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Abstract

Background.—Understanding the etiology of recurrent tuberculosis (rTB) is important for 

effective tuberculosis control. Prior to the advent of whole genome sequencing (WGS), attributing 

rTB to relapse or reinfection using genetic information was complicated by the limited resolution 

of conventional genotyping methods.

Methods.—We applied a systematic method of evaluating whole genome single-nucleotide 

polymorphism (wgSNP) distances and results of phylogenetic analyses to characterize the etiology 

of rTB in American Indian and Alaska Native (AIAN) persons in Alaska during 2008 to 2020. 

We contextualized our findings through descriptive analyses of surveillance data and results of a 

literature search for investigations that characterized rTB etiology using WGS.
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Results.—The percentage of tuberculosis cases in AIAN persons in Alaska classified as 

recurrent episodes (11.8%) was 3 times the national percentage (3.9%). Of 38 recurrent episodes 

included in genetic analyses, we attributed 25 (65.8%) to reinfection based on wgSNP distances 

and phylogenetic analyses; this proportion was the highest among 16 published point estimates 

identified through the literature search. By comparison, we attributed 11 (28.9%) and 6 (15.8%) 

recurrent episodes to reinfection based on wgSNP distances alone and on conventional genotyping 

methods, respectively.

Conclusions.—WGS and attribution criteria involving genetic distances and patterns of 

relatedness can provide an effective means of elucidating rTB etiology. Our findings indicate 

that rTB occurs at high proportions among AIAN persons in Alaska and is frequently attributable 

to reinfection, reinforcing the importance of active surveillance and control measures to limit the 

spread of tuberculosis disease in Alaskan AIAN communities.
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Recurrent tuberculosis disease (rTB) involves a second (recurrent) case of tuberculosis (TB) 

in a person after a period of treatment and presumptive recovery following an initial case. 

In the United States, the annual proportion of TB cases that are recurrent cases has been 

estimated as approximately 5% since at least 1985 [1, 2]; globally, investigations of rTB 

in areas associated with high burden or involving populations at high risk have reported 

recurrent proportions as high as 47% [3]. Because recurrent cases can account for a sizable 

fraction of all TB cases and are associated with poor treatment outcomes and high mortality 

rates relative to initial cases [1, 4], elucidating the epidemiology of rTB is critical to 

improving the effectiveness of TB control programs and reducing TB-associated morbidity 

and mortality.

A recurrent episode can be attributed to either endogenous relapse following reactivation of 

the Mycobacterium tuberculosis (MTB) strain responsible for the initial case or exogenous 

reinfection involving either a different MTB strain or the same strain responsible for the 

initial case. Comparing the genotypes of the MTB strain or strains associated with initial and 

recurrent cases can sometimes help to distinguish between these etiologies. While a finding 

of genetically divergent genotypes is consistent with reinfection, interpreting genetically 

similar or indistinguishable genotypes as evidence of relapse may be complicated by 

multiple factors. Historically, the limited discriminatory power of conventional genotyping 

methods, such as spoligotyping [5] and MIRU-VNTR strain typing (mycobacterial 

interspersed repetitive unit–variable number of tandem repeats), was among these [6]. Use of 

whole genome sequencing (WGS) in recent years has largely overcome this methodological 

constraint [7]. Whereas spoligotyping and MIRU-VNTR together cover <1% of the MTB 

genome, WGS typically covers approximately 90%, allowing for more comprehensive 

discrimination of relapse vs reinfection rTB etiologies [8].

Within the United States, TB incidence and frequencies of select TB risk factors are 

particularly high among persons who identify with American Indian or Alaska Native 
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(AIAN) race (hereafter, AIAN persons) [9]. These disparities are especially pronounced in 

Alaska. During 2010 to 2020, annual age-adjusted TB incidence among AIAN persons in 

Alaska (mean, 37.7 cases per 100 000 persons) was on average 21 times that among AIAN 

persons in states other than Alaska (mean, 2.0 per 100 000 persons) and 84 times that 

among non-Hispanic White persons nationally (mean, 0.5 per 100 000 persons) [10]. Among 

persons aged ≥15 years, TB cases in AIAN persons in Alaska were 2.7 and 3.9 times more 

likely to be attributed to recent transmission (defined using the plausible source case method 

[11]) than cases in AIAN persons in states other than Alaska and in non-Hispanic White 

persons nationally, respectively; among persons of all ages, the proportions of TB cases 

that were recurrent episodes were 2.4 and 2.9 times higher [10]. These findings suggest 

that ongoing TB transmission and rTB are public health issues of particular concern among 

AIAN persons in Alaska.

We characterized the frequency and etiology of rTB in AIAN persons in Alaska during 2008 

to 2020. Using descriptive analyses, we compared patterns of rTB among race/ethnicity 

groups and contrasted frequencies in Alaska with those across the United States. We then 

applied a systematic method of evaluating whole genome single-nucleotide polymorphism 

(wgSNP) distances and results of phylogenetic analyses involving potential source cases 

to attribute recurrent episodes to relapse or reinfection. We compared these attributions 

with those that would have been made based on wgSNP distances alone and on results 

of conventional genotyping methods. To contextualize our findings, we compared our 

estimated reinfection proportions with published estimates produced by other investigations 

that characterized rTB etiology using WGS.

METHODS

Descriptive analyses were based on data reported to the Centers for Disease Control and 

Prevention’s National Tuberculosis Surveillance System. We included all incident cases that 

met the TB case definition [12] during 1 January 2008 to 31 December 2020, were counted 

within any of the 50 states or the District of Columbia, and occurred in a person whose 

self-reported origin of birth was the United States and whose self-reported country of birth 

was the United States (or missing); note that we use “case” to refer to an administratively 

distinct instance of disease in a given person, not to a person experiencing disease. We 

defined a recurrent episode as a TB case in a given person after having been discharged 

or lost to supervision for >12 consecutive months following a previous case. We assigned 

cases to 1 of 8 race/ethnicity groups using self-reported race and ethnicity data. For each 

group, we enumerated the total number of TB cases and the number and percentage of those 

classified as recurrent cases separately for cases counted in Alaska and the United States. 

We calculated 95% confidence intervals (CIs) around percentages of TB cases classified as 

recurrent cases using the Wilson score interval method [13]. We calculated TB incidence 

using population estimates from the US Census Bureau [14]. Genetic analyses used data 

collected by the Centers for Disease Control and Prevention’s National Tuberculosis 

Genotyping Service [15]. In 2004, the service began conventional genotyping of at least 

1 MTB isolate from each culture-confirmed TB case in the United States; spoligotyping 

[5] and MIRU-VNTR strain typing [6] were performed until 2022. In 2018, the National 

Tuberculosis Molecular Surveillance Center began using WGS for universal genotyping. 
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WGS data can be used to measure the wgSNP distance between pairs of MTB isolates and 

for phylogenetic analyses to characterize genetic relatedness among groups of isolates. For 

investigative purposes, MTB isolates for select cases have undergone WGS (case counted 

prior to 2018) or WGS and conventional genotyping (prior to 2004) retrospectively.

We focused genetic analyses on recurrent episodes in AIAN persons residing in Alaska 

with a recurrent case count date during 2008 to 2020. Alaska Department of Health 

staff identified recurrent cases using medical charts to match each recurrent case with 

its corresponding initial case. We identified the subset of episodes for which WGS data 

were available for an initial and recurrent case isolate. One additional recurrent episode 

counted in 2000 was included because it occurred in a person who had multiple recurrent 

episodes during 2008 to 2020. Associated cases were counted in 1 of 4 geographic areas: the 

Aleutians West, Bethel, and Nome Census Areas, as well as the Municipality of Anchorage. 

To identify potential source cases for these recurrent episodes, we considered the subset 

of all TB cases counted in Alaska during or prior to 2020 for which WGS data were 

available for an associated isolate. We performed additional WGS as funding and isolate 

availability allowed to increase the number of cases for which WGS data were available; 

cases counted in 1 of the aforementioned geographic areas and with the same GENType 

(unique genotype based on results of spoligotyping and MIRU-VNTR typing [15]) as 1 or 

more of the recurrent cases were prioritized.

WGS and wgSNP comparisons were performed as previously described [16] using 

BioNumerics 7.6.3 (Applied Maths). The median average coverage depth was 74× (range, 

20× −234×). A single-nucleotide polymorphism was retained in the wgSNP comparison 

if coverage among all samples was ≥5 reads (≥1 forward and reverse), it contained no 

ambiguous/unreliable bases or gaps, and it was ≥12 base pairs from any other single-

nucleotide polymorphism. We first performed an individual wgSNP comparison for each 

recurrent episode to estimate the wgSNP distance between the initial and recurrent case 

isolates. We then performed an aggregate wgSNP comparison of all cases (including 

recurrent episode cases) for which WGS data were available for an associated isolate to 

estimate the pairwise wgSNP distance between each pair of isolates; from this, we identified 

all clusters of ≥2 isolates with pairwise wgSNP distances ≤10. For each cluster that had 

at least 1 isolate associated with a recurrent episode, we performed a cluster wgSNP 

comparison and constructed a phylogenetic tree using the neighbor-joining method and most 

recent common ancestor placement based on rooting with MTB H37Rv as the outgroup 

(Figure 1). For a given recurrent case, potential source cases were those that met 3 criteria: 

(1) counted during the interepisode interval (period between the initial and recurrent case 

count dates, the latter extended 90 days to account for reporting delays); (2) associated 

isolate in the same cluster as the recurrent case isolate; (3) pairwise wgSNP distance from 

the recurrent case isolate less than or equal to the wgSNP distance between the recurrent and 

corresponding initial case isolates (both distances based on the cluster wgSNP comparison). 

For each recurrent episode, we estimated potential source case coverage as the proportion of 

cases (excluding the initial case) counted in the same geographic area as the recurrent case 

during the interepisode interval and during the period spanning 2 years prior to and 90 days 

following the recurrent case count date for which WGS data were available for an associated 

isolate.
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Attribution of recurrent episodes to relapse or reinfection based on wgSNP distances and 

phylogenetic analyses was performed by applying criteria detailed in Table 1. We compared 

these attributions with those that would have been made based on wgSNP distances alone 

(criterion 1) and based on conventional genotyping methods. For the latter, we attributed a 

recurrent episode to reinfection if initial and recurrent case isolates differed at >1 position 

across the spoligotype octal code and MIRU-VNTR pattern (12- or 24-locus depending on 

available data) and to relapse if isolates differed at ≤1 position [2]. We calculated 95% CIs 

around relapse and reinfection proportions using the Wilson score interval method [13].

To contextualize our findings, we summarized results of other investigations of rTB 

etiology using WGS. We identified relevant publications through peer-reviewed literature 

searches using PubMed (title/abstract words) and Google Scholar (title word) and the 

keywords “tuberculosis whole genome” combined with “recurrent,” “recurrence,” “relapse,” 

or “reinfection.” For the relevant investigations identified, we summarized information on 

geographic locations of recurrent episodes, genotyping methods used, number of episodes 

genotyped, duration of interepisode intervals, and point estimates of reinfection proportions.

RESULTS

Among 134 234 incident TB cases reported to the National Tuberculosis Surveillance 

System during 2008 to 2020, 42 822 (31.9%) were counted within 1 of the 50 states 

or District of Columbia and in a US-born person (Table 2). Of these, 1663 (3.9%; 95% 

CI, 3.7%–4.1%) were recurrent cases. Nationally, AIAN persons were associated with the 

highest percentage (7.0%; 95% CI, 5.9%–8.4%) of TB cases classified as recurrent cases 

of any race/ethnicity group; the annual percentage for this group ranged from 1.2% (2020; 

95% CI, .2%–6.3%) to 13.6% (2014; 95% CI, 8.8%–20.5%; Supplementary Table 1). The 

percentage for AIAN persons in Alaska (11.8%; 95% CI, 9.4%–14.8%) was 5.6, 3.1, and 2.6 

times higher than for non-Hispanic single-race Asian, White, and Black persons nationally, 

respectively.

Of 66 recurrent episodes in AIAN persons counted in Alaska during 2008 to 2020, 37 

(56.0%) had WGS data available for an initial and recurrent case isolate; adding the 1 

additional recurrent episode counted in 2000 brought the total number of recurrent episodes 

included in our genetic analyses to 38. These recurrent episodes involved 29 unique persons: 

22 who had TB twice, 5 who had TB 3 times, and 2 who had TB 4 times. Among these 

persons, 76.3% were male; the median age at recurrence was 52 years (range, 26–77); 

and the median interepisode interval was 72 months (range, 18–271; Supplementary Table 

2). Of the 38 recurrent episodes, 11 (28.9%) were counted in the Aleutians West Census 

Area, 13 (34.2%) in the Bethel Census Area, 10 (26.3%) in the Nome Census Area, and 

4 (10.5%) in the Municipality of Anchorage (Supplementary Table 3). Of 1779 TB cases 

counted in Alaska during or prior to 2020, 448 (25.2%) had WGS data available for an 

associated isolate. The aggregate wgSNP comparison identified 8 clusters of ≥2 isolates with 

pairwise wgSNP distances ≤10 that included at least 1 isolate associated with a recurrent 

episode. The median potential source case coverage was 70.5% (range, 5%–100%) during 

the interepisode interval and 77.0% (range, 6.1%–100%) during the 2 years prior to the 

recurrent case count date.
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Among the 38 recurrent episodes, we attributed 25 (65.8%; 95% CI, 49.9%–78.8%) to 

reinfection, 2 (5.3%; 95% CI, 1.5%–17.3%) to relapse, and 11 (28.9%; 95% CI, 17.0%–

44.8%) to indeterminant etiology based on wgSNP distances and phylogenetic analyses 

(Table 3, Supplementary Tables 2 and 3). The estimated reinfection proportion was highest 

when attributions were based on wgSNP distances and phylogenetic analyses (65.8%; 95% 

CI, 49.9%–78.8%), intermediate when based on wgSNP distances alone (28.9%; 95% 

CI, 17.0%–44.8%), and lowest when based on conventional genotyping methods (15.8%; 

95% CI, 7.4%–30.4%). Of the 25 episodes attributed to reinfection based on wgSNP 

distances and phylogenetic analyses, 14 (56.0%; 95% CI, 37.1%–73.3%) and 19 (76.0%; 

95% CI, 56.6%–88.5%) were attributed to relapse based on wgSNP distances alone and on 

conventional genotyping methods, respectively.

The literature search identified 63 publications, of which 16 were relevant (ie, investigations 

that characterized rTB etiology using WGS) [17–32]. Among 8 (50.0%) publications that 

reported point estimates of reinfection proportions (or findings that could be used to 

enumerate them) based on both wgSNP distances alone and on conventional genotyping 

methods, reinfection proportions based on the former were higher in 3 (37.5%; Figure 

2, Supplementary Table 4). Among 2 (12.5%) publications that reported point estimates 

of reinfection proportions based on wgSNP distances alone and on wgSNP distances and 

phylogenetic analyses, reinfection proportions based on the former were lower in both 

(100%). The remaining 6 (37.5%) publications reported point estimates of reinfection 

proportions based only on wgSNP distances alone. Overall, reinfection proportions ranged 

from 0% to 47.5%.

DISCUSSION

Among TB cases reported in US-born persons during 2008 to 2020, the percentage in AIAN 

persons in Alaska classified as recurrent cases was 3 times the national percentage. Although 

AIAN persons in Alaska represented only 0.05% of the US population during this period 

(annual average, excluding 2008) [14], they accounted for 1.3% of TB cases and 4.0% 

of recurrent cases nationally. Another recent investigation of TB among US-born AIAN 

persons (2010–2020) found that the prevalence of rTB among AIAN persons in Alaska was 

2.4 and 2.9 times higher when compared with AIAN persons in states other than Alaska and 

non-Hispanic White persons nationally, respectively [10]. These findings demonstrate that 

rTB among AIAN persons in Alaska is a serious public health concern, and they reinforce 

the importance of active surveillance and control measures to limit the spread of TB disease.

We estimated that 25 (65.8%; 95% CI, 49.9%–78.8%) recurrent episodes in AIAN persons 

counted in Alaska during 2008 to 2020 were attributable to reinfection based on wgSNP 

distances and phylogenetic analyses. While comparing point estimates of reinfection 

proportions among investigations should be done with caution because estimates can be 

strongly influenced by setting, focal population, genotyping method, interepisode interval 

durations, and sample size, this estimate appears to be the highest of any published to 

date based on an investigation that characterized rTB etiology using WGS (Figure 2, 

Supplementary Table 4 [33]). Our finding of a high reinfection proportion is consistent 

with 2 complementary conclusions, both of which align with results of the aforementioned 

Springer et al. Page 6

J Infect Dis. Author manuscript; available in PMC 2025 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



investigation of TB among US-born AIAN persons during 2010 to 2020 [10]. First, rTB 

among AIAN persons in Alaska attributable to relapse appears to be relatively rare, 

suggesting the availability and utilization of quality clinical care for TB disease; we 

previously found that AIAN persons with TB in Alaska were significantly more likely 

to receive TB treatment partially or completely as directly observed therapy and that TB 

treatment was completed at significantly higher rates as compared with AIAN persons with 

TB in states other than Alaska and with non-Hispanic White persons with TB nationally 

[10]. Second, the risk of rTB among AIAN persons in Alaska may be high due to ongoing 

MTB transmission in associated communities; we previously found that among persons 

aged ≥15 years, the prevalence of TB cases in AIAN persons in Alaska attributed to recent 

transmission [11] was 2.7 and 3.9 times higher, respectively, than in persons in the same 2 

comparison groups [10].

Multiple characteristics of our study population were advantageous for a proof-of-concept 

investigation into the application of WGS and phylogenetic analyses to characterize rTB 

etiology. First, because the frequency of rTB in this population is high, our findings could 

inform specific public health actions to reduce rTB and overall TB burden. Second, a 

high proportion of TB cases in AIAN persons in Alaska, including 34 (89.5%) recurrent 

episodes, are in persons who reside in small, remote communities. When cases or outbreaks 

of TB disease occur in these settings, insights into sources of infection provided by 

contact investigations can be limited because most community members know and interact 

regularly with one another, complicating identification of meaningful epidemiologic links 

[34]. Third, because MTB genetic diversity is relatively low in Alaska as compared with 

other states, insights into rTB etiology provided by conventional genotyping methods 

were likely limited. During 2008 to 2020, Alaska was associated with 23.8 unique MTB 

GENTypes per 100 genotyped TB cases in US-born persons, the lowest frequency of any 

state (Supplementary Table 5). Finally, while use of WGS allowed rTB etiology to be 

characterized more comprehensively than conventional genotyping methods, we ultimately 

found that even wgSNP distances alone were often misleadingly small due to low MTB 

genetic diversity. Among 17 recurrent episodes with a wgSNP distance of 2 to 9 single-

nucleotide polymorphisms and attributed to relapse based on wgSNP distances alone, 14 

(82.4%; 95% CI, 59.0%–93.8%) were attributed to reinfection based on wgSNP distances 

and phylogenetic analyses. Our results demonstrate that even in settings involving small 

populations and low MTB genetic diversity, WGS and attribution criteria based on wgSNP 

distances and phylogenetic analyses provide an effective means of elucidating rTB etiology.

The literature search results were not entirely consistent with the notion that WGS 

should have higher power to discriminate rTB etiologies than conventional genotyping 

methods. Among 9 investigations (including ours) that evaluated rTB etiology based on 

both wgSNP distances alone and on conventional genotyping methods, point estimates 

of reinfection proportions based on the former were higher in 4 by an average of 10.9 

percentage points (range, 6.0–15.7) and lower in 4 by an average of 4.6 percentage 

points (range, 0.9–8.7). These results suggest that the discriminatory power of different 

genotyping methods may be more nuanced and sensitive to factors such as the specific 

conventional methods used and genotyping completeness (eg, 12- vs 24-locus MIRU-VNTR 

typing). Among 3 investigations (including ours) that enumerated point estimates of 
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reinfection proportions based on both wgSNP distances alone and on wgSNP distances 

and phylogenetic analyses, reinfection proportions based on the latter were higher in all 3 by 

an average of 28.0 percentage points (range, 22.2–36.9). Folkvardsen et al [21] constructed 

median joining networks and considered network linkage distances and intermediate nodes 

when making etiologic attributions; Sadovska et al [30] considered the evolution of unique 

single-nucleotide variants present in recurrent but not initial case isolates. Results of these 

investigations highlight the value of considering information on genetic distances and 

broader patterns of relatedness when rTB etiology is characterized using WGS.

Our investigation had several limitations. Of 66 recurrent episodes in AIAN persons counted 

in Alaska during 2008 to 2020, 29 (43.9%) did not have WGS data available for an initial 

and recurrent case isolate and were excluded from our genetic analyses. Often this was 

a result of the initial case occurring so far in the past that an associated isolate was 

unavailable. Among these 29 recurrent episodes, the median interepisode interval was 

406 months (range, 23–744); on average, this was 5.6 times longer than the 38 recurrent 

episodes included in our genetic analysis. This result suggests that our estimated reinfection 

proportions might have been higher had we been able to include additional recurrent 

episodes since relapse after such long periods is rare [35]. While only 12-locus (vs 24-locus) 

MIRU-VNTR data were available for 13 (34.2%) of our recurrent episodes, more complete 

conventional genotyping data might have increased but could not have decreased our 

estimated reinfection proportions. Potential source case coverage for 11 (28.9%) recurrent 

episodes was <70% (range, 6.1%–66.7%); low potential source case coverage could result 

in misattribution of a recurrent episode to relapse if the source case was not included in the 

analyses. Of the 2 recurrent episodes attributed to relapse based on wgSNP distances and 

phylogenetic analyses (criterion 2), potential source case coverage was 88.0% and 63.6% 

overall and 100% among cases with the same GENType as the initial and/or recurrent case 

isolates (ie, the most likely potential source cases for the recurrent case). The 1 recurrent 

episode associated with indeterminant etiology based on low potential source case coverage 

(criterion 7) was associated with a value of 6.1%; meaningfully increasing coverage for this 

recurrent episode was logistically and financially infeasible. Finally, we did not evaluate 

our attributions against clinical data on treatment success or failure sometimes available in 

medical records.

We documented a high percentage of TB cases among AIAN persons in Alaska during 

2008 to 2020 that were recurrent cases. Despite the small population sizes and low MTB 

genetic diversity associated with the communities in which most of our focal recurrent 

episodes occurred, our investigation demonstrates how WGS attribution criteria involving 

both genetic distances and patterns of relatedness can distinguish rTB etiologies more 

reliably and accurately than other genetic methods. Our finding of a high reinfection 

proportion is consistent with the elevated TB incidence and ongoing TB transmission in 

Alaska and reinforces the importance of intensive public health surveillance and robust TB 

control programs to limit MTB transmission in Alaskan AIAN communities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Example of a phylogenetic tree created for a cluster containing 1 or more episodes of 

recurrent tuberculosis in American Indian or Alaska Native persons: Alaska, 2008–2020. 

Mycobacterium tuberculosis isolates associated with tuberculosis cases are represented by 

nodes (circles); ≥2 isolates with pairwise whole genome single-nucleotide polymorphism 

(wgSNP) distances of 0 are displayed together in a single segmented node. Numeric labels 

on branches denote wgSNP distances between nodes or segmented nodes. Nodes colored 

light gray and medium gray denote the initial and recurrent cases for the focal recurrent 

episode, respectively. Potential source cases (nodes colored dark gray) are cases that may 

have given rise to the recurrent case under a reinfection scenario; they include cases counted 

during the interepisode interval (period between the initial and recurrent case count dates, 

the latter extended 90 days to account for reporting delays) with an isolate having a pairwise 
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wgSNP distance from the recurrent case isolate less than or equal to the wgSNP distance 

between the recurrent and corresponding initial case isolate (both distances based on the 

cluster wgSNP comparison). Nodes colored white correspond to isolates associated with 

cases that did not meet 1 or more criteria to be considered a potential source case and 

can be ignored. The node colored medium gray with black stripes denotes the most recent 

common ancestor (MRCA) for isolates in the tree. Phylogenetic trees were produced only 

for recurrent episodes for which the pairwise wgSNP distance between isolates associated 

with the recurrent and corresponding initial case was ≤10.
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Figure 2. 
Point estimates of reinfection proportions reported in, or enumerated based on findings of, 

16 publications identified by a literature search for investigations that sought to distinguish 

recurrent tuberculosis relapse and reinfection etiologies using whole genome sequencing; 

results of this investigation are included for comparison. Investigations are identified on 

the left, with associated settings indicated parenthetically. Methods used to evaluate genetic 

distances between initial and recurrent episodes are indicated symbolically. Dashed lines 

divide the figure into 3 panels that present results of investigations that considered whole 

genome single-nucleotide polymorphism (wgSNP) distances and phylogenetic analyses and 

wgSNP distances alone (upper), both wgSNP distances alone and conventional genotyping 

methods (middle), and only wgSNP distances alone (lower). Within panels, investigations 

are arranged vertically in descending order by magnitude of largest reinfection proportion. 

For additional information about the associated investigations, see Supplementary Table 4; 

literature search conducted on 3 October 2023.
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Table 3.

Etiologic Attributions of 38 Episodes of rTB in AIAN Persons Based on wgSNP Distances and Phylogenetic 

Analyses, wgSNP Distances Alone, and Conventional Genotyping Methods: Alaska, 2008–2020

wgSNP Distances and Phylogenetic Analyses

wgSNP Distances Alone Conventional Genotyping Methods

Reinfection Relapse Reinfection Relapse

Reinfection 25 11 14 6 19

Relapse 2 0 2 0 2

Indeterminanta 11 0 11 0 11

Abbreviations: AIAN, American Indian or Alaska Native; rTB, recurrent tuberculosis; wgSNP, whole genome single-nucleotide polymorphism.

a
The indeterminant category was applicable only for attributions based on wgSNP distances and phylogenetic analyses because of the methods 

chosen to define the distance-based thresholds for attributions based on wgSNP distances alone and on conventional genotyping methods.
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