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Abstract
Aim: Various bacterial species are differentially prevalent in periodontal health,
gingivitis or periodontitis. We tested the independent associations between three
bacterial groupings and gingival inflammation in an epidemiological study.

Material and Methods: In 706 Oral Infections and Vascular Disease Epidemiology
Study (INVEST) participants X55 years, bleeding on probing (BoP), pocket depth (PD)
and subgingival plaque samples (n 5 4866) were assessed in eight sites per mouth. Eleven
bacterial species were quantitatively assayed and grouped as follows: (i) aetiologic burden
(EB, Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Treponema
denticola, Tannerella forsythia); (ii) putative burden (PB, Campylobacter rectus, Eikenella
corrodens, Fusobacterium nucleatum, Micromonas micros, Prevotella intermedia); (iii)
health-associated burden (HAB, Actinomyces naeslundii, Veillonella parvula).

Results: After mutual adjustment for EB, PB and HAB, the BoP prevalence increased
by 45% ( po0.0001) across increasing quartiles of EB while BoP decreased by 13%
( po0.0001) across increasing quartiles of HAB. Mean PD increased 0.8 mm and
decreased 0.3 mm from the first to fourth quartiles of EB (po0.0001) and HAB
( po0.0001), respectively. Among 1214 plaque samples with fourth quartile EB, 60%
were collected from sites with PD 43 mm.

Conclusion: Bacterial species believed to be aetiologically related to periodontitis
were associated with BoP in sites with minimal PD and/or attachment level (AL).
Species presumed to be associated with periodontal health demonstrated inverse
associations with BoP.
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The bacterial aetiology of periodontitis
has been extensively studied and several
putative causal microbes have been
identified (Grossi et al. 1994, Haffajee
& Socransky 1994, Mombelli et al.
1998, Socransky et al. 1998, Van
Winkelhoff et al. 1999, Timmerman
et al. 2000, van der Velden et al.
2006). However, much of the popula-
tion-based research exploring relation-
ships between bacteria and clinical
periodontal disease uses pooled bacterial
samples and defines bacterial exposure

dichotomously by assessing the preva-
lence (presence/absence) of coloniza-
tion at the patient level (Grossi et al.
1994, Machtei et al. 1999, Timmerman
et al. 2001, Van Winkelhoff et al. 2002,
van der Velden et al. 2006).

Epidemiological approaches that
measure bacteria quantitatively and use
statistical methods to model multiple
bacterial exposures simultaneously are
necessary for assessing dose-respon-
siveness and addressing the contribu-
tions of various bacterial species to
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clinical periodontal disease independent
of mutual correlations among species.
Such approaches may help to clarify the
specificity of associations between bac-
terial species and clinical periodontal
variables. This is particularly important
in the case of gingival inflammation and
bleeding on probing (BoP), which is
generally considered to be the result of
a non-specific inflammatory response
to dental plaque accumulation and its
constituent microbiology (Loesche &
Grossman 2001).

We previously investigated the
association between a priori defined
‘‘aetiologic’’, ‘‘putative’’ or ‘‘health-
associated’’ periodontal bacterial group-
ings and carotid artery intima-media
thickness (c-IMT), in the Oral Infections
and Vascular Disease Epidemiology
Study (INVEST) (Desvarieux et al.
2005). Our analytical approach allowed
for parsimonious statistical models that
addressed the specificity of various perio-
dontal microbial colonization patterns to
atherosclerosis. We observed the strongest
positive association between ‘‘aetiologic’’
bacteria and c-IMT, while an inverse
association existed between health-
associated bacteria and c-IMT.

In this study, we applied a similar
analytical approach to investigate the spe-
cificity of the association between selected
health- and periodontitis-associated
bacterial groupings, and clinical perio-
dontal measures, such as BoP and pocket
depth (PD) in the population-based set-
ting of INVEST. We focused on early
manifestations of periodontal infections
(BoP and PD) to reduce the possibility
that these cross-sectional data reflected
reversed causality (i.e. that the develop-
ment of a deep periodontal pocket and/or
BoP, preceded and/or potentially con-
tributed to the establishment of a parti-
cular subgingival microbial profile).

Material and Methods

INVEST is a randomly sampled pro-
spective population-based cohort study
investigating the relationship among oral
infections, atherosclerosis and stroke.
The selection process has been published
(Sacco et al. 1998, Desvarieux et al.
2003). Briefly, 1056 subjects were
selected via random digit dialing from
Northern Manhattan, an area between
145th Street and 218th Street, bordered
westward by the Hudson River and east-
ward by the Harlem River. Eligibility
criteria for INVEST are as follows: (1)

White, Black or Hispanic resident
(43 months) of Northern Manhattan
(zip-codes 10031, 10032, 10033, 10034
and 10040); (2) contacted by random
digit dialing among households with a
telephone (all eligible invited); (3) age
X55; (4) no history of stroke, myocar-
dial infarction or chronic inflammatory
conditions; and (5) ability to visit clinic.
Baseline full-mouth clinical periodontal
exams and subgingival plaque samples
were available for 706 subjects.

The Institutional Review Board at
Columbia University Medical Center
approved the study and all subjects
provided informed consent.

Dental examination

Subjects received a full-mouth clinical
examination by calibrated examiners.
Assessments included number and
type of teeth present, presence/absence
of BoP, PD in millimetres and location
of the gingival margin in relation to
the cementoenamel junction at six loca-
tions/tooth (mesiobuccal, midbuccal,
distobuccal, mesiolingual, midlingual,
distolingual) using a UNC-15 manual
probe (HuFriedy, Chicago, IL, USA).
The latter two assessments were used to
compute clinical attachment levels.

Subgingival plaque collection and
processing

For each participant, a maximum of eight
subgingival plaque samples (median 5 8)

were collected from the two most poster-
ior teeth (mesio-lingual in the maxilla;
mesio-buccal in the mandible) in
each quadrant, yielding a total of 4922
samples. Eleven bacterial species (Agg-
regatibacter actinomycetemcomitans,
Porphyromonas gingivalis, Tannerella
forsythia, Treponema denticola, Fuso-
bacterium nucleatum, Prevotella inter-
media, Campylobacter rectus, Micro-
monas micros, Eikenella corrodens,
Veillonella parvula, Actinomyces nae-
slundii) were assessed using checker-
board DNA–DNA hybridization as
described previously (Socransky et al.
1994, Desvarieux et al. 2005).

Statistical analysis

Analyses were performed in PC-SAS for
Windows 9.1 and included periodontal
sites with concurrent BoP, PD and dental
plaque assessments. Unavailable clinical
measurements due to restorations or deb-
ris led to 4880 and 4866 sites for BoP
and PD analyses, respectively.

Bacterial exposure definitions

Laboratory analysis provided a relative
quantity of individual bacterial species
for each plaque sample in comparison
with known standards. Because the dis-
tribution of absolute bacterial counts
was skewed, values were natural loga-
rithm (ln) transformed. Absolute counts
of different species were not comparable
across species. Therefore, ln(bacterial

Table 1. Distributional characteristics of individual bacterial species and bacterial burden scores,
between and within mouth

Bacterial species or burden Between-mouth Within-mouth
difference from

mouth-specific mean

mean SD SD

Aetiologic burden 28.91 3.29 1.41
A. actinomycetemcomitans 8.59 0.91 0.41
P. gingivalis 5.10 0.90 0.44
T. denticola 8.51 0.93 0.36
T. forsythia 6.79 0.84 0.54

Putative burden 47.03 2.87 2.33
C. rectus 9.11 0.84 0.54
E. corrodens 8.30 0.87 0.49
F. nucleatum 10.15 0.79 0.62
M. micros 10.25 0.83 0.56
P. intermedia 9.22 0.77 0.63

Health-associated burden 20.82 1.24 1.03
A. naeslundii 11.52 0.85 0.53
V. parvula 9.30 0.73 0.69

Values reported in SDln units.

SD, standard deviation.
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count) was averaged within mouth, and
then standardized by dividing each
respective ln(bacterial count) by the
population standard deviation (SD) for
the respective species: 1 SD on the ln
scale (SDln) was treated as equivalent
across microbes; SDln is therefore the
unit of each species. For each person,

we defined four bacterial groupings in
addition to the eleven standardized
values for each species. We summed
the standardized values for the 11
species to define cumulative burden.
Subsets of the cumulative burden were
further defined as aetiologic burden
(EB), putative burden (PB) and health-

associated burden (HAB) (Desvarieux
et al. 2005). We utilized (i) the consensus
of the 1996 World Workshop in Perio-
dontics identifying three bacterial spe-
cies as causally related to periodontal
disease (P. gingivalis, T. forsythia and
A. actinomycetemcomitans) (Consensus
Report 1996), and (ii) Socransky’s red
complex (Socransky et al. 1998) further
identifying T. denticola as a species that
closely covaries with P. gingivalis, and
T. forsythia in pathological periodontal
pockets, to create an EB score, compris-
ing the four species (A. actinomycetem-
comitans, P. gingivalis, T. forsythia and
T. denticola). The five bacterial species
deemed putatively associated with perio-
dontal disease (C. rectus, E. corrodens,
F. nucleatum, M. micros and P. inter-
media) were grouped as PB (Consensus
Report 1996). HAB included two
‘‘health-associated’’ bacterial species,
A. naeslundii and V. parvula (Socransky
et al. 1998).

All clinical and microbiological data
were collected concurrently from perio-
dontal sites. Site was the unit of analysis
in all statistical models. Linear and
logistic regression analyses tested the
linear association between either PD or
BoP (dependent variables) and the
aforementioned individual bacterial
species or bacterial clusters (indepen-
dent variables). For individual bacterial
species we present results from both
unadjusted and simultaneously adjusted
regression models to show the effect of
confounding on the crude parameter
estimates. Adjusted results for indivi-
dual bacterial species stem from regres-
sions that simultaneously modelled all
11 species. This approach provides esti-
mates of the association between each
species and PD or BoP while holding
constant the levels of other bacterial
species in the same periodontal site.

The same approach was used to model
bacterial clusters (EB, PB and HAB) as
independent variables. In addition, we
used ANOVA techniques to model PD and
BoP variation across quartiles of all
three bacteria burdens. All ANOVA mod-
els present the pooled within- and
between-mouth estimates. This app-
roach removed the constraints of the
linearity assumption imposed by use of
continuous variables in regression
models and serves as an indicator of
goodness-of-fit for linear models. We
additionally added attachment loss as a
covariate to the models to verify that
findings were independent of historical
periodontal disease experience.
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Fig. 1. Distribution of pocket depth according to quartiles of subgingival aetiologic burden,
putative burden or health-associated burden (n � 1216 periodontal sites per quartile).
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Because multiple periodontal sites
per mouth were included in the analysis
and the design was not balanced (not all
participants contributed the same number
of periodontal sites due to tooth loss), all
regressions were performed using either
SAS PROC MIXED for continuous
PD outcomes or PROC GENMOD for
dichotomous BoP outcomes. These pro-
cedures allowed us to condition indivi-
dual participants as random effects to
account for the within-mouth correlation
(non-independence) of these samples.
Therefore, the p-values presented
account for the clustered and unbalanced

nature of the design. We present both
within- and between-mouth estimates of
BoP and PD across levels of bacterial
burden. To describe within-mouth varia-
bility for each bacterial burden, we
defined the difference of the bacterial
burden at a specific site from the with-
in-mouth mean of that bacterial burden;
this difference has mean 5 0 for each
mouth. SDs of these within-mouth dif-
ferences are presented to characterize
within-mouth variability. The within-
mouth estimates hold constant all
person-level characteristics and are con-
sequently independent of between person

variation in measured and unmeasured
periodontal disease risk factors (such as
age, gender, smoking, race/ethnicity,
genetics, etc.) allowing for more precise
assessments of associations between clin-
ical and microbiological periodontal
parameters. The within-mouth estimates
of association between PD or BOP and
bacterial species could be biased towards
zero because the range of bacterial expo-
sure within-mouth is less than the
between-mouth range.

We also used an interaction model to
examine whether the association of EB,
PB and HAB with BoP was modified
by PD.

Results

Participants were 57% Hispanic, 23%
Black, 20% White and 60% female with
mean � SD age of 69 � 9 years and
14 � 8 missing teeth. Mean PD was
3.0 mm and 35% of sites had BoP.
Within- and between-mouth distribu-
tional characteristics for all bacterial
variables are presented in Table 1, for
example, mean � SD of EB was 29 �
4 SDln between mouths, with 1.4 SDln

within mouth. Within-mouth variation
was less for each species and burden
score than was between-mouth varia-
tion. EB was positively correlated with
PB (r 5 0.81) and HAB (r 5 0.47). PB
and HAB were correlated (r 5 0.55).

Periodontal plaques with high levels
of EB were commonly found in shallow
pocketed sites. 60% of plaques with
high EB (fourth quartile) were found
in 1–3 mm pockets (Fig. 1a). Findings
were similar for periodontal plaques
with high levels of PB (Fig. 1b) and
HAB (Fig. 1c).

The unadjusted within- and between-
mouth associations between clinical
periodontal disease and each of eleven
bacterial species in addition to the three
bacteria burden scores are presented in
Table 2. Nearly all species demonstrated
strong positive associations with PD and
BoP. A. naeslundii was inversely related
to PD and unrelated to BoP. EB and PB
were positively related to both PD and
BoP while HAB was only positively
associated with between-mouth BoP.

With inclusion of all eleven species in
one model, findings for most individual
species were attenuated and became
non-statistically significant. Within-mouth
variations in P. gingivalis, T. denticola
and P. intermedia were positively related
to PD while A. naeslundii was inversely
related to PD (Table 2). A. naeslundii was

Table 2. Associations (unadjusted and adjusted)n between selected periodontal bacteria and both
pocket depth and bleeding on probing

Independent variables (bacterial species or
burden)

Pocket depth
b-coefficients§

Bleeding on probing
odds ratiosz

between
mouth

within
mouth

between
mouth

within
mouth

Unadjusted
Aetiologic burden 0.46z 0.16z 3.49z 1.15z

A. actinomycetemcomitans 0.28z 0.07z 2.46z 1.09w

T. denticola 0.47z 0.16z 3.18z 1.13z

T. forsythia 0.38z 0.13z 2.99z 1.11z

P. gingivalis 0.47z 0.18z 3.96z 1.16z

Putative burden 0.37z 0.14z 2.65z 1.15z

C. rectus 0.34z 0.11z 2.80z 1.13z

E. corrodens 0.28z 0.06z 2.52z 1.04
F. nucleatum 0.37z 0.11z 2.65z 1.12z

M. micros � 0.12w 0.10z 0.81w 1.11z

P. intermedia 0.41z 0.17z 1.94z 1.16z

Health-associated burden 0.01 0.03 1.31z 1.00
A. naeslundii � 0.14z � 0.003 0.92 0.97
V. parvula 0.20z 0.04w 1.79z 1.02

Adjusted
Aetiologic burden 0.53z 0.16z 5.25z 1.11w

A. actinomycetemcomitans 0.04 � 0.04 0.91 1.00
T. denticola 0.13 0.07z 1.09 1.05
T. forsythia 0.11 0.02 1.10 0.99
P. gingivalis 0.58z 0.09z 5.72z 1.05

Putative burden 0.03 0.07w 0.80 1.13w

C. rectus � 0.13 � 0.03 1.09 1.04
E. corrodens � 0.30z 0.03 0.55z 0.98
F. nucleatum 0.02 0.001 1.21 1.05
M. micros 0.01 � 0.01 0.83 1.00
P. intermedia 0.13w 0.11z 0.76w 1.07

Health-associated burden � 0.25z � 0.09z 0.68z 0.88z

A. naeslundii � 0.13w � 0.04w 0.80w 0.94w

V. parvula � 0.05 � 0.02 1.04 0.96

nUnadjusted parameter estimates stem from models that only consider each respective bacterial

species or burden alone. Adjusted parameter estimates for individual bacterial species are adjusted

for each of the other 10 species in this table. Adjusted parameter estimates for bacterial burden

scores are adjusted for the other two burden scores. Note that adjusted parameter estimates for

individual species are very susceptible to collinearity bias and should interpreted with caution.
wpo0.01; zpo0.0001.
§b-coefficients represent pocket depth change in millimetre associated with a one SD increase in the

standardized bacterial colonization level.
zOdds ratios reflect the odds of bleeding on probing versus not bleeding on probing for a one

standard deviation increase in the standardized bacterial colonization level.

SDs for all independent variables are presented in Table 1.

SD, standard deviation.
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inversely associated with BoP, but no
other individual species was significantly
related to BoP within mouth. Results
for associations of between-mouth varia-
tion in bacterial colonization levels with
clinical periodontal disease were similar
to those for within-mouth variation
yet consistently stronger (Table 2). In
between-mouth analyses, T. denticola
lost significance and E. corrodens was
significantly inversely related to both PD
and BOP.

In comparison with unadjusted ana-
lyses, mutual adjustments for three bac-
terial burdens (Table 2), strengthened
EB associations, attenuated PB associa-
tions and HAB associations, became
inverse and statistically significant.

Results for bacterial clusters in Figs
2–4, pool within- and between-mouth
effects to provide a sense of the absolute
and relative variation in clinical perio-
dontal disease across levels of bacterial
clusters. BoP prevalence increased across
cumulative burden quartiles from 22% to
48% (first versus fourth quartile;
po0.0001) and mean PD increased
from 2.7 to 3.4 mm (first versus fourth
quartile; po0.0001). In unadjusted ana-
lyses, both EB and PB demonstrated
strong positive associations with BoP
and PD (Fig. 2). HAB demonstrated a
weak positive association with PD but
was not associated with BoP (Fig. 2).
After mutual adjustment of each burden
for the other burdens, EB maintained a

strong positive association with BoP and
PD; PB associations were substantially
attenuated and HAB became inversely
associated with BoP and PD (Fig. 3).

The prevalence of BoP increased
across quartiles of EB by 43% (5.3-
fold) in pockets 43 mm, as compared
with 29% (1.6-fold) in pockets X4 mm
(Fig. 4).

Findings were independent of attach-
ment loss and tooth loss. In a mutually
adjusted regression within 1585 shallow
pocketed sites with attachment loss
0–2 mm, %BoPs were 3%, 6%, 17%
and 25% across quartiles of EB; BoP
remained inversely related to HAB
(both po0.002). Findings were un-
changed in a subgroup analysis among
participants with X20 teeth (data not
shown).

Moreover, in mutually adjusted
regression restricted to sites with PD4
3 mm, mean attachment level (AL)
values increased across quartiles of EB
as follows: 2.1, 2.3, 2.6 and 2.9 mm ( p
for linear trend o0.0001). When com-
paring mean AL between the first and
fourth quartiles of either PB or HAB,
mean AL increased by 0.5 mm (p for
linear trend 5 0.0003) and decreased by
0.15 mm (p for linear trend 5 0.10),
respectively.

Discussion

Our data demonstrate a strong associa-
tion between bacterial colonization
levels and clinical variables related to
gingival inflammation (BoP and PD).
The relationship was present when
defining subgingival colonization in a
cumulative non-specific fashion, which
incorporated 11 bacteria. However,
formation of three bacterial groupings
that distinguished between species
previously reported to be related to
periodontal health, and putatively or
causatively related to periodontitis
(Consensus Report 1996, Socransky
et al. 1998) demonstrated specificity of
the relationship of gingival inflamma-
tion to select bacterial groupings. Simul-
taneous modelling of the levels of EB,
PB and HAB as predictors of BoP and
PD resulted in a strong positive associa-
tion for EB; a weak positive association
for PB; and an inverse relationship for
HAB. These results were only evident if
the three bacterial burdens were mutually
adjusted. Despite strong positive associa-
tions between EB and PD, it was evident
that periodontal plaques with high levels
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Fig. 2. Relationship between the level of subgingival colonization by selected bacterial
clusters and bleeding on probing or pocket depth; without mutual adjustment for bacterial
clusters. nConstituent species of each bacterial grouping: aetiologic burden (EB) 5 Aggre-
gatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella forsythia, Trepo-
nema denticola; putative burden (PB) 5 Fusobacterium nucleatum, Prevotella intermedia,
Campylobacter rectus, Micromonas micros, Eikenella corrodens; health-associated burden
(HAB) 5 Veillonella parvula, Actinomyces naeslundii.
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of EB are commonly found in shallow
periodontal pockets (Fig. 1).

An extensive literature exists on the
microbiology of periodontal disease
(Haffajee & Socransky 1994). Socransky
et al. (1998) explored the interrela-
tionships of 40 species in over 13,000
subgingival plaque samples, providing a
comprehensive study of microbial colo-
nization patterns. They reported that
colonization patterns of P. gingivalis,
T. forsythia and T. denticola were highly
correlated and strongly related to PD
and BoP. However, the sample was
limited to 185 individuals, most of
whom had periodontitis. Moreover,
bacterial colonization levels tended to
be modelled as the dependent variable in

relation to clinical periodontal disease
and they did not report the independence
of these relationships. Importantly,
Socransky et al. reported no evident
associations between A. naeslundii and
either PD or BoP.

In two separate populations lacking
exposure to regular dental or periodontal
care, Papapanou et al. (1997, 2002)
reported strong positive relationships
between periodontal bacteria and both
PD and attachment loss; however, the
relationship between bacterial profiles
and BoP was not reported. In one of
the largest studies reporting on bacteria-
associated periodontal risk, Grossi et al.
(1994) found the presence of P. gingi-
valis and T. forsythia to be risk indica-

tors for attachment loss. However, the
analysis was based on pooled plaque
samples and bacterial exposure was
assessed dichotomously as presence or
absence of colonization. Although this
approach is common among population-
based studies with relatively large
sample sizes (Machtei et al. 1999,
Timmerman et al. 2001, Van Winkelhoff
et al. 2002, van der Velden et al. 2006),
it precludes any inference on the site-
specific (within-mouth) association
between bacterial colonization and
clinical phenotype or the assessment of
dose-responsiveness. Further, the pri-
mary outcome of interest in most studies
to date has been AL or PD, as opposed
to BoP, which is a clinical sign that may
occur earlier in the natural history of
periodontal disease and more directly
reflects gingival inflammation. More-
over, we are unaware of any study to
date that has modelled multiple bacterial
groupings simultaneously to assess the
independent contribution of each group-
ing on outcome variables related to
periodontal disease.

Our findings confirm the results of
previous studies in that many species
were positively related to clinical perio-
dontal disease when modelled individu-
ally without adjustment for variation in
other co-colonizing species. However,
the observed associations between indi-
vidual species and either PD or BoP
tended to be markedly changed and
frequently non-statistically significant
after mutual adjustment. The potential
for collinearity to bias the results for 11
mutually adjusted bacterial species was
high and emphasizes the potential im-
portance of using bacterial groupings to
create more parsimonious statistical
models. In doing so, our findings for
three bacterial burden scores appear to
augment the existing literature regard-
ing bacterial aetiologies of periodontal
disease in three ways.

First, by simultaneously modelling
three bacterial groupings as predictors
of BoP and PD, we minimized the
potential for biased results due to high
positive correlations among EB, PB and
HAB. This statistical control allowed us
to examine relative quantities of the
various bacterial groupings and clarify
the independent contribution of each
grouping to gingival inflammation. In
unadjusted analyses HAB was posi-
tively related to PD and had no relation-
ship with BoP (Fig. 2). Only after
adjustment for both EB and PB, did an
inverse relationship between HAB and

EB & HAB p for linear trend < 0.0001
PB p for linear trend = 0.11
All BoP standard errors ~ 2%
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Fig. 3. Relationship between the level of subgingival colonization by selected bacterial
clusters and bleeding on probing or pocket depth; with mutual adjustment for all three
bacterial groups. nConstituent species of each bacterial grouping: aetiologic burden
(EB) 5 Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella
forsythia, Treponema denticola; putative burden (PB) 5 Fusobacterium nucleatum, Prevo-
tella intermedia, Campylobacter rectus, Micromonas micros, Eikenella corrodens; health-
associated burden (HAB) 5 Veillonella parvula, Actinomyces naeslundii.
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both BoP and PD emerge. In epidemio-
logical terms, the relationships between
HAB and both BoP and PD were con-
founded by levels of EB and PB. These
inverse findings for HAB suggest that
certain bacterial species appear to assuage
the level of gingival inflammation. Also
of interest was the finding that PB was
unrelated to BoP in adjusted models.
Taken together, these findings suggest
that bleeding is a consequence of expo-
sure to specific bacterial species and does
not support a non-specific nature of gin-
gival inflammation (Loesche & Grossman
2001). The results also suggest that for
some species, relative colonization levels
might be more important than absolute
levels in terms of risk for periodontal
inflammation.

Second, while our cross-sectional
findings cannot address temporality, our
analytical approach minimizes the possi-
bility of spurious findings related to
reverse causality. Specifically, the fact
that the observed relationship between
EB and BoP – an early sign of localized
pathology – was stronger in shallow
(43 mm) than deep pockets reduces the
possibility that the formation of a deep
pocket and the occurrence of BoP in fact
preceded the establishment of the parti-
cular microbial colonization pattern.
Moreover, the associations between bac-
terial profiles and BoP were also consis-
tent in two separate subgroup analyses
among either (i) periodontal sites with

42 mm attachment loss; or (ii) partici-
pants with X20 teeth present. This
further suggests that the findings were
not indicative of reverse causality in
which gingival tissue with a history of
either localized (site level AL) or gen-
eralized (advanced tooth loss) disease,
fostered environments optimized for bac-
terial colonization by specific species.
Nevertheless, population-based findings
such as these will require laboratory-
based experiments to precisely elucidate
whether (i) a non-inflamed environment
becomes inflamed after introduction of
selected species; (ii) an inflamed area
gets worse after these species grow; and
(iii) gingival inflammation is assuaged
after the introduction of species believed
to be health associated.

Finally, by presenting within-mouth
results we substantially minimize
the risk of biased results related to
between-person characteristics such as
age, gender, race, smoking or genetic
susceptibility. For example, smokers
might be more likely to have oral envir-
onments conducive to both bacterial
colonization and gingival inflammation
regardless of any direct link between
colonization and inflammation.

A limitation of the present study is
that plaque samples were collected in
only eight sites per mouth and thus they
may have not adequately represented the
microbial profiles of the entire dentition.
We minimized this potential bias by

always collecting plaque samples from
a priori defined teeth, rather than from
the most periodontally affected teeth.
Further, our microbial assay was limited
to the characterization of only 11 bac-
terial species. Nevertheless, our findings
at the site level are consistent with
previous reports with more comprehen-
sive bacterial assessments (Socransky
et al. 1998).

Our findings support a priori assump-
tions concerning relationships between
selected bacterial species and clinical
periodontal disease in the population-
based setting of INVEST. The results
demonstrate that statistical techniques
are required to assess the independent
effects of specific subgingival bacterial
clusters on clinical periodontal out-
comes. Using these techniques, we add
to the existing evidence that the bacter-
ial grouping A. actinomycetemcomitans,
P. gingivalis, T. forsythia and T. denti-
cola (or correlates of this grouping) are
strong predictors of gingival inflamma-
tion. We further report that after
accounting for the level of colonization
by aetiologic bacteria, the levels of
putative periodontal pathogens had little
bearing on the occurrence of gingival
inflammation. Finally, these data show
that colonization by health-associated
bacteria was inversely related to BoP,
suggesting that certain bacteria are
potentially protective against manifest
gingival inflammation.
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Clinical Relevance

Scientific rationale for the study: We
studied the independent associations
between levels of selected perio-
dontal bacteria (quantitatively
assessed) and gingival inflammation,
expressed through BoP.
Principal findings: Bacterial species
believed to be aetiologically related

to periodontitis were associated with
BoP, even in sites with minimal
attachment loss. Species presumed
to be associated with periodontal
health demonstrated inverse associa-
tions with BoP.
Practical implications: Species
known to be associated with perio-
dontitis are also related to gingival

inflammation before the develop-
ment of destructive disease. Coloni-
zation by other species might
assuage gingival inflammation, sug-
gesting that the latter is not the mere
non-specific response to plaque
accumulation.
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