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Background: With the increasing dimensions of the international cardiac surgery-associated Mycobacterium chimaera outbreak the hypothesis of a point source arose.
Objectives: To review the published evidence of clonality among cardiac surgery-associated M. chimaera
isolates evaluated by whole-genome sequencing (WGS) and to perform an integrative genomic analysis
of available genome data.
Data sources: We searched PubMed and EMBASE for studies applying WGS on cardiac surgery-associated
M. chimaera isolates.
Study eligibility criteria: We included studies that applied WGS on more than a single M. chimaera isolate.
Methods: Two authors independently extracted data from included studies. Available genome data from
published studies were subjected to a joint analysis.
Results: Of 121 identified articles, nine studies were included. M. chimaera isolates from LivaNova heater
ecooler devices (HCDs) had a high level of genetic similarity, but were genetically distant from isolates
from HCDs produced by other manufacturers. With the exception of a single (11.1%) study, the remaining
eight (89.9%) studies reported a high level of genetic proximity between the majority of M. chimaera
isolates derived from cardiac surgery-associated patients and LivaNova HCDs. In-depth analysis revealed
involvement of three distinct M. chimaera subgroups in the outbreak (1.1, 1.8, 2.1), with 1.1 suggested as
causative of the outbreak. Samples taken at the LivaNova production site supported contamination with
strains of subgroups 1.1 and 1.8. In the combined analysis of 526 publicly available WGS data sets, nearly
all isolates from cardiac surgery-associated patients contained strain 1.1 (50/52, 96.2%), and at least one
of the outbreak strains was found in almost all LivaNova HCDs (241/257, 93.8%), with strain 1.1 in
particular present in 198/257 (77.0%).
Conclusions: HCD contamination during production seems plausible as the predominant point source for
the global M. chimaera outbreak. Although HCDs can be contaminated with mixed populations,
M. chimaera strains of the subgroup 1.1 caused most infections. Peter W. Schreiber, Clin Microbiol Infect
2021;27:1613
© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reservRead less
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Background: With the increasing dimensions of the international cardiac surgery-associated Mycobac-
terium chimaera outbreak the hypothesis of a point source arose.
Objectives: To review the published evidence of clonality among cardiac surgery-associated M. chimaera
isolates evaluated by whole-genome sequencing (WGS) and to perform an integrative genomic analysis
of available genome data.
Data sources: We searched PubMed and EMBASE for studies applying WGS on cardiac surgery-associated
M. chimaera isolates.
Study eligibility criteria: We included studies that applied WGS on more than a single M. chimaera isolate.
Methods: Two authors independently extracted data from included studies. Available genome data from
published studies were subjected to a joint analysis.
Results: Of 121 identiﬁed articles, nine studies were included. M. chimaera isolates from LivaNova heater
ecooler devices (HCDs) had a high level of genetic similarity, but were genetically distant from isolates
from HCDs produced by other manufacturers. With the exception of a single (11.1%) study, the remaining
eight (89.9%) studies reported a high level of genetic proximity between the majority of M. chimaera
isolates derived from cardiac surgery-associated patients and LivaNova HCDs. In-depth analysis revealed
involvement of three distinct M. chimaera subgroups in the outbreak (1.1, 1.8, 2.1), with 1.1 suggested as
causative of the outbreak. Samples taken at the LivaNova production site supported contamination with
strains of subgroups 1.1 and 1.8. In the combined analysis of 526 publicly available WGS data sets, nearly
all isolates from cardiac surgery-associated patients contained strain 1.1 (50/52, 96.2%), and at least one
of the outbreak strains was found in almost all LivaNova HCDs (241/257, 93.8%), with strain 1.1 in
particular present in 198/257 (77.0%).
Conclusions: HCD contamination during production seems plausible as the predominant point source for
the global M. chimaera outbreak. Although HCDs can be contaminated with mixed populations,
M. chimaera strains of the subgroup 1.1 caused most infections. Peter W. Schreiber, Clin Microbiol Infect
2021;27:1613
© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reserved.
Introduction
Triggered by the uncommon diagnosis of Mycobacterium
chimaera infections in two patients with prior cardiac surgery, an
outbreak investigation was launched at the University Hospital
Zurich in 2013. A series of experiments delineated our current
understanding of the transmission pathway. Realizing that
* Corresponding author: Peter W Schreiber, Division of Infectious Diseases and
Hospital Epidemiology, Raemistrasse 100, HAL14, 8091 Zurich, Switzerland.
E-mail address: peterwerner.schreiber@usz.ch (P.W. Schreiber).
y
Peter W. Schreiber and Thomas A. Kohl contributed equally.
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1198-743X/© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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	2. members of the  Mycobacterium avium complex, including
M. chimaera, are common water contaminants [1], numerous
water-bearing devices were tested [2]. Strikingly, M. chimaera was
identiﬁed in a functional component of the heartelung machi-
nedthe heaterecooler device (HCD) of the manufacturer LivaNova
(London, UK; formerly Sorin or St€
ockert) [2]. Starting from a
contaminated water reservoir of HCDs, infectious aerosols are
generated while the HCD is operating [2]. These contaminated
aerosols reach the operational ﬁeld during surgery [3] and myco-
bacteria can settle on the operational situs and implants. Data from
the UK indicated a very low incidence of cardiac surgery-associated
M. chimaera infections with 0.39 (95% CI 0.22e0.63) cases per
10 000 patient-years [4].
The intraoperative transmission pathway was established in
2015, but the question of the origin of HCD contamination has been
addressed by more recent investigations. Several factors promoted
the hypothesis of a point source origin. All reported infections in
cardiac surgery patients were associated with exposure to LivaNova
HCDs. Moreover, in 2016 a study by Haller et al. reported growth of
M. chimaera from water samples taken at the LivaNova
manufacturing site [5]. However, water samples derived from HCDs
produced by other manufacturers also yielded growth of
M. chimaera, although no cardiac surgery-associated cases were
reported [6]. A growing number of articles addressing the genetic
similarity of cardiac surgery-associated M. chimaera isolates have
been published. Hence, we aimed to review the current evidence on
clonality of cardiac surgery-associated M. chimaera isolates based
on whole-genome sequencing (WGS) analyses [4,6e15].
Materials and methods
Search strategy
We searched PubMed and EMBASE, limiting results to publica-
tions between 1 January 2004 and 31 March 2019, by use of the
terms ‘Mycobacterium chimaera’, ‘M. chimaera’, ‘sequencing’, ‘clon-
ality’, ‘point source’, ‘molecular epidemiology’, ‘molecular typing’.
The truncation of search results in 2004 was chosen with respect to
the initial description of M. chimaera in 2004 [16]. We also searched
reference lists of identiﬁed articles and those of review articles for
eligible studies.
Selection criteria
We included all studies that used WGS data to address clonality
of M. chimaera isolates collected from clinical samples of patients
with cardiac surgery-associated M. chimaera infections, from water-
bearing medical devices (including infectious aerosols generated by
these devices), and from sources of contamination at production
sites and/or hospital water supplies. Studies or outbreak reports
using other typing methods and case reports with a single isolate
sequenced were excluded. There was no restriction by study site,
country or follow-up period. Two researchers (PWS and HS) inde-
pendently screened the title and abstract of each reference iden-
tiﬁed by the search and applied the inclusion criteria. For possibly
relevant articles, the full-text article was reviewed to decide on
ﬁnal inclusion.
Integrative genomic analysis
Available WGS data from studies included in our systematic
review were analysed with a dedicated pipeline [6,17]. Sequence
reads were mapped to the M. chimaera DSM 44623 genome
(NZ_CP015278.1) [16] with the alignment program BWA, and
mappings were reﬁned with the GATK and SAMTOOLS toolkits. From
mapped reads, we detected variants with thresholds of a mini-
mum of four reads in both forward and reverse orientation indi-
cating the allele, four reads calling the allele with at least a Phred
score of 20 and 75% allele frequency. Phylogenetic classiﬁcation
into groups and subgroups was performed by interrogating
phylogenetic informative single nucleotide polymorphism (SNP)
positions described previously [6]. Data sets classiﬁed as
belonging to group 1 were selected for an in-depth phylogenetic
analysis as performed previously [6,7,18], excluding those with
detected mixed populations and duplicate data sets. Data sets also
needed to reach at least 35-fold mean genomic coverage depth, or
at least 30-fold if at least 70% of reads mapped to the reference
genome. In addition, at least 70% of the reference genome posi-
tions had to comply with the thresholds for variant detection. For
the resulting set of 375 strains, detected variant positions were
combined, supplementing the joint list with the respective infor-
mation from the original mappings where necessary. SNP posi-
tions with a reliable base call (according to the above listed
thresholds for variant detection) in at least 95% of the isolates and
covered by reads in all samples, were concatenated to a sequence
alignment, excluding SNPs within a window of 12 bp from each
other in the same isolate. Homoplasious sites were identiﬁed from
the aligned sequences of concatenated SNPs using the recombi-
nation detection tool implemented in DNASP Version 5, and these
sites were removed from the alignment (128 out of 11 975 SNP
positions). A maximum likelihood tree was calculated using FAST-
TREE Version 2 in the double precision built, with a general time
reversible substitution model, 1000 resamples and Gamma 20
likelihood optimization to account for rate heterogeneity among
sites. Rooting of the consensus tree was performed with the
midpoint root option in MEGA 7 and annotating the tree with
EVOLVIEW.
Results
Study selection
Overall, 121 articles were identiﬁed in the database search. After
deduplication, titles, abstracts and full-text (if needed) of 87 articles
were screened for eligibility. Nine articles were ﬁnally included
(Fig. 1).
Origin of samples subjected to WGS
In one of the nine articles, WGS was applied solely to water
samples derived from LivaNova HCDs [13], three studies included
related patient isolates, i.e. patients with M. chimaera infection after
HCD exposure during cardiac surgery, in addition to water samples
derived from LivaNova HCDs [7,9,12], and two studies encompassed
water samples derived from LivaNova HCDs, related patients and
unrelated patients, i.e. patients with M. chimaera infection or
colonization without prior cardiac surgery [4,10] (Table 1, Fig. 2).
One study focused on water samples from LivaNova HCDs, Maquet
HCDs and unrelated patients [11], whereas the largest study
included water samples from factory-new and in-use Maquet
HCDs, water samples from the manufacturing site of LivaNova,
water and air samples derived from in-use LivaNova HCDs, water
samples from hospital-built HCDs, water samples from hospital
water supplies as well as related and unrelated patients [6]. A very
recent report included water samples from LivaNova HCDs, related
and unrelated patients and combined these samples with publicly
available sequences from LivaNova HCD-derived water, air and
swab samples as well as from related patients [8].
P.W. Schreiber et al. / Clinical Microbiology and Infection 27 (2021) 1613e1620
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	3. Genetic similarity of  M. chimaera isolates gathered from HCDs
In an Australian study, 65 M. chimaera isolates from 15 LivaNova
HCDs operated in four different hospitals were subjected to WGS
[10]. The authors described two groups of closely related HCD-
derived M. chimaera isolates with a distance of 28 SNPs between
the groups. One group included all isolates from sampled hospitals
1 to 3, whereas the second group comprised isolates sampled from
hospital 4.
In an article by Perkins et al. published in 2016, a maximum
distance of 38 SNPs between any two isolates was reported; this
study included HCD-derived isolates (number of samples not re-
ported, originating from ﬁve LivaNova HCDs) and clinical isolates
from 11 related patients [9].
Chand et al. provided a phylogenetic analysis of 37 M. chimaera
isolates gathered from 11 LivaNova HCDs and found a high level of
similarity for 32 (86%) of them [4].
Four isolates from LivaNova HCDs gathered in Denmark were
nearly identical (fewer than three SNPs), but distant (47e49 SNPs)
from an M. chimaera isolate gathered from a Maquet HCD [11];
these Danish HCD isolates were also nearly identical to publicly
available sequences of LivaNova-derived M. chimaera isolates from
the UK and the USA (median difference: three SNPs).
In a large European collaboration, most M. chimaera isolates
gathered from LivaNova HCDs in clinical use fell into two identiﬁed
groups (based on a maximum distance of 1000 SNPs to the nearest
group member) [6]. Within group 1 and group 2, the vast majority
of LivaNova HCD-derived isolates belonged to three distinct sub-
groups (based on a maximum distance of ten SNPs to the nearest
subgroup member), i.e. subgroups 1.1,1.8 and 2.1. Strikingly, isolates
from LivaNova HCDs frequently had mixed populations containing
strains of the subgroups 1.1,1.8 and 2.1. Notably, isolates gathered at
the LivaNova production site contained both 1.1 and 1.8 strains. The
M. chimaera isolates from the Maquet production site formed
another, distinct subgroup 1.11 within group 1 and were different
from M. chimaera isolates derived from Maquet HCDs in clinical use,
which were widely distributed among group 1 and group 2.
Whole-genome sequencing applied to 43 M. chimaera isolates
from LivaNova HCDs in clinical use in New Zealand or Australia
identiﬁed three sublineages of M. chimaera within their sample
collection. Isolates from HCDs across Australia and New Zealand
were frequently indistinguishable at a core genome level [12].
Comparison of these M. chimaera isolates with publicly available
genomic data of M. chimaera isolates obtained from LivaNova HCDs
and related patients showed an overall high level of similarity
(median difference at core genome level 6 SNPs) [12].
A report from China described a maximum distance of six SNPs
between three M. chimaera isolates derived from LivaNova HCDs in
clinical use [13]. These sequences were compared with an
outbreak-related strain (ZUERICH-1 [6]) and showed distances of
seven, nine and ten SNPs, respectively.
A very recent US study that included 38 M. chimaera isolates
gathered from LivaNova HCDs, combined their sequenced isolates
with publicly available genome data of 52 isolates from LivaNova
HCDs [8]. The authors described two phylogenetic clades of HCD-
derived M. chimaera isolates, i.e. HCU 1 and HCU 2 clades. Within
the HCU 1 clade, 112 of 117 isolates gathered from 90 LivaNova
HCDs clustered with a mean difference to genome data from in-
ternational HCD-derived isolates of 13.58 SNPs. HCU 2 clade con-
sisted of two LivaNova HCD-derived isolates from Switzerland and
one LivaNova HCD-derived isolate from Australia. However, two
HCD-related isolates did not belong to either of the two clades.
Strain similarity of M. chimaera isolates gathered from HCDs and
unrelated patients
In total, ﬁve studies included unrelated patients in WGS analyses,
i.e. individuals with M. chimaera infection without previous cardiac
surgery with HCD use. With the exception of a single case of an
unrelated patient who featured in the papers by Chand et al. [4] and
by van Ingen et al. [6], no study found a close similarity of
M. chimaera isolates obtained from unrelated patients and isolates
obtained from LivaNova HCDs [8,10,11]. In this speciﬁc case, National
Health Service data were used to identify related and unrelated
Fig. 1. Study selection.
P.W. Schreiber et al. / Clinical Microbiology and Infection 27 (2021) 1613e1620 1615
 


	4. Table 1
Study characteristics
First  author
Year [reference]
Location, country
of origin
Sample origin
(speciﬁed for sample type in HCDs)
Main ﬁndings of
whole genome sequencing
Robinson JO
2016 [10]
Australia HCDs manufactured by LivaNova (water)
Single related patient
Single unrelated patient
Clustering of HCD-derived Mycobacterium chimaera isolates
in two groups,
one group belonging to a single hospital (Hospital 4), second
group composed of isolates from three other
hospitals (Hospital 1e3); distance of 28 SNPs between
groups
No clustering between related patient and HCDs (minimal
distance of 63 SNPs)
No clustering between unrelated patient and HCDs
(minimal distance of 67 SNPs)
Perkins KM
2016 [9]
USA HCDs manufactured by LivaNova (water, air, swabs)
Related patients
Maximum of 38 SNPs between outbreak-associated isolates
in pairwise comparison
Chand M
2017 [4]
UK HCDs manufactured by LivaNova (water, air)
Related patients
Unrelated patients
Strong clustering of related patients and majority (32/37,
86%) of HCD isolates, including isolates from two unrelated
patients
Svensson E
2017 [11]
Denmark HCDs manufactured by LivaNova (water)
HCDs manufactured by Maquet (water)
Single unrelated patient
Nearly identical M. chimaera isolates from LivaNova HCDs
gathered in Denmark (<3 SNPs);
nearly identical to isolates from HCDs of USA, UK (MD 3
SNPs), similar to
publicly available sequences of related patients (MD 6 SNPs)
M. chimaera isolate from Maquet HCD genetically distinct
(47e49 SNPs)
No close relation between unrelated patient and HCD
samples (30e37 SNPs)
Van Ingen J
2017 [6]
Germany,
Switzerland,
UK,
Netherlands
HCDs manufactured by LivaNova (water, air)
HCDs manufactured by Maquet (water)
HCDs manufactured by a local hospital (water)
Water samples from production site of LivaNova
Water samples from production site of Maquet
Water samples from hospital water supply
ECMOs manufactured by Maquet (water)
Related patients
Unrelated patients
M. chimaera isolates of all related patients belonging to
group 1, 11 subgroups within group 1 at a threshold of 10
SNPs
All, but one related patient in subgroup 1.1
Subgroup 1.1 containing most M. chimaera isolates of
LivaNova HCD water samples from HCDs in use, LivaNova
production site samples, HCD-generated infectious aerosols
Wide distribution of isolates from ‘non LivaNova’ HCDs and
unrelated patients within phylogenetic tree
Different subgroups between water samples gathered from
new Maquet HCDs at production site and Maquet HCDs in
clinical use
Williamson D
2017 [12]
Australia,
New Zealand
HCDs manufactured by LivaNova (water)
Related patients
Identiﬁcation of three sublineages within M. chimaera
lineage
One clinical isolate obtained from a patient identical at core
genome level to two isolates obtained from HCDs
clustering with other isolates from HCDs in different regions
in both countries
Four isolates obtained from related patients genetically
distinct from HCD isolates (sublineage 3)
Zhang X
2018 [13]
China HCDs manufactured by LivaNova (water) Maximum distance of 6 SNPs between Chinese M. chimaera
isolates and 7e10 SNPs from ZUERICH-1;
highly related to strains from patients and HCDs from
several European countries,
Australia, New Zealand and USA with a maximum of 5 SNPs
Acosta F
2018 [7]
Spain Single HCD manufactured by LivaNova (water)
Single related patient
(MAC in bone marrow, endocarditis)
3 SNPs distance to ZUERICH-1
6 SNPs distance to ZUERICH-1
Hasan NA
2019 [8]
USA HCDs manufactured by LivaNova (water)
(38 US water isolates, 52
publically available sequences derived
from water, air, swabs)
Related patients
(24 US isolates, 14 publicly available sequences)
Unrelated patients
(7 US isolates, 1 publically available sequence)
3 clades: HCU 1, HCU 2, and non-HCU
HCU 1 clade composed of HCD-derived isolates (112/117
genotypes, 95.7%) and related patients with a mean
pairwise distance of 4 SNPs, mean distance to international
HCD-derived isolates 13.58 SNPs
HCU 2 clade composed of 3 HCD-derived isolates from
Switzerland and Australia, mean difference 21.3 SNPs
Two HCD-derived M. chimaera isolates did not belong to any
cluster
Non-HCU clade composed of non-HCD-related isolates, i.e.
unrelated patients, mean distance to HCU clade 1
isolates 510.5 SNPs, mean distance to HCU clade 1 17130.7
SNPs
22/24 (92%) related patient samples clustered with
international HCD-derived and cardiac surgery-associated
M. chimaera isolates
Two related patient isolates from Australia were
unclustered, mean pairwise distance distance to non-HCU
clade 52 SNPs
Abbreviations: ECMO, extracorporeal membrane oxygenator; HCD, heaterecooler device; HCU, heaterecooler unit; MD, median difference; SNP, single nucleotide
polymorphism.
P.W. Schreiber et al. / Clinical Microbiology and Infection 27 (2021) 1613e1620
1616
 


	5. patients. Chand et  al. [4] described a patient who had pulmonary and
cardiac co-morbidities and received cardiac investigations. They
discussed the possibility of a cardiac surgery missed by National
Health Service records, which could have led to wrongly classifying
this isolate as unrelated.
Strain similarity of M. chimaera isolates gathered from HCDs and
related patients
Robinson et al. reported no close similarity between a patient
suffering from M. chimaera infection of the pleural space, who had
previous exposure to a possibly contaminated HCD during cardiac
surgery [10]. WGS of M. chimaera isolated from 11 related patients
and ﬁve LivaNova HCDs showed a maximum pairwise distance of 38
SNPs [9]. In a UK study, all related patients were part of the same
cluster that also included 32 of 37 (86%) M. chimaera isolates derived
from LivaNova HCDs [4]. Van Ingen et al. described clustering of all
but one M. chimaera isolates obtained from related patients in a
single subgroup (subgroup 1.1); the remaining related patient
belonged to another subgroup (subgroup 1.5), which also included
M. chimaera grown from HCD-derived air samples at the same hos-
pital [6]. Williamson et al. subjected ﬁve isolates from related pa-
tients and 43 from LivaNova HCDs to WGS; the authors found
complete identity at the core genome level between one patient-
derived and two HCD-derived M. chimaera isolates, whereas the
strains of the other four related patients were genetically distinct
[12]. In a recent Spanish study, WGS was applied to a single clinical
sample, i.e. bone marrow of a related patient, and a water sample
from a contaminated LivaNova HCD from another Spanish hospital
[7]. The authors described that these samples had distances of six
and three SNPs to an outbreak-related strain (ZUERICH-1 [6]),
respectively. Hasan et al. reported that 22 out of 24 related patient
samples clustered with international HCD-derived and cardiac
surgery-associated M. chimaera isolates [8]. HCU 1 clade included the
vast majority of LivaNova HCD-gathered samples and M. chimaera
isolates obtained from related patients with a mean pairwise dis-
tance of four SNPs, but two related patient isolates from Australia
were unclustered.
Analysis of genome sequence data of M. chimaera isolates from
published studies
For the joint analysis of available genome data of M. chimaera
strains from published studies, we compiled a list of 614 data sets in
total and analysed them with a dedicated pipeline [6], with 526 data
sets left after ﬁltering for data availability, data quality and removing
duplicates (see Supplementary material, Table S1).
Using the phylogenetically informative SNP positions suggested
previously [6], we classiﬁed the majority of the 526 M. chimaera
isolates as either group 1 (n ¼ 441) or group 2 (n ¼ 34). Strikingly, 50
out of 52 isolates from patients with recent open-heart surgery were
classiﬁed into the outbreak subgroup 1.1. Similarly, the majority of
the 226 isolates obtained from LivaNova HCDs (including four from
the LivaNova production site) were classiﬁed as one of the three
outbreak-related subgroups, 156 data sets as subgroup 1.1, 29 data
sets as subgroup 1.8, and 21 data sets as subgroup 2.1. Interestingly,
altogether 85 data sets from four published studies apparently
contain mixed populations of M. chimaera strains most often
involving strains from subgroups 1.1, 1.8 and 2.1 [4,6,11,12].
After ﬁltering out data sets for which strains from more than one
phylogenetic subgroup were detected, i.e. those probably derived
from a mixed strain population, we included 375 data sets obtained
from M. chimaera strains, which were classiﬁed as group 1, in a
phylogenetic analysis. In the resulting tree, strains classiﬁed as
subgroup 1.1 formed a distinct monophyletic clade clearly separated
from other group 1 data sets (Fig. 3). Interestingly, strains classiﬁed
as subgroup 1.8 do not form a monophyletic clade. As detailed above,
subgroups 1.1 and 1.8 contained the majority of data sets from strains
from LivaNova HCDs, and nearly all data sets from strains from
related patients were classiﬁed as subgroup 1.1.
Discussion
Our systematic review identiﬁed nine studies that employed
WGS to address the clonality of M. chimaera strains of the inter-
national cardiac surgery-associated outbreak. A high level of ge-
netic similarity between M. chimaera samples from LivaNova HCDs
Fig. 2. Frequency of samples subjected to whole-genome sequencing analyses in included studies. Note: For Perkins KM et al. [9] the number of related patients and LivaNova HCDs
was considered, as the number of corresponding samples was not reported. Abbreviations: HCD, heaterecooler device; ECMO, extracorporeal membrane oxygenator.
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	6. and related patients  was found in most studies. M. chimaera isolates
from LivaNova production site samples and the majority of in-use
LivaNova HCDs clustered in three subgroups (1.1, 1.8 and 2.1),
which was conﬁrmed by a joint analysis using genome data from
published studies. One of these two subgroups (1.1) also contained
the vast majority of strains obtained from related patients. The
most likely explanation for this observation is that LivaNova 3T
HCDs became contaminated with M. chimaera during production
before being shipped to cardiac surgery centres worldwide.
Interestingly, out of the three M. chimaera subgroups 1.1, 1.8 and
2.1 suspected to be introduced by a point source contamination of
the HCDs, only strains of subgroup 1.1 were found in diseased open
heart surgery patients [6]. A causal explanation for this phenome-
non is still missing, but strain-speciﬁc properties, e.g. capacity to
Fig. 3. Maximum likelihood tree built from 11 975 single nucleotide polymorphism positions of 375 group 1 isolates mapped to the genome of Mycobacterium chimaera DSM 44623
(NZ_CP015278.1). Double red lines indicate branches shortened to allow for visibility.
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	7. replicate within HCDs,  increased the propensity for aerosolization,
or higher clinical virulence may play a role, and are currently
investigated in ongoing studies.
Besides the contamination at production site, several studies
indicated HCD contamination during use in hospitals as a wider
strain spectrum of M. chimaera and also other non-tuberculous
mycobacteria were found in HCDs and other stagnant water res-
ervoirs [6,19e21]. One patient in the European investigation was
infected with a particular M. chimaera straindnot belonging to the
subgroup of all other cardiac surgery-associated patientsdthat was
found in the same hospital in an HCD-associated air culture [6]. The
role of hospital-level contamination has been shown for outbreaks
associated with contamination of HCDs by other non-tuberculous
mycobacteria. Recently, an outbreak of LivaNova 3T HCD-
associated Mycobacterium abscessus infections has been reported,
which was traced back to the local water system [19]. An airborne
transmission pathway was not sufﬁciently investigated but
remained the most probable route. A cluster of surgical site in-
fections caused by Mycobacterium wolinskyi at a US academic
hospital was also associated with HCDs [20]. On the other hand,
HCDs of the brand Maquet were repeatedly found to be contami-
nated with M. chimaera during their production and use [6,11,22].
However, so far, no strain found in Maquet HCD water has been
related to infected patients [6,11]. The M. chimaera isolates gathered
at the production site of Maquet differed from in-hospital Maquet
HCD samples, and both were distinct from M. chimaera strains
gathered from LivaNova HCDs.
Although our systematic review uses a strict application of pre-
deﬁned selection criteria, the resulting evidence has limitations. It
can be speculated that there might be a publication bias towards
studies supporting the hypothesis of clonality among cardiac
surgery-associated M. chimaera isolates. Given the approach of
systematic reviews considering exclusively published ﬁndings, any
publication bias would also affect our results. Most studies started
as an outbreak investigation and prompted evolving sampling
strategies as a result of increasing understanding of the outbreak.
The origins of analysed samples differed widely between the
studies. Strikingly, only four out of the nine studies analysed iso-
lates from LivaNova HCDs and from patients with and patients
without recent cardiac surgery [4,6,8,10], severely limiting their
potential to correlate outbreak cases with isolates found in HCDs.
No study was able to directly link M. chimaera strains from a speciﬁc
contaminated HCD to later infected patients with exposure to this
explicit HCD. Furthermore, a direct comparison of ﬁndings, espe-
cially for an aggregate analysis, and strain classiﬁcations between
different studies is virtually impossible because of non-uniform
analytical approaches and non-uniﬁed allocation of phylogenetic
groups [23,24]. Our integrative genomic analysis of publicly avail-
able genome data overcame this limitation and enabled compre-
hensive insights on the clonality of cardiac surgery-associated
M. chimaera isolates.
In conclusion, published evidence corroborated by our integra-
tive genomic analysis favours a predominant point source origin of
the M. chimaera outbreak starting from contamination at the
LivaNova manufacturing site. Nevertheless, local HCD contamina-
tion at the hospital level has been supported by WGS analyses.
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