while also considering
assortative mixing patterns. By
integrating data from a cohort of
more than 2,500 patients with TB
who were systematically enrolled and
whole-genome sequencing data of
Mpycobacterium tuberculosis, we
found that age, sex, tobacco use,
alcohol use, and a history of
incarceration may modify the TB
transmission dynamics at the
population level. Moreover, we also
revealed that assortative mixing
patterns play an important role in
TB transmission dynamics. By
identifying the characteristics of
individuals involved in TB
transmission, we can gain insights
into who should be prioritized for
targeted interventions.

The World Health Organization estimates
that 10.6 million people developed
tuberculosis (TB) disease in 2021 and that 1.6
million people died of the disease, making TB
the single infectious disease that killed the
most people in that year after COVID-19 (1).
These rates halted a consistent downward
trend in TB incidence and death between
2005 and 2020 and returned the TB death rate
back to the level observed in 2017 (1). Much
of this rise has been attributed to the

disruptions in TB programs during the
COVID-19 pandemic; in particular, it was
challenging to identify and treat people with
TB disease during this period and thereby
interrupt ongoing transmission of
Mycobacterium tuberculosis (Mtb), the
causative agent of the disease (2). This
struggle has amplified the need for active
case-finding strategies that target those who
will most benefit from these interventions.

Targeted approaches to TB control
include providing preventive therapy for
individuals with latent TB and active case
finding and treatment of those with TB
disease (3). Previous screening strategies have
often focused on hotspots where TB
transmission takes place, using spatially
targeted approaches to implement
interventions in geographical areas of high
transmission (4). An alternate strategy is to
focus interventions on those most likely to
develop and transmit TB disease. Most often,
subgroups targeted for interventions are those
with specific risk factors for TB infection and
disease, such as HIV infection (5) or diabetes
mellitus (DM) (6), but this approach does not
specifically focus on those most likely to
“transmit” or “receive” the Mtb bacilli. To do
that, it is necessary to identify the
characteristics of pairs of people involved in
transmission events (7).

In previous work, we have used whole-
genome sequencing (WGS) of Mtb isolates to
study spatial patterns of TB transmission in a
well-defined catchment area of Lima, Peru. In
that study, we found that area-specific TB
prevalence did not closely correlate with
estimates of local transmission derived from
genomic epidemiology (8). This finding
suggests that the prevalence of TB disease,
which can result from recent transmission or
reactivation of an earlier infection, ina
specific risk group may not be the best proxy
for the risk of transmission. Because of the
challenges of directly measuring TB exposure
and transmission in TB high-burden settings,
we used proxy indicators to identify direct
transmission events. This required combining
information on Mtb genetic distance and time
of diagnosis. Identification of these individual
attributes may inform who should be
prioritized for targeted interventions.

Methods

Study Setting and Population
Between September 2009 and August 2012,
we recruited patients with TB and their
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household contacts as part of a longitudinal
cohort study in Lima, Peru. The study design,
methods, and setting have been described
previously in detail (9). The study took place
in a catchment area of 20 districts within
urban Lima, where nearly 3.3 million people
live. In brief, we identified index patients with
pulmonary TB aged 16 or older diagnosed at
any of the 106 participating health centers
that diagnose and treat TB and provide
routine health care. These centers follow
national guidelines to diagnose patients with
pulmonary TB, which requires at least one
positive sputum smear or a chest radiograph
consistent with TB. We invited patients with
pulmonary TB who could give informed
consent to participate in the study. We
ascertained TB disease by performing routine
diagnostic microbiology, including sputum
smear microscopy and mycobacterial culture.
Culture-positive sputum samples underwent
drug susceptibility testing and genotyping by
mycobacterial interspersed repetitive units.
We collected the following clinical and
sociodemographic information from index
patients: age, sex assigned at birth, height,
weight, education level, socioeconomic status
(SES) (10), alcohol and tobacco use, housing
information, TB symptoms, history of TB
disease, bacillus Calmette-Guérin vaccination
history, frequency of public transportation
use, work outside the home, incarceration
status, and comorbidities including HIV and
DM. We collected blood samples for host
genetic analysis, which we conducted using a
customized array (LIMAArray) with 712,200
markers (11). We used these data to estimate
the proportion of Peruvian ancestry for each
participant, and we then categorized the
Peruvian genetic ancestry variable into a
dichotomous variable using the mean
proportion as the cutoff (12). We defined
patients with TB as having preexisting DM if
they were previously diagnosed with DM or
were being treated with hypoglycemic drugs
(13-15).

WGS

We obtained whole-genome sequences from
a subset of Mtb isolates collected at the time of
diagnosis using the Illumina HiSeq system in
paired-end mode with a read length of
100-150 base pairs and mean coverage of at
least 30-fold. Following standard procedures,
we mapped the paired-end raw sequencing
data to the H37Rv reference genome using
the BWA-MEM algorithm (16, 17) and used
SAMtools and Pilon to identify the single
nucleotide polymorphisms (SNPs) and
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insertions and deletions using a coverage-
based approach (17, 18). Isolates with <<95%
genome mapping coverage were excluded.
We assigned a nucleotide call of an isolate as
missing if the valid depth of coverage ata
specific site was less than 10% of mean
coverage of this isolate, if the mean read
mapping quality at the site did not reach 10,
or if the alternative alleles occupied less than
85% of the valid coverage of the site. We
excluded the variants in the proline-glutamic
acid/proline-proline-glutamic acid family
because the error rate of short-read
sequencing methodology is high in highly
repetitive regions (19). We also excluded the
isolates with evidence of mixed strain
infection using the barcode method (20).

Characterization of Pairwise Patients
Mtb genetic distance. Given the potential
differences in transmission dynamics within
households compared with community
settings, our analysis focused exclusively on
index patients with TB. Household contacts
who were diagnosed with TB at enrollment or
developed incident TB during the follow-up
were excluded from our analyses. We
calculated the Mtb genetic distance between
the Mtb isolates from all possible pairs of
patients with TB in our dataset by estimating
the number of SNPs that differentiated the
two Mtb isolates cultured from each patient
pair. In the parent cohort study, we identified
78 within household, and more than 93% of
the within-household direct transmission
patient pairs had a genetic distance less than
or equal to three SNPs (9). Therefore, we
considered paired patients to have been in a
direct transmission link (one-step direct
transmission link) if the genetic distance
between their Mtb strains was less than or
equal to three SNPs. We also assumed that the
person diagnosed first in a pair—indicating
an earlier diagnosis than the second—was the
one transmitting the infection, and the second
person was considered to be the one receiving
it. Henceforth, we refer to these pairs as direct
transmission or DT pairs. We note that
transmitters and receivers are dynamic states,
so a patient identified as a recipient in one
pair may serve as a transmitter in another
pair. The binary variable indicating whether a
transmission pair had a genetic distance less
than or equal to three SNPs (Y=1) or not
(Y=0) will serve as the primary outcome for
the analysis.

Host factors. We characterized each pair
on the basis of baseline variables that may
modify an individual’s contact pattern,
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susceptibility to TB infection or disease
progression, or transmissibility after the
development of active TB. These variables
include demographic variables such as age,
sex, or native Peruvian ancestry; social
variables such as employment outside the
home, frequency of public transportation use,
SES, history of incarceration, and alcohol and
tobacco use; and biological variables such as
HIV infection and DM. Within a pair, we
defined the patient with the earliest date of
diagnosis as the transmitter (denoted by D)
and the patient with the later date of diagnosis
as the receiver (denoted by R). For example,
for pairs with one male patient and one
female patient, we further categorized them
into two categories—male transmitter/female
receiver pairs (denoted by Male" — Female®)
and female transmitter/male receiver pairs
(denoted by Female —Male®). We
considered the possibility that the first
diagnosed case may not always be the
transmitter, so we excluded pairs with
diagnosis dates less than 60 days apart.

A three-category individual-level
variable has nine possible configurations
(three types of assortative pairing and six
types of disassortative pairing [P(3,2) =9]),
which may complicate the interpretation of
findings. Therefore, we categorized all
individual-level host factors into two-category
variables. For each pair, we considered four
possible configurations: two types of
assortative pairing in which both members or
neither member of a pair had a specific
attribute and two types of disassortative
pairing in which either the transmitter or the
receiver had an attribute that was not shared
by the other member of a pair. The variables
affected by dichotomization in this study
include age, frequency of public
transportation, SES, smoking, alcohol use,
and coughing. Detailed information on how
we categorized the individual-level variables
are shown in the METHODS section of the
online supplement. We then tested the
hypothesis that these attribute configurations
predicted a direct transmission link.

Regression Analyses

Demographic, social, and biological
variables. We assessed the contribution of
the characteristics of all possible pairs in our
dataset to the outcome of direct transmission
using univariate and multivariate logistic
regression. Covariate configurations with a
global likelihood ratio test P value <0.1 in the
univariate analyses entered a backward
stepwise algorithm to construct the

multivariate models. We retained covariates
with a P value <0.1 in the multivariate model.
The detailed information on how to interpret
the odds ratios of the regression models is
shown in Table E1 in the online supplement.
To evaluate whether our findings were
sensitive to the choice of cutoft in
determining the direct transmission pairs, we
performed two sensitivity analyses. In the first
sensitivity analysis, we repeated the analyses
using a two-SNP difference as the cutoff in
determining a direct transmission pair. In the
second sensitivity analysis, instead of using a
cutoff, we used fractional logistic regression,
assigning pairs with a zero- to six-SNP
difference a probability of being DT pairs

(Y =1 for zero or one SNP, Y =0.5 for two

or three SNPs, and Y =0.1 for four to six
SNPs), based on a distribution of 78
index/household-contact patient pairs with a
within-household transmission (Figure E1).
We also considered that some of the defined
direct transmission pairs may not represent
true direct transmission pairs, because
patients with TB may be considered as
recipients in multiple pairs, which could result
in misclassification. To address this, we
performed an additional sensitivity analysis in
which we retained the pairs with the shortest
genetic distance when these pairs had the
same recipients.

Clinical variables. We evaluated
whether our analytic framework can also
detect the well-known clinical risk factors that
modify the TB transmission dynamics.
Although TB-related clinical variables
measured at the time a transmitter was
diagnosed with TB may indicate his
transmissibility, the clinical variables of his
recipient collected at the time when the
recipient was diagnosed with TB should have
no impact on the transmission event between
a transmitter-recipient pair, because the
transmission event occurred when the
recipient was TB-free. Therefore, we
considered only the direction of transmission
and the characteristics of transmitters (but not
recipients) in characterizing transmission
pairs. For example, for a binary cavitary TB
variable, we categorized pairs into two groups:
“Yes™ (transmitter) to any recipients and
“No" to any recipients.

Pairs with missing data were excluded
from the analysis. We chose this complete data
analysis approach because less than 13% of
pairs were excluded in the multivariable model
due to missing data. All analyses were
conducted using RStudio and SAS version 9.4
(SAS Institute).
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Research Ethics

Before study participation, all study
participants provided voluntary, written
informed consent. The Harvard School of
Public Health and Peru’s Research Ethics
Committee of the National Institutes of Health
provided institutional review board approval.

Results

Study Samples

Throughout the study period, 5,266 patients
with TB =16 years old were newly diagnosed
with TB. Among the 4,500 index patients with
TB enrolled in the study, 3,427 were culture-
positive, and 2,573 underwent WGS. After
excluding 55 isolates with evidence of mixed
infection or poor raw read quality, we
included 2,518 index patients with TB, among
whom there were 3,168,903 possible pairs
(Figures 1 and 2). After excluding 538,793
pairs in which patients within the same pair
were diagnosed with TB less than 60 days

apart, we retained 2,630,110 pairs for the data
analyses. Of these, 1,447 (0.06%) pairs had a
genetic distance of three or fewer SNPs and
were therefore considered to be DT pairs
(Table 1 and Figures 1 and E2). Among these
DT pairs, we observed a median time of TB
transmission of 6.9 months, with an
interquartile range of 6.9 months. Out of the
2,518 index patients with TB, we identified
589 (23.4%) individuals as TB transmitters.

Regression Analyses

Demographic, biological, and clinical
variables. In the univariate analyses, we
found that age, sex, frequency of using public
transportation, SES, incarceration history,
alcohol use, tobacco use, and DM status of
members of pairs were associated with the
likelihood of DT (Figure 3 and Table E3). In
the multivariate model, we found that all
covariates except use of public transportation,
SES, and DM status remained associated with
the outcome. Regardless of the status of

3,427 culture-positive index TB patients

| genome sequencing

2,573 index TB patients underwent
whole-genome sequencing

receivers, we found that compared with non-
DT pairs, the transmitters within DT pairs
were more likely to be younger than 35 years
old (>34 yr old"—=<34yr old® vs. <34 yr
old"—<34yr old™: odds ratio [95%
confidence interval], 0.64 [0.55-0.75]; >34 yr
old"—>34yr old"® vs. <34yrold"—<34yr
old®: 0.73 [0.59-0.91]), to be male
(MaleT—Female® vs. Female' — Female®:
1.34 [1.08-1.67]; Male” —Male" vs.
Female' —Female™: 1.32 [1.07-1.62]), and to
be a smoker (Smoker® — Smoker® vs.
Nonsmoker'—Nonsmoker™: 2.81
[1.24-6.34]; Smoker"—Nonsmoker® vs.
Nonsmoker'—Nonsmoker®: 1.33
[1.04-1.71]). We found that compared with
pairs both of whose transmitters and
recipients did not have a history of
incarceration, the two disassortative pairings
had an increased risk of being in a DT pair
(Yes'—No" vs. No"—No": 2.39 [1.98-2.87];
No'—Yes® vs. No'—No": 2.17 [1.74-2.71]).
We noted that, conditional on one of the two

854 patients did not undergo whole-

l 55 isolates had mixed infection or poor

sequencing quality

2,518 index TB patients passed quality
control of whole-genome sequencing

l

3,168,903 whole-genome sequencing
isolate pairs among index TB patients

3,162,700 whole-genome sequencing
isolate pairs

6,203 pairs were excluded, as diagnoses for both
patients in each pair happened on the same day

532,590 pairs were excluded, as the diagnosis dates
between patients were less than 60 days apart

2,630,110 whole-genome sequencing
isolate pairs

l

1,447 pairs with SNP of difference < 3
(0.06%)

)

2,628,663 pairs with SNP of difference > 3
(99.94%)

Figure 1. Flowchart for patient pairs. TB = tuberculosis.
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patients in a pair having a history of recipient than between a nonsmoker sensitivity analysis in which we used a
incarceration, the likelihood of beinga DT transmitter and a nonsmoker recipient fractional logistic regression model, we found
pair further increased by 4.5-fold when the (Nonmoker” —Smoker" vs. a stronger association for all comparisons
other patient also had a history of Nonsmoker' — Nonsmoker®: 0.68 except an insignificant finding in the
incarceration (Yes'— Yes® vs. NoT—No™: [0.46-1.00]). In two separate sensitivity Smoker’ —Nonsmoker® versus

10.73 [7.46-15.41]) (Figure 4 and Table E4). analyses in which we used two SNPs as the Nonsmoker'—Nonsmoker® comparison

The likelihood of being a DT pair increased cutoff in determining the DT and kept the (P=0.105) (Table E7).
when both the transmitter and the receiver of ~ pairs with the shortest genetic distance when

a pair were drinkers (Drinker’ —Drinker® vs.  these pairs had the same recipients, we found
Nondrinker” —Nondrinker®: 1.21

Clinical variables. In the univariate
analyses for TB-related clinical variables, we

that the effective size of most point estimates found that pairs had an increased likelihood
[1.01-1.44]). We also found that direct increased. Among several point estimates that  of being DT when the transmitters had
transmission occurred less often between a had a reduced effect size, they were reduced cavitary disease (Yes” — Everybody else® vs.
nonsmoker transmitter and a smoker by less than 20% (Tables E5 and E6). Ina NoT—>Everybody else® 1.15[1.03-1.29]), a
226
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Table 1. Characteristics of Patient Pairs (N=2,630,110 Pairs)

Pairs with SNP Difference <3 Pairs with SNP Difference >3 Total Pairs

n (%) n (%) n (%)
Characteristics of Pairs (Transmitter-Receiver) (n=1,447) (n=2,628,663) (N=2,630,110)
Age
<347, <34R 755 (52.18) 1,201,020 (45.69) 1,201,775 (45.69)
<347 >34R 319 (22.05) 508,854 (19.36) 509,173 (19.36)
>34T <34" 250 (17.28) 643,521 (24.48) 643,771 (24.48)
>34T >34 123 (8.5) 275,268 (10.47) 275,391 (10.47)
Sex
Female’—Female® 123 (8.5) 369,609 (14.06) 369,732 (14.06)
Female'—Male” 263 (18.18) 635,647 (24.18) 635,910 (24.18)
Male™—Female® 339 (23.43) 596,904 (22.71) 597,243 (22.71)
Male"—Male® 722 (49.9) 1,026,503 (39.05) 1,027,225 (39.06)
Peruwan ancestry
No —No" 182 (12.58) 273,138 (1o 39) 273,320 (10 39)
No'—Yes” 159 (10.99) 211,524 (8.05) 211,683 (8.05)
Yes'—No" 163 (11.26) 254,290 (9.67) 254,453 (9.67)
Yes"—YesP 130 (8.98) 197,038 (7.5) 197,168 (7.5)
Missing 813 (56.19) 1,692,673 (64.39) 1,693,486 (64.39)
Work outside the house
No'—No" 562 (38.84) 1,005,698 (38.26) 1,006,260 (38.26)
No'—Yes" 348 (24.05) 583,716 (22. 21) 584,064 (22.21)
Yes'—No" 323 (22.32) 638,049 (24.27) 638,372 (24. 27)
Yes'—Yes? 203 (14.03) 370,741 (14.1) 370,944 (14.1)
Missing 11 (0.76) 30,459 (1.16) 30,470 (1.16)
Public transportatlon
Light™—Light® 449 (31.03) 750,676 (28.56) 751,125 (28.56)
nghtTHHeavy 300 (20.73) 624,697 (23.76) 624,997 (23.76)
Heavy —Light? 360 (24.88) 619,327 (23.56) 619,687 (23.56)
Heavy"—Heavy" 288 (19.9) 514,618 (19.58) 514,906 (19.58)
Missing 50 (3.46) 119,345 (4.54) 119,395 (4.54)
Socioeconomic status
Low' —Low" 177 (12.23) 300,329 (11.43) 300,506 (11.43)
Low'—Not Low" 286 (19.77) 599,267 (22.8) 599,553 (22.8)
Not low! —Low" 279 (19.28) 528,934 (20.12) 529,213 (20.12)
Not low™—Not low"? 634 (43.81) 1,057,515 (40.23) 1,058,149 (40.23)
Missing 71 (4.91) 142,618 (5.43) 142,689 (5.43)
Incarceration status
NoT—No" 1,081 (74.71) 2,318,736 (88.21) 2,319,817 (88.2)
No'—Yes? 120 (8.29) 119,423 (4.54) 119,543 (4.55)
YesT—No® 186 (12.85) 138,794 (5.28) 138,980 (5.28)
Yes'—Yes?t 47 (3.25) 7,122 (0.27) 7,169 (0.27)
Missing 13 (0.9) 44,588 (1.7) 44,601 (1.7)
Smoking status
Nonsmoker! —Nonsmoker™ 1,227 (84.8) 2,370,469 (90.18) 2,371,696 (90.17)
Nonsmoker'—Smoker? 27 (1.87) 71,766 (2.73) 71,793 (2.73)
Smoker’—Nonsmoker™ 75 (5.18) 78,019 (2.97) 78,094 (2.97)
Smoker™—Smoker? 6 (0.41) 2,341 (0.09) 2,347 (0.09)
Missing 112 (7.74) 106,068 (4.04) 106,180 (4.04)
Drinking status
Nondrlnker —>Nondr|nker 305 (21.08) 745,730 (28.37) 746,035 (28.37)
Nondrinker”—Drinker? 267 (18.45) 518,183 (19.71) 518,450 (19.71)
Drinker”—Nondrinker”? 387 (26.74) 667,186 (25.38) 667,573 (25.38)
Drinker" —Drinker? 310 (21.42) 467,360 (17.78) 467,670 (17.78)
Missing 178 (12.3) 230,204 (8.76) 230,382 (8.76)
HIV infection
No'—No" 1,322 (91.36) 2,388,694 (90.87) 2,390,016 (90.87)
No'—Yes” 46 (3.18) 88,004 (3.35) 88,050 (3.35)
Yes'—No" 41 (2.83) 92,487 (3.52) 92,528 (3.52)
Yes"—Yesk 2 (0.14) 3,311 (0.13) 3,313 (0.13)
Missing 36 (2.49) 56,167 (2.14) 56,203 (2.14)
Diabetes mellitus
No'—No" 1,315 (90.88) 2,353,578 (89.54) 2,354,893 (89.54)
No"—Yes® 76 (5.25) 105,401 (4.01) 105,477 (4.01)
YesT—Everybody else® 40 (2.76) 124,015 (4.72) 124,055 (4.72)
(Continued)
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Table 1. (Continued)

Characteristics of Pairs (Transmitter-Receiver)

Missing

Cavit
No' —Everybody else®
Yes"—Everybody else”
Missing

Cough
<1 mo'—Everybody else”
>1 mo' —Everybody else®
Missing

TB history
No'—Everybody else®
YesT—Everybody else®
Missing

Smear
No'—Everybody else?
Yes"—Everybody else”
Missing

Pairs with SNP Difference <3 Pairs with SNP Difference >3

n (%)
(n=1,447)

16 (1.11)

965 (66.69)
460 (31.79)
22 (1.52)

862 (59.57)
493 (34.07)
92 (6.36)

966 (66.76)
476 (32.9)
5 (0.35)

297 (20.53)
1,115 (77.06)
35 (2.42)

n (%)
(n=2,628,663)

45,669 (1.74)

1,810,313 (68.87)
749,739 (28.52)
68,611 (2.61)

1,687,557 (64.2)
841,719 (32.02)
99,387 (3.78)

2,086,200 (79.36)
532,157 (20.24)
10,306 (0.39)

679,699 (25.86)
1,925,569 (73.25)
23,395 (0.89)

Total Pairs
n (%)
(N=2,630,110)

45,685 (1.74)

1,811,278 (68.87)
750,199 (28.52)
68,633 (2.61)

1,688,419 (64.2)
842,212 (32.02)
99,479 (3.78)

2,087,166 (79.36)
532,633 (20.25)
10,311 (0.39)

679,996 (25.85)
1,926,684 (73.25)
23,430 (0.89)

Definition of abbreviations: R =receiver; T =transmitter; TB =tuberculosis.

Data are represented as n (%) of pairs.

cough lasting more than 1 month before the
TB diagnosis (>1 mo’ —Everybody else® vs.
<1 mo' —Everybody else": 1.15 [1.03-1.28]),
had previously been diagnosed with TB
(Yes"—Everybody else® vs. No™— Everybody
else®: 1.93 [1.73-2.16]), or had a sputum
smear positive when they were diagnosed
with TB (Yes" — Everybody else® vs.
NoT—>Everybody else®: 1.33 [1.17-1.51])
(Table E8).

Discussion

Using the whole-genome sequences from
Mtb isolates of a population-based cohort of
patients with TB, we were able to evaluate the
impact of demographic, biological, and social
factors on TB transmission dynamics through
a multivariate adjusted model. We found that
younger patients with TB were more likely to
be transmitters and to transmit TB to older
patients. Male patients with TB generated
more secondary TB cases than female patients
with TB did. TB transmissions were also more
likely to occur among people who drank
alcohol, smoked, and had a history of
incarceration. We also found that our method
was able to identify the well-known
TB-related clinical risk factors that may
modify TB transmission dynamics.

Our finding that younger adults were
more likely to be the source cases is consistent
with the results of two similar studies from
the Netherlands. ten Asbroek and colleagues
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used IS 6110-based restriction fragment
length polymorphism typing to identify 69
source-secondary case pairs and found that
45% of source cases were aged 15-34 years
(21). Using the same genotyping method and
the diagnosis dates of more than 6,000
patients with TB in the Netherlands,
Borgdorff and colleagues reported that
younger patients generated most of the
secondary cases (7). This association may be
the result of heterogeneous social contact
patterns in which younger patients have more
social contacts than older ones; multiple
studies that have evaluated age-specific social
contact patterns in low- and middle-income
countries, including one in Peru, have
reported that young adults have an increased
number of social contacts to all age groups
compared with older individuals (22-26).
Despite a well-documented association of TB
transmission with younger patients, likely
because of increased social contacts and the
fact that younger adults are less likely to seek
care until the disease progresses to a very
serious level, few TB programs are designed to
specifically target this at-risk population.
Many previous studies have also shown
that TB is diagnosed more often in men than
in women (27, 28). However, few studies have
evaluated sex differences in the transmission
of TB. The study cited above conducted by
Borgdorff and colleagues found that TB due
to recent transmission was mainly attributed
to male source cases (7). Two studies from
Uganda examined the social contact patterns

of patients with TB and people recently
infected with TB; both found that these
participants had proportionally more adult
male contacts (29, 30). Using a modeling
approach based on the results of a survey of
social contact patterns and local TB burden
data, Dodd and colleagues estimated that the
overall percentage of TB infections due to
contact with adult men was 31% and 15%
higher than due to contact with adult women
in Zambia and South Africa, respectively (23).
Although these studies did not directly
measure the transmissibility of male patients
with TB, the results suggested that a
substantial proportion of TB infections may
be generated by male patients with TB, a
finding that is highly consistent with our
results.

Tobacco and heavy alcohol use are also
well-known risk factors for TB infection and
disease. Several studies have also
demonstrated that patients with TB who are
smokers are more likely to transmit TB than
those who are not (31-33). Here, we found
that TB transmissions were more likely to
occur only when both transmitters and
receivers smoked or drank alcohol. In
addition to an increased risk of transmission
due to the biological effects of smoking and
drinking, our finding is also likely to be driven
by assortative social mixing patterns. In
particular, our observation that transmissions
occurred less often between a nonsmoker
transmitter and a smoker recipient was likely
due to a reduced nonassortative mixing
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AGE OR|[95% Cl]
<347 - <347 Ref
s34T — >34% 1,00 (0.88-1.14)

>34T - <347 0.62 (0.54-0.71) -
>34T — >34 0.71 (0.59-0.86) -
SEX
Female'— Female®  Ref n
Female™ — Male® 1.24 (1.00-1.54) — -
Male™ — Female®  1.71 (1.39-2.10) -_—
Male™ — Male®  2.11(1.75-2.56) L
PERUVIAN ANCESTRY
No™ — No®  Ref n
No™ — Yes®  1.13 (0.91-1.40) —_—
Yes™ — No®  0.96 (0.78-1.19) —_—l—
Yes” — Yes®  0.99(0.79-1.24) —_—
WORK OUTSIDE HOME
No™ — No®  Ref n
No™ — Yes®  1.07 (0.93-1.22) —T—
Yes” — No®  0.91(0.79-1.04) ——
Yes” — Yes®  0.98(0.84-1.15) —_—
PUBLIC TRANSPORTATION
Light™ — Light®  Ref
Light” — Heavy®  0.80 (0.69-0.83) —_—a
Heawvy™ — Light®  0.97 (0.85-1.12)
Heavy™ — Heavy® 0.94 (0.81-1.09) L 2 pad
SOCIOECONOMIC STATUS
Low™ — Low®  Ref | ]
Low™ — Not Low®  0.81(0.67-0.98) —_—lbgG—
Not Low™ — Low®  0.90 (0.74-1.08) —_—
Not Low™ — Not Low®  1.02 (0.86-1.20)
INCARCERATION STATUS
No™ — Ne®  Ref
NoT — Yes®  2.16 (1.79-2.60) =
Yes” — No®  2.88 (2.46-3.36) o
Yes' — Yes®  14.16(10.57-18.98)"
SMOKING STATUS
Nonsmoker™ — Nonsmoker®  Ref n
Nonsmoker” — Smoker®  0.73 (0.50-1.06) R ey o
Smoker” — Nonsmoker®  1.86 (1.47-2.35) =
Smoker” — Smoker®  4.97 (2.23-11.08)"
DRINKING STATUS
Nondrinker” — Nondrinker®  Ref |
Nondrinker™ — Drinker®  1.26 (1.07-1.48) _—
Drinker” — Nondrinker®  1.42 (1.22-1.65) _
Drinker” — Drinker®  1.62 (1.39-1.90) —_—
HIV INFECTION
No™ — No®  Ref L
No™ — Yes®  0.94 (0.70-1.27) —
Yes” — No®  0.80(0.59-1.09) —_—
Yes” — Yes®  1.09(0.27-4.37)" =
DIABETES
No™ — No®*  Ref n
No™ — Yes®  1.29 (1.02-1.63) -_—l
Yes™ — Everybody else®  0.58 (0.42-0.79) ——
[ I I I I I 1
0.0 0.5 1.0 1.5 20 25 3.0 35

Odds ratio

Figure 3. Univariate associations between risk factors and direct transmission (SNP difference, <3). 95% Cl =95% confidence interval;
OR = odds ratio; R =receiver; Ref =reference; T =transmitter. *The value is out of scale and has not been included or entirely represented.

pattern between smokers and nonsmokers. In ~ were nonsmokers (34). Multiple high-

Finland, Saari and colleagues studied an age transmission TB outbreaks have been traced
cohort born in 1979. In 2008, it was found to individuals frequenting bars, where people
that participants whose close friends were can drink and smoke in shared indoor spaces

smokers were more than fivefold morelikely ~ for prolonged periods of time (35). In South
to be smokers than those whose close friends ~ Africa, Classen and colleagues evaluated the
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Mtb restriction fragment length
polymorphism genotyping of 84 patients with
TB (from 26 households) and their social
contact networks and found that patients with
TB from 12 households formed community
clusters that were likely attributable to
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AGE  OR[95% Cl] L
=347 — <34R  Ref
<347 — >34% 1.08 (0.93-1.24) -
>34T — <347  0.64 (0.55-0.75) —a—
>34T — >34%  0.73 (0.59-0.91) —_—
SEX
Female™— Female®  Ref [ ]
Female™ — Male®  1.06 (0.85-1.33) ——
Male™ — Female®  1.34 (1.08-1.67) s —
Male™ — Male®  1.32 (1.07-1.62) —_——
INCARCERATION STATUS
No™ — No®  Ref [ ]
No™ — Yes®  2.17 (1.74-2.71) -
Yes” — No®  2.39(1.98-2.87) &
Yes” — Yes®  10.73 (7.46-15.41)"
SMOKING STATUS
Nonsmoker™ — Nonsmoker® ~ Ref |
Nonsmoker” — Smoker®  0.68 (0.46-1.00) —_—
Smoker™ — Nonsmoker® 1.33 (1.04-1.71) -_—
Smoker’ — Smoker®  2.81 (1.24-6.34)" =
DRINKING STATUS
Nondrinker” — Nondrinker' Ref ]
Nondrinker” — Drinker®  1.18 (0.99-1.40) ——
Drinker™ —» Nondrinker®  1.17 (0.99-1.37) e
Drinker™ — Drinker®  1.21 (1.01-1.44) [
[ T T T T 1
0.0 0.5 1.0 1.5 25 3.0 35

Odds ratio

Figure 4. Multivariate associations between risk factors and direct-transmission (SNP difference <3). 95% Cl =95% confidence interval;
OR =odds ratio; R =receiver; Ref =reference; T =transmitter. *The value is out of scale and has not been included or entirely represented.

drinking in social groups (36). In another
study from South Africa, Booi and Breetzke
reported that the spatial density pattern of TB
was consistent with the location of the alcohol
outlets in the town of Manelodi (37). Ina
study conducted in Texas, Agarwal and
colleagues used molecular epidemiology to
show that patients who were excessive alcohol
users were more likely to form genetic clusters
than those who were not (38). These results
suggest that assortative social mixing patterns
among smokers and drinkers may
independently contribute to TB transmission
events.

Multiple previous studies have
demonstrated that prisons are hotspots of TB
transmission (39, 40). Within low- and
middle-income countries, the prevalence of
TB among incarcerated individuals has been
reported to be more than 10-fold greater than
in the general population (41). In Peru,
Salazar-De La Cuba and colleagues found that
the self-reported TB prevalence among
incarcerated individuals from 66 Peruvian
correctional facilities was 2,510 in 100,000, at
least 25-fold higher than the prevalence in the
general population (42, 43). In another study
from Peru, Warren and colleagues used the
Mtb genetic data collected from patients with
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TB in a prison and in surrounding
neighborhoods to demonstrate a clear prison
spillover effect (44). In Thailand, Miyahara
and colleagues used Mtb WGS data to show
that patients in large transmission clusters
(defined as a cluster with >10 patients with
TB) were more than 10-fold more likely to
have a history of incarceration than those who
were unclustered or whose Mtb isolates
belonged to a smaller cluster (40). Our finding
that direct transmission pairs often included
at least one patient with a history of
incarceration is consistent with these results.
This suggests that prisons are a reservoir for
TB and that TB programs within prisons are
essential to reduce the TB burden, both in
prisons and in the surrounding community.
In addition to the transmissions that occurred
in the prisons, an assortative mixing pattern
for patients with a history of incarceration in
the community may also contribute to the
exalted risk of direct transmission between
pairs that included both patients with a
history of incarceration, because people with a
history of incarceration may be more likely to
congregate in the community than those
without such a history.

Although individuals living with HIV
face an increased risk of TB reactivation or TB

disease progression after recent infection, a
study has indicated that in a low HIV
prevalence setting, the elevated risk of TB
disease associated with HIV is attributed
primarily to reactivation rather than to recent
primary infection (45). In our previous study,
we also demonstrated that patients with
TB/HIV with advanced immunosuppression
exhibited reduced infectiousness (46).
Therefore, from the perspective of the
direction of associations, although lacking
statistical significance, our observation that
patients with TB coinfected with HIV were
less likely to act as either receivers (0.94
[0.70-1.27]) or transmitters (0.80 [0.59-1.09])
aligns with these previous findings. The lack
of statistical significance can be attributed to
the small sample size of patients with TB
coinfected with HIV, because the prevalence
of HIV among patients with diagnosed TB in
our study cohort was only 3%.

Many previous studies have reported a
strong association between TB transmission
and social activity and SES (47, 48). Although
our findings indicated that the frequency of
using public transportation and SES were
associated with the likelihood of being DT
pairs in the univariate analyses, these
significant associations no longer held after
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multivariate adjustment. Although we cannot
rule out the possibility that our categorization
of these variables as dichotomous may have
oversimplified their complexity, our findings
suggest that a substantial portion of the
associations between social activity/SES and
TB transmissions was confounded by other
demographic and social factors.

In the univariate analysis, we found that
patients with TB with DM were more likely to
be recipients but less likely to be transmitters.
Although these associations disappeared after
multivariate adjustment, these findings may
indicate that the way DM modifies TB
transmission dynamics is more complex than
previously believed. The first finding, that
patients with DM were more likely to be
recipients, is consistent with many previous
studies that have demonstrated an increased
risk of TB disease among patients with DM
(49). The second finding suggests that
patients with DM/TB may be less infectious
than other patients with TB without DM. It
remains unclear how DM modifies the
infectiousness of patients with TB and thereby
alters TB transmission dynamics (49, 50). A
systematic review and meta-analysis that
assessed the Mtb molecular clustering of
patients with TB with DM found that patients
with TB with DM were less likely to be
clustered than patients without DM (global
odd ratio, 0.84) (51). However, another study
that used a phylogenetic modeling approach
to identify TB transmission chains in Spain
found that DM was enriched in transmitters
compared with nonclustered patients with TB
(52).

Limitations

Our study has several limitations. First,
household-based cohort studies or TB
outbreak studies have shown that although
the Mtb genetic distances between two
patients with a direct transmission
relationship were usually less or equal to 3, it
could range between 0 and 12 base SNPs.
Therefore, it is possible that the classification
of DT pairs was nondifferentially
misclassified. Second, within a pair, we do not
always know which patient was the source
case, because many patients with TB can
remain infectious for long periods before they

come to diagnosis, and thus a source patient
may have been diagnosed after the patient to
whom they transmitted infection. Although
we have excluded pairs whose dates of TB
diagnosis were apart less than 60 days for our
analyses, we cannot rule out the possibility
that some pairs that remained had been
nondifferentially misclassified. Third, we
considered all possible patient combinations
because a patient may serve as a transmitter
for multiple recipients. Consequently, we
recognized that the same patient with TB
could be classified as a recipient in different
pairs with different transmitter patients. Asa
result, some of the identified direct
transmission pairs may not accurately
represent true direct transmission events,
whereas a patient could serve as a transmitter
in multiple DT pairs, and a misclassification
must occur when a patient was considered as
arecipient in multiple pairs. All of these types
of misclassifications could have driven our
results toward the null and could have
reduced the true effect of the pair’s attributes.
This statement is also supported by the fact
that the effect size of most point estimates
increased in the sensitivity analyses when we
used more stringent settings to reduce the
likelihood of misclassifying a non-DT pair as
a DT pair. Fourth, although we used data
from patients with pulmonary TB enrolled
systematically through protocol-driven
processes, the study protocol specified the
exclusion of children diagnosed with TB
disease because they were often unable to
produce sputum. Furthermore, among the
adult patients enrolled in the cohort study
who had a positive culture test result, WGS
was completed for 75% of the isolates because
of financial constraints. Patients with TB that
was not bacteriologically confirmed were also
excluded from this study because of a lack of
WGS data for Mtb. Therefore, it is possible
that we may have missed transmission events.
Consequently, it is not clear whether our
findings can be generalized to children or
whether the inferences described in our study
would have been altered if we had we been
able to incorporate all patients with TB into
our study. Fifth, the smoking, drinking status,
or DM status of patients with TB may be
misclassified if patients were reluctant to
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report potentially stigmatizing behaviors or
had preexisting undiagnosed DM. These
nondifferential misclassifications may also
drive our results toward the null. Sixth, in our
study, we did not collect information on the
duration of incarceration among patients with
TB with a history of incarceration. Therefore,
it is uncertain whether the observed increased
risk of direct transmission among patients
with a history of incarceration is due to an
elevated risk of TB infection during their time
of incarceration or their congregation in the
community.

Conclusions

In conclusion, we implemented a newly
developed method that used a population-
based cohort of patients with TB and WGS
data of Mtb to concurrently assess the
influence of demographic, biological, and
social factors on TB transmission dynamics
using a multivariate adjusted model,
accounting for potential assortative mixing
patterns. We demonstrated that, in addition
to clinical and biological factors, demographic
and social attributes also play an important
role in transmission dynamics in a
community setting. These demographic and
social groups include men, younger adults,
former prisoners, drinkers, and smokers who
could benefit the most from TB intervention
programs such as active case finding. Our
data also reinforce the need to further
strengthen TB control measures in prisons
and among released prisoners. They also
indicate the need to devise creative ways to
extend TB screening to social groups, such as
younger adults, who may be less likely to
access routine preventive care.
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