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Background. Many community-acquired pleural infections are caused by facultative and anaerobic bacteria from the human
oral microbiota. The epidemiology, clinical characteristics, pathogenesis, and etiology of such infections are little studied. The aim
of the present prospective multicenter cohort study was to provide a thorough microbiological and clinical characterization of such
oral-type pleural infections and to improve our understanding of the underlying etiology and associated risk factors.

Methods. Over a 2-year period, we included 77 patients with community-acquired pleural infection, whereof 63 (82%)
represented oral-type pleural infections. Clinical and anamnestic data were systematically collected, and patients were offered a
dental assessment by an oral surgeon. Microbial characterizations were done using next-generation sequencing. Obtained
bacterial profiles were compared with microbiology data from previous investigations on odontogenic infections, bacteremia
after extraction of infected teeth, and community-acquired brain abscesses.

Results. From the oral-type pleural infections, we made 267 bacterial identifications representing 89 different species.
Streptococcus intermedius and/or Fusobacterium nucleatum were identified as a dominant component in all infections. We
found a high prevalence of dental infections among patients with oral-type pleural infection and demonstrate substantial
similarities between the microbiology of such pleural infections and that of odontogenic infections, odontogenic bacteremia,
and community-acquired brain abscesses.

Conclusions.  Oral-type pleural infection is the most common type of community-acquired pleural infection. Current evidence
supports hematogenous seeding of bacteria from a dental focus as the most important underlying etiology. Streptococcus
intermedius and Fusobacterium nucleatum most likely represent key pathogens necessary for establishing the infection.

Keywords. pleural infection; Fusobacterium nucleatum; Streptococcus intermedius; 16S rRNA; next-generation sequencing.

Pleural empyema represents a diverse group of infections, where
the underlying cause determines the spectrum of bacteria poten-
tially involved. Until recently, empyema as a complication to bac-
terial pneumonia was considered most common [1]. However, it
is now well established that many community-acquired pleural
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infections (CAPIs) are caused by facultative and anaerobic bacte-
ria from the human oral microbiota not normally involved in
pneumonia [2, 3]. Recent studies indicate that such oral-type
pleural infections (OPIs) are in fact the most frequent type of
pleural infections, but that their diagnosis is often dependent
on molecular approaches [2, 4]. Bacterial culture remains nega-
tive in the majority of samples, presumably because of antibiotic
treatment prior to sample collection or due to suboptimal condi-
tions for fastidious bacteria [2, 4, 5].

The underlying causes of OPIs are not well investigated.
Micro-aspiration of oral microbes is currently a leading expla-
nation, but there are reasons to question this theory. Although
anaerobic bacteria were previously considered important in as-
piration pneumonia, this view has changed after the introduc-
tion of bronchoalveolar lavage and acknowledgment of a
subepiglottic microbiota [6, 7]. Many patients with OPI have
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no radiologic signs of an underlying pneumonia [1, 2], and the
bacteria involved are more strongly associated with dental in-
fections than with the salivary microbiome [8-10].

In a recent retrospective study of pleural infections using 16S
ribosomal RNA (rRNA) targeted next-generation sequencing
(16S TNGS), we observed remarkable similarities between the
microbiota of OPIs and that of oral-sinus-derived brain ab-
scesses [2]. As already established for brain abscesses, we there-
fore suggested venous dissemination of bacteria from a dental
focus as a plausible etiology also in such pleural infections
[2]. We hypothesized that the same group of specialized facul-
tative and anaerobic bacteria that, under certain conditions,
spread via deoxygenated venous blood to cause a purulent in-
fection in a highly oxygenated organ like the brain, are also ca-
pable of this in the pleural space. For both brain abscesses [11]
and OPIs [2] we have suggested that Streptococcus intermedius,
Fusobacterium nucleatum, and Aggregatibacter aphrophilus are
key pathogens, meaning that the presence of at least 1 of them is
necessary for establishing the infection.

The purpose of this study was to provide better data on the
microbiology, clinical characteristics, and associated risk fac-
tors of OPI, and to investigate further the hypothesis of a ve-
nous route of infection from a dental focus.

METHODS

Study Design

This was a prospective multicenter cohort study with participa-
tion from 6 Norwegian hospitals (Akershus University Hospital,
Forde Central Hospital, Haraldsplass Deaconess Hospital
[HDH], Haukeland University Hospital [HUH], St Olav’s
University Hospital, and Stavanger University Hospital) with
a total adult catchment population of 1 500 000. Based on our
previous study [2], we estimated the annual incidence of
CAPI to be 60-75 per year in this population. The study was
approved by the regional ethical committee of South-East
Norway (REK 31938).

Subjects

From January 2020 to December 2021, hospitalized patients
aged 18 years and older with clinically suspected CAPI were as-
sessed for inclusion. Patients qualified for inclusion if bacteria
were confirmed in their pleural fluid by either culture and/or a
broad range 16S rRNA gene polymerase chain reaction (PCR).
Exclusion criteria were known cancer with potential lung in-
volvement prior to admission, severe immunodeficiency, or
pregnancy.

Definition of Oral-Type Pleural Infection

Oral-type pleural infection was defined as a pleural infection
containing bacteria from the human oral microbiota not asso-
ciated with pneumonia.

Data Collection

Predefined clinical data were registered systematically. These
included age, sex, length of stay, readmissions, symptoms, du-
ration of symptoms prior to admission, dental infections/treat-
ments, thoracic trauma prior to onset of symptoms, relevant
comorbidities, dental status, inflammatory parameters, diag-
nostic procedures, invasive treatment, antibiotic treatment,
and mortality. Chest computed tomography (CT) scans were
performed for all patients. For patients with microbiology indi-
cating OPI, we encouraged CT of the sinuses and referral to the
oral surgeon for dental assessment.

All pleural fluid samples were cultured at the site of inclu-
sion. Residual sample material from the participating laborato-
ries was shipped overnight with cooling elements to HUH.
Sample material and/or extracted bacterial DNA was stored
at —80°C until sequencing. 16S TNGS was performed at
HUH using the MiSeq system (Illumina, Redwood City,
CA, USA), as described previously [2]. Negative and positive
sample processing controls were included with each run.
For sequence data analysis, we used the RipSeq NGS software
(Pathogenomix, Santa Cruz, CA, USA) [2]. Sequences
representing contaminant bacterial DNA were filtered as
described by Dyrhovden et al [12]. We did not include
culture-independent methods for the detection of fungi.

Comparative Analyses of Microbiology Data

To further investigate the potential role of hematogenous seed-
ing of bacteria from a dental focus in the etiology of OPI, we
compared microbiological findings from this study with previ-
ous results from studies of the microbiology of dental infec-
tions, bacteremia following extraction of infected teeth, and
the microbiology of brain abscesses. Data on the microbiota
of 66 oral-sinus—derived brain abscesses were extracted from
the 4 available studies [11, 13-15] that have used metagenomic
approaches in the characterization of such infections
(Supplementary Table 1). To define the most common bacteria
in periapical tooth abscesses and severe periodontitis, we used
data from 1 review [16] and 2 research papers [10, 17]. Data on
bacteremia in relation to the treatment of dental infections
were gathered from multiple publications [18-22].

Statistical Analyses

Statistical analyses were performed using the R programming
language [23] version 2022.12.0+353. For qualitative values,
baseline characteristics of patients with OPI and non-OPI
were compared using a f test or Fisher’s exact test, as appropri-
ate. Quantitative values were tested for normality using a
Quantile Quantile Plot and the Shapiro-Wilk test and com-
pared using Mann-Whitney U test or unpaired ¢ test, as appro-
priate. Phylogenetic and diversity analyses were performed
1.42.0.

variance

using the R-package “phyloseq” [24] version

Permutational =~ multivariate  analysis  of
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Figure 1. Patient inclusion and distribution of key pathogens. *Precalculated number of patients based on reference [2]. *Related to pneumonia (10), pulmonary embolism
(1), cholecystitis (1), systemic infection (1), or endocarditis (1). #Samples with £. nucleatum and/or A. aphrophilus often included many additional species not indicated in this
figure (see Supplementary Table 2). Others: Bacillus cereus (1), Enterobacter cloacae (1), Listeria monocytogenes (1), and Streptococcus pyogenes (1). Abbreviations: A. aphr,
A. aphrophilus; CAPls, community-acquired pleural infections; E. coli, Escherichia coli; F. nucl, F. nucleatum; S. aure, Staphylococcus aureus;, S. inte, S. intermedius; S. pneu,

Streptococcus pneumoniae.

(PERMANOVA) was performed using the “adonis2” function
in the R-package “vegan” [25] version 2.6-4. The figure compar-
ing phylogenies of OPIs and brain abscesses was produced using
the R-package “ggtree” [26] version 3.6.2. For neighbor-joining
tree estimations of UniFrac analysis we used the R-package
“ape” [27] version 5.7. Visualizations of phylogenetic trees were
produced using the online tool “Interactive Tree of Life” [28].

RESULTS

We included 77 unique patients with CAPI, of whom 63 (82%)
had OPI as determined by 16S TNGS (Figure 1). Demographic
and clinical characteristics for all patients, grouped as OPIs and
non-OPIs, are provided in Table 1.

The coronavirus disease 2019 (COVID-19) pandemic affect-
ed inclusion and access to nonessential investigations such as
CT of the sinuses and oral surgeon assessment. In 2 hospitals
(HDH and HUH), inclusion is believed to have been complete.
These 2 hospitals registered, in total, 42 included and 4 nonin-
cluded empyemas, whereof 39 (85%) represented OPIs. With a
combined adult catchment population of approximately
440 000, this equals an annual incidence for CAPI of 5.2 per
100 000 and for OPI 4.4 per 100 000. In the remaining 4 hospi-
tals, inclusions were more sporadic (total of 35 patients; com-
bined catchment area: ~1 million).

Most patients with OPI presented with classic symptoms and
elevated infection parameters (Table 1). The most common ini-
tial presentations were pleuritic pain, dyspnea, and dry cough.
Fifty-three out of 61 (87%) patients with OPI reported 1 or
more of these as their first symptoms. These were also the
most common symptoms during the course of the disease.
For patients with OPI, we found an in-hospital mortality of
11% and a 1-year mortality of 17%. Mortality was confined to
patients with advanced age (Figure 2) and/or significant
comorbidities. Pleural fluid macroscopic appearance and pH
are presented in Figure 3.

A systematic presentation of relevant findings by chest CT
scan for all patients is provided in Table 2. Among the 63 pa-
tients with OPI, 24 (38%) also had radiological evidence of a
lung abscess as described in the radiologist report. The CT im-
ages indicated communication between the abscess and the
pleural empyema for several of these patients (Figure 4).
Fourteen (22%) patients with OPI had no reported lung paren-
chymal involvement except for atelectasis. The corresponding
number for the 14 non-OPIs was 3 (21%).

Two hospitals (HUH and HDH) had regular access to an oral
surgeon throughout the study. Of 35 included patients with
OPI, they referred 25 to orodental assessment. Among these,
20 (80%) had odontogenic infections such as apical abscesses
or severe periodontitis, of whom 18 had 1 or more teeth
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Table 1. Characteristics and Clinical Data of All Included Patients

OPI (h=63) Non-OPI (n=14) P
Male 45 (71%) 12 (86%) .334
Age, y 68 (+17, 73) 68 (+15, 71) 787
Length of stay, d 19 (+10, 17) 19 (£10, 16) .969
Readmission within 1 month® 4 (7%) 1(8%) 1
Duration of symptoms prior to admission (OPI n=55), d 18 (+24, 9) 15 (£12, 11) 731
Initial symptoms
Pleuritic pain (OPI, n=60) 35 (57%) 4 (28%) .099
Dyspnea (OPI, n=60) 25 (41%) 5 (36%) .952
Dry cough (OPI, n=60) 25 (41%) 3(21%) .290
Fever 12 (20%) 3(21%) 1
Productive cough (OPI, n=60) 7 (12%) 2 (14%) 1
Symptoms during course of disease (OPI, n =62)
Pleuritic pain 53 (86%) 7 (60%) .007
Dyspnea 45 (73%) 13 (93%) 166
Dry cough 45 (73%) 10 (71 %) 1
Fever 38 (61%) 11 (79%) .354
Productive cough 19 (31%) 4 (29%) 1
Comorbidities
Intravenous drug injection 4 (7%) 1(7%) 1
Alcohol abuse 1(2%) 1(7%) .332
Abuse of other drugs 1(2%) 0 1
Chronic obstructive pulmonary disease 15 (24%) 1(7%) 277
Heart failure 10 (16%) 2 (14%) 1
Diabetes mellitus 8 (13%) 3(21%) 410
Dementia 3(5%) 1(7%) .5660
Kidney failure 7 (11%) 0 .338
Immune deficiencies 0 0
Malignancy 2 (3%) 2 (14%) 149
Malignancy involving lungs® 1(2%) 1(7%) .333
Immunosuppressive treatment 2 (3%) 0 1
Other pulmonary diseases 2 (3%) 3(21%) .039
None of the above comorbidities 26 (41%) 4 (29%) .563
Chest trauma
Reported blunt chest trauma 12 (22%) 0 .059
Inflammatory markers at admission
C-reactive protein, mg/L 221 (115, 200) 219 (112, 200) 999
Leukocytes, 10%/L 19 (+11, 17) 22 (+14,17) 853
Neutrophil count (OPI, n=51; non-OPI, n=12), 10%/L 17 (£11, 15) 21 (12, 17) .381
Treatment
Days from admission to pleural drainage 2.7 (£3-2, 2:0) 3 (3, 1) .999
Intercostal tube 61 (97%) 14 (100%) 1
Duration of intercostal tube drainage (OPI, n=61), d 10 (%7, 9) 10 (+6, 9) .688
Fibrinolysis 45 (71%) 4 (29%) .005
Thoracotomy 3 (6%) 0 1
Duration of intravenous antibiotics,® d 19 (10, 18) 17 (9, 14) .265
Total duration of antibiotic treatment,® d 36 (+15, 34) 34 (+12, 31) .986
Outcome
In-hospital death 7 (11%) 1(7%) 1
Death within 1 year from admission 11 (17%) 4 (29%) .455
Days from admission to death 43 (£53, 18) 93 (+108, 62) 513

Data are presented as no. (%) of patients for categorical variables and mean (+SD, median) for continuous variables. Pvalues were obtained using chi-square or Fisher’s exact test to compare
categorical variables and t test or Mann-Whitney U test (if required) to compare continuous variables.

Abbreviations: OPI, oral-type pleural infection; non-OPI, non-oral-type pleural infection.

?In-hospital deaths not included in analysis.

®Malignancy not known at hospital admission and patients were therefore not excluded.
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Figure 3. Macroscopic appearance and pH value of oral-type pleural infections. pH value was reported for 48 out of 63 (76%) patients. For 3 of these patients, the
macroscopic appearance was not reported. Thirteen (27%) of the 48 oral-type pleural infections had a pH >7.2. Abbreviation: NA, not available.
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Table 2. Chest Computed Tomography Scan Findings and Diagnostic Suggestions by the Radiologist as Described in the Radiology Reports

Oral-Type Pleural Infection (n = 63) Non-Oral-Type Pleural Infection (n=14) P
Location
Right side only 31 (49%) 9 (64%) 468
Left side only 25 (40%) 1(7%) .027
Both sides 7 (11%) 4 (29%) 107
Findings as reported by radiologist
Pleural fluid 63 (100%) 14 (100%) 1
Atelectasis 49 (80%) 10 (71%) 728
Unspecified opacifications 27 (43%) 8 (57 %) .500
Nodule/pulmonary mass 29 (46%) 3 (21%) .165
Consolidations 23 (37%) 5 (36%) 1
Ground-glass opacities 4 (6%) 1(7%) 1
Reticular opacifications 1(2%) 0 1
Mediastinal lymphadenopathy 14 (22%) 4 (29%) 728
Hilar lymphadenopathy 11 (18%) 3(21%) 711
Emphysema 4 (6%) 1(7%) 1
Venous thrombosis masses 0 1(7%) 1
Diagnostic suggestion by radiologist
Pleural empyema 38 (60%) 9 (64%) 1
Lung abscess 24 (38%) 3 (21%) .355
Pneumonia 15 (24%) 3 (21%) 1
Malignancy 8(13%)° 1(7%) 1
Necrotizing pneumonia 7 (11%) 0 .338
Bronchiolitis 1(2%) 0 1
Pulmonary embolism 0 1(7%) 1

Data are presented as no. (%) of patients. P values were obtained using chi-square or Fisher's exact test. The first chest CT scan results after admission are presented.

Abbreviation: CT, computed tomography.

#None of the 8 patients where the radiologist suggested that the initial chest CT scan findings could represent malignancy were later confirmed to actually have a malignant disease. These

initial radiologic findings probably represented a consolidation of infectious origin.

extracted (range: 1-8; median: 2; average: 2.5). Among the 5 pa-
tients without an oral focus, 1 had a focus in the small intestine,
whereas 4 presented no obvious alternative foci. Among those
not assessed by a dental surgeon, 2 died during the hospital
stay. The remaining 8 patients either had a general health con-
dition that did not allow for assessment by a dental surgeon,
they declined a dental assessment, or the doctor in charge did
not refer them. Four of these patients had a mention of poor
dental health in their medical record. Among the 28 patients
with OPI from the other hospitals, 11 had a dental status assess-
ment. Of these, 7 had a possible dental focus and 3 had 1 or
more teeth removed. Eighteen patients had a CT of the sinuses,
all of which were negative.

From the OPIs, we made 267 bacterial identifications repre-
senting 89 species from 47 genera (Supplementary Table 2).
Culture identified only 44 (16%) bacteria, and 31 (50%) of
the 16S rRNA gene PCR-positive empyemas were culture neg-
ative. We identified S. intermedius and/or F. nucleatum in all
samples, including monobacterial infections (Figure 1). Only
20 species were identified in 3 or more samples (ie, had a prev-
alence >5%). From these, 17 are also among the most common
bacteria in dental apical abscesses (n=15) and/or associated
with severe periodontitis (n = 9) (Table 3). Among the remain-
ing 3, both Slackia exigua and Campylobacter gracilis have been

recovered from dental abscesses and found to be associated
with periodontitis in other studies [29, 30]. Fifteen of the 20
species have been reported as causes of bacteremia, 13 specifi-
cally in relation to extraction of infected teeth (Table 3). Among
the 47 most common species in apical abscesses according to
Siqueira and Rogas [16] and George et al [10], 30 were recov-
ered from 1 or more OPI in the present investigation
(Supplementary Table 3).

A comparison of the 25 species present in 3 or more (>5%)
samples of either OPI (20 species) and/or sinus-oral-derived
brain abscesses (18 species) shows a species overlap of 80%
(Figure 5). We also found a high concordance in the number
of detections, except for the facultative bacteria A. aphrophilus,
Eikenella corrodens, and Schaalia meyeri that seem to be more
prevalent in brain abscesses. Results from PERMANOVA
showed a significant difference (P = .004) between the 2 groups
of infections in the unweighted UniFrac analysis
(Supplementary Table 4A). In the weighted UniFrac analysis
that is more influenced by the dominant species in each sample
(typically, the key pathogens eventually together with various
combinations of the other species represented in Figure 5),
PERMANOVA showed no significant difference (P =.100).
Samples from the 2 types of infections appeared indistinguish-
able in phylogenetic trees based on both weighted and
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Figure 4. Axial contrast-enhanced CT images from 4 patients with oral-type pleural infection showing communications between a lung abscess and the pleural empyema.
A, Patient PE66. CT image with a mediastinal setting showing a consolidated opacity (33 x 29 mm) with central hypodensity and peripheral contrast enhancement (arrow) in
the right lower lobe that communicates with the pleural space. In the adjacent pleura, there is a pocket with central hypodense content and peripheral contrast enhancement
that extends along the pleura approximately 30 mm in craniocaudal direction. B, Patient PEGO. CT image with a mediastinal setting showing a consolidated opacity (arrow)
with central hypodensity (~20 x 20 mm) and air bubbles that continue into the lateral pleural cavity. The pleural fluid here communicates with the larger posteriorly located
fluid accumulation. C, Patient PE42. CT image with a mediastinal setting showing lobular organized pleural fluid in the right hemithorax. In the lower lobe is a consolidated
opacity with a small hypodense area (arrow) of 8-mm diameter that communicates with the adjacent pleural fluid. [, Patient PES6. CT image with a mediastinal setting
showing several apparently encapsulated fluid loculations in the left part of the thorax that compress adjacent lung tissue. They are lenticular in shape and provide com-
pression of adjacent lung tissue. Medial to the largest loculation is a consolidated opacity containing several pockets with central hypodensity and peripheral contrast en-
hancement. The largest of these pockets (arrow) communicates with the adjacent pleural fluid. Abbreviation: CT, computed tomography.

unweighted UniFrac analysis (Supplementary Figure 1). We
conducted the same comparative analyses for OPIs with and
without lung abscess. We found no significant differences in
the weighted (P = .208) or unweighted (P = .074) UniFrac anal-
yses (Supplementary Table 4B), and samples appeared indistin-
guishable in the phylogenetic trees (Supplementary Figure 2).

DISCUSSION

This is the first study designed to investigate the epidemiology,
microbiology, clinical characteristics, and risk factors associat-
ed with OPIs. We found that OPI was the most common type of
CAPI, with an annual incidence of 4.4 per 100 000 inhabitants.
The observed dominance of S. intermedius and F. nucleatum in
OPIs is in line with our previous findings and strengthens our
hypothesis that these are key pathogens necessary for establish-
ing the infections. We place OPI into the broader context of pu-
rulent infections of odontogenic origin by finding a high
prevalence of dental infections among these patients, and by

demonstrating substantial similarities between the microbiota
of such empyemas and the microbiota of dental infections.

Route of Infection in Oral-Type Pleural Infections

The strong association with deep-sited odontogenic infections
is an argument for a hematogenous route of infection in OPIs.
The fact that the most common bacteria in OPIs have been cul-
tured from blood in relation to extraction of infected teeth and
that the same bacteria are able to spread hematogenously to es-
tablish purulent infections in the brain with microbial compo-
sitions indistinguishable from that of the pleural infections
strongly supports this hypothesis.

Most OPIs (70%) contained members from the 20 most fre-
quent species only. Streptococcus intermedius and/or F. nucleatum
were the sole pathogens in 31 (50%) samples and the dominant
bacteria in 50 (81%). Considering the more than 1000 species in
the human oral microbiota, such sample homogeneity supports
a specialized route of infection restricting the number of patho-
gens, rather than an unselective micro-aspiration.
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Table 3. The Most Common Bacteria in Oral-Type Pleural Infections and Their Presence in Dental Infections and Bacteremia

Common Associated Growth Growth
Most Common Species in OPI? No.? in AA With PD in BC in BC-DE
Streptococcus intermedius 43 X X
Fusobacterium nucleatum 39 X X X
Parvimonas micra 18 X X X
Eubacterium brachy 11 X X
Porphyromonas endodontalis 7 X X
Campylobacter gracilis 6 (x) (x) X X
Prevotella oris 6 X X X
Dialister pneumosintes 5 X X X
Streptococcus constellatus 5) X X X X
Campylobacter rectus 4 X X X
Filifactor alocis 4 X X X X
Lancefieldella rimae 4 X X
Prevotella conceptionensis 4 ..
Slackia exigua 4 (x) (x) X X
Tannerella forsythia 4 X X X X
Treponema lecithinolyticum 4 X
Eikenella corrodens/exigua 4 X X X
Peptostreptococcaceae(XI)(G-4) HMT369° 3 X
Peptostreptococcus stomatis 3 X X X
Prevotella intermedia 3 X X X

X = most common according to references 10, 16, and 17; (x) = common according to references 29 and 30.

Abbreviations: AA, apical abscess; BC, blood culture; BC-DE, blood culture drawn in relation to dental extraction; OPI, oral-type pleural infection; PD, periodontitis.

®Prevalence >5%.

®Number of detections in this study.

°For undescribed oral species, we applied the provisional Human Microbial Taxon-taxonomy (www.homd.org).

Key Pathogens and Microbial Patterns in Oral-Type Pleural Infections
Among the 63 OPIs, 23 contained S. intermedius as the sole key
pathogen—all monomicrobial. Fusobacterium nucleatum was
the sole key pathogen in 15 samples, of which 4 were monomi-
crobial. Twenty-four samples contained both S. intermedius
and F. nucleatum, whereof 6 harbored these 2 species only
and 18 were more complex (Figure 1). Based on these findings,
we suggest that F. nucleatum is essential for the formation of
polymicrobial empyemas. Such polymicrobial empyemas con-
tain predominantly anaerobic bacteria, except for S. interme-
dius and the sporadic facultative genera Actinomyces,
Eikenella, and Schaalia. This mirrors periodontitis research
where F. nucleatum is considered crucial in the formation of
complex plaques due to co-aggregating capabilities that protect
other anaerobes from oxidative stress [31]. It also represents an
adjustment of our previous understanding of F. nucleatum as
essential only for the formation of an anaerobe component
[2]. Based on a few samples from this and our previous studies
[2, 11], we believe A. aphrophilus to represent a third, more un-
usual key pathogen that can also support the formation of poly-
microbial infections.

Risk Factors for Oral-Type Pleural Infections
Pleural empyema is associated with advanced age, male gender,
alcoholism, and intravenous drug abuse [32-34]. A common

argument is that this is due to increased risk of micro-aspiration
in these groups. However, these are also risk factors for the de-
velopment of brain abscess. We suggest that the actual underly-
ing risk factor for both conditions could be odontogenic
infections, which are associated with all of the factors mentioned
above. In our population, 80% of patients referred to the oral sur-
geon were diagnosed with significant dental infections.

For brain abscesses, a main pathogenic factor is the presence
of an ischemic or devitalized locus minoris resistentiae [35]. We
have previously hypothesized that this could also be important
in the pathogenesis of OPIs, and that a blunt chest trauma with
concomitant contusion of the peripheral lung parenchyma
could represent a predisposing factor [2]. Older age, male
sex, intravenous drug abuse, and alcoholism are all associated
with an increased risk of thoracic trauma due to falls, manual
work, or violence. Among our patients with OPI, 12 (22%) re-
ported such trauma in the days prior to the onset of symptoms.
Since many of the old and debilitated patients struggled to re-
call details from the weeks prior to hospitalization, this might
represent an underreporting. According to their medical re-
cords, 9 more patients had a fall tendency due to hemiparesis,
severe ataxia, multiple sclerosis, or epilepsy. Vascular events,
unrecognized tumors, and recent lower respiratory tract infec-
tions might also form deoxygenated loci serving as potential
predilection sites for hematogenous seeding of bacteria. A
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Figure 5.  Phylogenetic tree of all species present in 3 or more (>5%) samples of either oral-type pleural infection (20 species) and/or sinus-oral—-derived brain abscesses
(18 species). Each dot represents 1 sample containing the associated bacterium and is colored according to the type of infection.

recent epidemiological study found an increased incidence of
empyema in the winter season and the authors suggested a pos-
sible link between influenza and empyema [36]. However, the
potential role of a locus minoris resistentiae needs to be further
investigated.

One of our patients without a dental focus was diagnosed
with a necrotic ileum and lower jejunum. The small intestinal
microbiota contains many of the bacteria common in OP], in-
cluding S. intermedius and F. nucleatum [37]. This elderly pa-
tient reported falling from a chair some days prior to the
onset of chest pain. For this patient we assume that bacteria
have spread hematogenously from the small intestine to a locus
minoris resistentige in the lung.

Oral-Type Pleural Infections and Lung Abscess

Lung abscess and pleural empyema are generally considered
separate conditions. However, most lung abscesses contain
the same oral pathogens found in OPIs and poor dental health
is recognized as a major risk factor [38]. Concurrent lung ab-
scess and pleural empyema has been described in a small pro-
portion of patients in studies of lung abscesses [38, 39] and
pleural empyemas [2, 40].

In the present study, 24 (38%) patients with OPI had radiolog-
ic signs of a lung abscess. A likely pathogenesis for the pleural in-
fection in these patients is leakage of bacteria from a ruptured
abscess into the pleural cavity. Notably, there were no significant
differences between the microbiota of abscess-related empyemas
and that of empyemas without radiological evidence of an ab-
scess (Supplementary Figure 2, Supplementary Table 4B).

We suggest that OPI and lung abscess caused by oral bacteria
might represent different, sometimes overlapping, presenta-
tions of the same disease. Following hematogenous seeding to
a predilection site in the lung, these bacteria establish a puru-
lent infection leading to a consolidation/abscess that can, de-
pending on factors like the proximity to the pleura and the
immune status of the patient, erode into the pleural cavity. If
bacteria spread directly to a predilection site in the pleura, it
might result in an infection without involvement of the lung.
This could explain why a significant group of pleural infections
have no evidence of concurrent parenchymal infection [41].

Assessment of Strengths and Weaknesses
The strengths of our study include the prospective design aimed
specifically at describing the subgroup of OPIs and evaluating
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hypotheses generated from a previous retrospective material.
Other important qualities include complete microbiological
characterizations by 16S TNGS and a dental status assessment
by an oral surgeon for 58% of patients. We discuss our findings
in the context of purulent infections of odontogenic origin and
provide new evidence to support the role of hematogenous bac-
terial seeding from a dental focus in the formation of OPI. This
theory may explain acknowledged risk factors and is built on ob-
servations that can be re-evaluated in future research.

Our study also has limitations. Inclusion was incomplete in 4
centers, resulting in fewer than expected patients. Although mi-
crobial patterns and clinical presentations were highly consis-
tent and probably not affected by this, it clearly reduces the
strength of our incidence data. The incidence of CAPI in this
study was somewhat higher than the incidence of “no sur-
gery-no cancer” empyema in a recent retrospective French
study (5.2 vs 4.7/100 000) [42]. It is a potential bias that 42%
of the patients did not have a professional assessment of their
dental status. It might be that patients with obvious dental
problems were more often referred to the dental surgeon.
Lack of data on the dental status for the 14 patients with
non-OPI is also a weakness.

We conclude that OPI is the most common type of CAPI and
that S. intermedius and F. nucleatum most likely represent key
pathogens necessary for establishing the infection. Current ev-
idence supports hematogenous seeding of bacteria from a den-
tal focus as the most important underlying etiology.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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