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Abstract

Objective: Bone marrow defects of the jaw (BMDJ) surrounding dental implants, in combination

with impaired bone-to-implant contact (BIC), are difficult to detect in X-rays. This study evalu-

ated BMDJ surrounding titanium (Ti-Impl) and ceramic (Cer-Impl) dental implants and incomplete

BIC using a new trans-alveolar ultrasonography device (TAU) with numerical scaling for BIC.

Methods: The titanium stimulation test (Ti-Stim) was used to detect immune overactivation in

response to titanium. Bone density surrounding implants was measured using TAU. We also

validated osteoimmune dysregulation.

Results: TAU values showed reduced BIC and decreased osseointegration for Ti-Impl.

Moreover, TAU values in the Cer-Impl group were more than twice those in the Ti-Impl

cohort. The multiplex analysis of C-C motif chemokine 5 (CCL5, also known as RANTES)

expression revealed a 20-fold increase in BMDJ surrounding Ti-Impl. Higher levels of CCL5

inflammation were present in the positive Ti-Stim group.

Conclusions: Our data indicate that Cer-Impl have an osteoimmune advantage over Ti-Impl.

The key determinant for osteoimmune sustainability appears to be the absence of inflammation at

the implant site. We therefore recommend the use of TAU to assess the implant site prior to

implantation.
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Introduction

Peri-implantitis has been extensively
researched, and is characterized by inflamma-
tion of the dental implant bed in the late
stage of implant placement. Marginal peri-
implantitis, triggered by anaerobic microflora,
leads to progressive bone loss from the alveo-
lar crest. Although the precise incidence
depends on the case definition that is adopted,
a recent systematic review estimated that
approximately 23% of dental implants are
affected by peri-implantitis.1 Given its preva-
lence, the management of marginal peri-
implantitis is a common problem in general
dental practice.2 The role of titanium as a
local inflammatory driver of peri-implantitis,
both in vivo and in vitro, has also been dis-
cussed in the literature.3–6 Osseointegration,
defined as “functional ankylosis” between
the implant and the jawbone, is the primary
treatment objective of the implantologist.
Osseointegration refers to a direct structural
and functional connection between living
bone and the surface of a load-bearing artifi-
cial implant.6 Successful osseointegration is
considered to occur when new bone is depos-
ited directly at the bone–implant interface and
the implant exhibits mechanical stability.7

The question remains: what happens
when this so-called “bone-to-implant con-
tact” (BIC) does not take place over the
entire surface of the implant? On the one
hand, the implant is sufficiently healed—to
the satisfaction of both the implantologist
and patient—and serves to mechanically
improve chewing ability and occlusion.
On the other hand, chronic inflammation
may occur in areas where osseointegration
is impaired, to the immunological detriment

of the patient.8,9 The interdisciplinary field
of osteoimmunology underlies critical dis-
coveries concerning bone regeneration and
the development of new therapeutic strate-
gies for bone diseases.10 Bone cells interact
with immune cells under both physiological
and pathological conditions.11 Furthermore,
the bone marrow cavity is critical for the
proper development of the immune system,
and houses stem cells that are important for
immune system maintenance. Both within
and outside the medullary cavity, cytokines
produced by immune cells have important
effects on the regulation of bone homeosta-
sis and the development of systemic immu-
nological diseases.11

In the present study, we focused on the
role of osteoimmunology (i.e., the relation-
ship between the immune system and bone
metabolism) and the immunoregulatory
properties of bone remodeling in the
osseointegration of dental implants. The
central questions that we aimed to address
were as follows. First, which immunological
processes are involved in the transition
from impaired local osseointegration to sys-
temic osteoimmunological dysfunction?
Second, what—if any—differences exist in
the development of BIC between titanium
(Ti-Impl) and ceramic (Cer-Impl) implants?
And third, which are the most appropriate
methods for assessing BIC impairments asso-
ciated with unsuccessful osseointegration?

Materials and methods

Definition of terms

To distinguish bone resorption leading to
implant loss from marginal mucositis and
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peri-implantitis, we have referred to bone

metabolism disorders as “para-implantitis”

in the present study. Para-implantitis is

defined by an absence of periodontal pock-

eting and an abacterial, silent, chronic

inflammatory process that occurs adjacent

to the dental implant. This inflammatory

process does not result in marginal bone

loss around the implant, but rather leads

to disintegration of the region of the

implant bed that lacks direct contact with

the oral environment.
We have also defined a new unit of

measurement for bone density, which was

determined using a newly developed trans-

alveolar ultrasonography (TAU) device.

We have named this unit of measurement

the cavitation-TAU unit (CTU).
The reporting of this study conforms to the

Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE)

guidelines.12

Study cohort

Two groups of patients with dental

implants made from different materials

were assessed for BIC and the osteoimmune

response of the para-implant bone area: one

group had Ti-Impl, and the comparison

group had Cer-Impl. Patients in the

Ti-Impl group were tested for possible

hypersensivity to titanium using the titani-

um stimulation test (Ti-Stim; outlined in the

“Investigative methods” section). From this

cohort, two smaller groups were selected:

one comprising patients with a positive Ti-

Stim (tumor necrosis factor [TNF]-a �
40 pg/mL; interleukin [IL]-1 � 30 pg/mL)

and another comprising those with a nega-

tive Ti-Stim (TNF-a< 40 pg/mL; IL-1

<30 pg/mL). We then compared BIC meas-

urements among the following three

groups: the Ti-Impl group with a positive

Ti-Stim, the Ti-Impl group with a negative

Ti-Stim, and the Cer-Impl group.

Inclusion and exclusion criteria. For inclusion,
patients needed to have a firmly osseointe-
grated and load-bearing Ti-Impl or Cer-
Impl of a minimum duration of 4months.
Patients were excluded if they had a loos-
ened implant, were unable to tolerate
occlusal loading because of pain, or were
using cortisone and bisphosphonates
(because of their effects on bone metabo-
lism). The use of medication to treat sys-
temic disease was not considered grounds
for exclusion.

Ethical considerations. All clinical samples
were provided by patients undergoing sur-
gical treatment at our clinic. Each patient
expressed an interest in determining wheth-
er chronic inflammation was present in the
jawbone and, if so, whether it was associat-
ed with a pre-existing chronic immune dis-
order or systemic disease. The presence of
bone marrow defects of the jaw (BMDJ)
associated with osteoimmune dysregulation
was confirmed preoperatively in each
patient using panoramic radiography,
cone beam computed tomography
(CBCT)/digital volume tomography
(DVT), and TAU examinations.
Postoperatively, local C-C motif chemokine
5 (CCL5, also known as regulated on acti-
vation, normal T-cell expressed and secret-
ed [RANTES]) expression levels were
determined using samples excised from
each patient’s jawbone. The present study
was conducted as a retrospective case–con-
trol study, and was classified as such by the
Institute for Medical Diagnostics (IMD),
Berlin, according to DIN EN 15198/DIN
EN 17025; it thus received exemption
from the need for ethical approval. All
patients provided their written informed
consent to participate in this study. The
present study was patient-centered; the
samples and data were obtained directly in
the course of routine clinical practice and
the normal medical care of the patients,
and were evaluated retrospectively.
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Institutional approval was not required to

publish case details. Patients who were

taking medication to alleviate any symp-

toms were not required to discontinue

such medication, other than those affecting

bone metabolism. All patient details have

been de-identified.
All procedures performed in this study

involving human participants were

approved by a forensically accredited insti-

tute, the IMD-Berlin, according to DIN EN

15198/DIN EN 17025. Furthermore, they

were conducted in compliance with the

Helsinki Declaration of 1975 as revised in

2013 or comparable ethical standards.

Investigative methods

The death of local para-implant bone

marrow cells leads to abnormal osteoim-

mune function, which then results in a

chronic inflammatory microenvironment

that impairs bone regeneration and repair.

The risk factors of osteonecrosis are gener-

ally multifactorial, but the etiology and

pathogenesis remain unclear.13 To describe

para-implant osteonecrotic defects and

associated bone mass loss and bone struc-

ture disintegration, as well as to analyze

osteoimmune abnormalities, we conducted

the following investigations (which have

been infrequently used, to date) both

before and after therapeutic surgical

implant removal. 1) We preoperatively

investigated potential individual systemic

immunological reactions to titanium using

the Ti-Stim.14 2) We preoperatively exam-

ined para-implant bone density using TAU

(because the radiographic imaging of bony

structures surrounding implants is currently

limited by deflection and scattering phe-

nomena). 3) We postoperatively performed

a local study of osteoimmune cytokine pro-

files using a bead-based multiplex analysis15

to control for the local dysregulation of

para-implant immune messengers with

respect to para-implant inflammatory
osteoimmune dysregulation.16

We hope that fellow researchers will repro-
duce our methodology in future studies.

Ti-Stim. Titanium has a very low allergenic
potency compared with many other metals.
This is because titanium ions are immedi-
ately oxidized after their release from
implants as a result of their high oxidation
tendency (i.e., oxidized titanium ions have
no hapten effects). Individual titanium
hypersensitivity is most commonly caused
by the excessive pro-inflammatory reactivi-
ty of macrophages. After contact with tita-
nium oxide particles, macrophages react by
releasing the pro-inflammatory cytokines
tumor necrosis factor (TNF)-a and inter-
leukin (IL)-1. The intensity of cytokine
release depends on individual genetic var-
iants (polymorphisms). The Ti-Stim
(Figure 1) was developed and validated by
IMD-Berlin (Berlin, Germany) to address
this issue. The Ti-Stim involves a blood
test to examine whether a patient’s macro-
phages produce an increased or decreased
inflammatory response (a positive or nega-
tive result, respectively) following contact
with titanium particles.14 In patients with
positive findings, macrophages in the
tissue surrounding the implantation site
are overactivated in response to released
titanium particles and induce primarily
local—but possibly also systemic—inflam-
mation.17–19

Measurement of bone density using TAU. To
overcome the diagnostic uncertainties of
conventional radiography in the measure-
ment of bone density surrounding an
implant, a TAU device has recently been
developed.20,21

Validation of TAU bone density measure-

ments. TAU measurements are based on
ultrasonic principles in which sound is
best conducted through solid material,
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more weakly conducted through aqueous

environments, and slowly conducted

through air. That is, solid structures atten-

uate ultrasound to a lesser degree than fatty

or aqueous structures. The TAU device

consists of an ultrasonic transmitter that is

placed on the skin over the specific tooth

and jaw area to be measured.

Additionally, a thumbnail-sized receiver is

placed intra-orally over the specific dental

area to be assessed. Interference-free acous-

tic coupling is achieved with a gel pad that

is placed both intra- and extra-orally

(Figure 2). Each dental area is measured

individually. The receiver has 91 piezoelectric

fields that register the trans-alveolar sound

waves, which are then converted into a col-

ored pulse via a computer unit; sound

waves of different speeds are represented

in different colors (Figure 3). The TAU

monitor displays the various structures that

are detected based on mineralization density,

using two- and three-dimensional graphic

representations of bone density.22–24

Numerical evaluation of local attenuation

coefficients using TAU. In radiography, an

algorithm is used to convert gray levels to

density measures (Hounsfield units). By

contrast, the TAU device provides an

exact numerical measurement of bone den-

sity for each jaw region within the scope of

the 10-mm receiver (usually per tooth).25

To do this, the TAU software provides a

numerical representation of the attenuation

coefficients within the measurement range

of the device. When the operator clicks on

the darkest of the 91 sensor fields of a given

measurement, the software retrieves the

data for this specific field and displays the

measured value automatically using a loga-

rithmic evaluation. The sensor fields with

the highest attenuation values measured

by TAU, indicating an area of impaired

BIC, are then shown in red or black.

Next, the TAU software calculates the log-

arithmic average of the sum of the values of

the sensor fields with the lowest density,

displayed in red, as the “Average(log)”

Figure 1. Macrophage-mediated local inflammation is promoted by titanium sensitization and tumor
necrosis factor (TNF)-a and interleukin (IL)-1b release (source: IMD-Berlin).
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Figure 3. Comparison of X-ray image (two-dimensional-panoramic radiography) and trans-alveolar
ultrasonography measurements of the same jawbone area, showing regions of varying bone density in green
(dense, inconspicuous structures) and red (low-density, conspicuous structures). In contrast to the two-
dimensional-panoramic radiography and three-dimensional digital volume tomography/cone beam computed
tomography images, the trans-alveolar ultrasonography measurements in edentulous retromolar area 38/39
indicate a region that is suspicious in terms of jaw osteolysis. This finding, shown in red, is the result of
increased attenuation of the ultrasound beam caused by fatty degeneration of the formerly dense medullary
cancellous bone. This finding may be compared with that of the area at healthy tooth 37, which indicates the
presence of solid bone structure with normal bone density (shown in green).

Figure 2. Measurement of jawbone density using a trans-alveolar ultrasonography device. Note: individual
adjustments of the measuring unit can be made in response to varied jaw conditions using specially designed
gel pads.
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(Figure 4, left panel). In the same way, the
logarithmic average of the values of the
sensor fields with the highest density,
shown in green (equivalent to reduced
attenuation caused by solid structures), is
also calculated (Figure 4, right panel). In
the following sections, the numbers for
these logarithmic averages (i.e., “Average
(log)” as displayed by TAU) are repre-
sented in CTU.

The logarithmic averaging used in TAU
means that the color change from red to
green occurs at relatively low values, (e.g.,
2); however, the value range extends to 100.
Green fields are much more important than
red fields when linear averaging. For exam-
ple, when a single green field with a value of
100 and 10 red fields with a value of 1 are
selected, the linear average results are
(100þ 10� 1)/11¼ 10, which is presented

as the color green. However, with logarith-
mic averaging, the logarithms of the values
are averaged and the exponential value is
shown; thus, log10(100)¼ 2, log10(1)¼ 0
would be the average value of the loga-
rithms, leading to (2þ 10� 0)/11¼ 0.18.
The exponential value would then be
100.18¼ 1.52, which would be displayed
as red to orange. In practice, the sensor
fields with the darkest colors in the left
black/blue scale are clicked on by
the operator.

CTU and jaw bone density. Using the
aforementioned software-guided evaluation
of bone density, we introduced a new unit
for measuring jawbone density using the
TAU device: CTU. CTU represents the
attenuation coefficient of ultrasound waves
within the cortical bone and medullary

Figure 4. Measurement of the cavitation-trans-alveolar ultrasonography (TAU) unit (CTU) via the loga-
rithmic average of the values of the sensor fields using the TAU device. The numerical representations of
TAU attenuation coefficients for diminished bone density (left panel) and dense material (right panel) are
shown. Selected sensor cells (left panel: high attenuation; right panel: low attenuation) are indicated by a
white outline. The evaluation is presented in the bottom window for a number of selected sensor cells; the
result is displayed as a logarithmic mean, which is associated with a corresponding color (left panel: red
corresponds to high attenuation; right panel: green corresponds to low attenuation). The TAU software
thus allows the mean value to be calculated over a freely selected range of the 91 piezoelectric sensors.
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cavity of the jawbone. Tables 1 and 2 present
the correlations between the color codes
used by the TAU device and the respective
CTU values, tissue consistencies, anatomical
structures, and suspected diagnoses.

Why CTU? Limitations of the radiological

assessment of inflammatory para-implant bone

environments. When investigating whether
local inflammation is present in the jaw-
bone area surrounding individual

Table 1. Green/red color code for trans-alveolar ultrasonography (TAU) and the corresponding cavitation-
TAU unit (CTU), consistency, anatomical structure, and suspected diagnosis for each color.

CTU Color Consistency Anatomy/suspected diagnosis

0.24 Gray Hollow space Error?

0.23 Dark red Dissolved/liquid Osteolysis

0.62 Light red Soft/fatty Osteonecrosis

1.18 Orange Moderately soft Osteitis

1.68 Yellow-orange Slightly soft Ischemia

1.85 Light yellow Nerve structure Inferior alveolar nerve

1.96 Light green Moderately firm Healthy spongiosa

3.98 Green Dense/solid Cortical bone/linea obliqua

Table 2. Black/blue color code for trans-alveolar ultrasonography (TAU) and the corresponding cavitation-
TAU unit (CTU), consistency, anatomical structure, and suspected diagnosis for each color.

CTU Color Consistency Anatomy/Suspected Diagnosis

0.08 Gray Hollow space Error?

0.24 Black Fatty-degenerated Osteolysis

0.37 Dark Blue Soft/fatty Osteonecrosis

0.58 Light gray Moderately soft Ischemia

4.69 Light blue, large Fatty, healthy Inferior alveolar nerve

7.16 Light blue, small Firm, less dense Healthy spongiosa

64.95 White Hard, dense Cortical bone/linea obliqua

295.1 Gold Soft tissue Oral mucosa/cheek

8 Journal of International Medical Research



Ti-Impl, the Ti-Stim fails to provide a diag-
nostically conclusive answer. However, the
assessment of potentially impaired osseoin-
tegration is also severely limited by radio-
logical constraints with respect to
implantology. The primary concern is the
presence of typical beam-hardening arti-
facts in DVT/CBCT, which are caused by
radiation deflecting off the Ti-Impl or Cer-
Impl. These artifacts cause substantial
image degradation and often misrepresent
the region of interest. They should thus be
recognized and understood—along with
normal CBCT anatomy—to enable the
accurate assessment of image volumes and
avoid inaccurate diagnoses.26 Theoretical
and experimental results have indicated
the occurrence of many beam-hardening
artifacts with a typical implant diameter.27

Artifacts are common in the currently used
CBCT, and are induced by discrepancies
between mathematical modeling and the
actual physical imaging process. Given
that artifacts may interfere with the diag-
nostic process using CBCT datasets, all
users should be aware of their presence.28

Cer-Impl generate many more artifacts
than Ti-Impl. In one study, the average
intensity of artifacts surrounding Cer-Impl
were three times greater than those sur-
rounding Ti-Impl.29 Because more- or less-
pronounced image artifacts can be present,
appearing as white or light gray bands or
lines, the bone–implant interface cannot be
accurately reconstructed. Previous studies
have emphasized the difficulties and uncer-
tainties associated with interpreting bone
structures around implants in DVT diag-
nostics.30 However, no technique has yet
been developed to visualize whether bone
or soft tissue surrounds Ti-Impl.30

Postoperative analysis of osteoimmune cytokine

profiles in impaired BIC. Cells communicate
with each other via the release of chemical

messengers or signaling molecules (i.e.,
ligands) that bind to the surface receptors
of neighboring cells. Cytokines, which func-
tion as extracellular ligands, are secreted by
a broad range of cells including immune
cells and various stromal cells. The cytokine
milieu in the extracellular space often dic-
tates the type of immune response that is
mounted by cells. Cytokines are mediators
of paracrine and intracrine cell communica-
tion within a highly complex mediator net-
work.31 Pro-inflammatory chemokines are
secreted by injured tissue and recruit mac-
rophages, neutrophils, and other immune
cells to remove harmful stimuli and regulate
the immune system.32 In the case of osteo-
necrosis, the persistence of these harmful
factors stimulates local immune cells to
continuously secrete inflammatory
factors, ultimately resulting in chronic
inflammation.33

Cytokine assessments in postoperative

samples of BMDJ. Samples with conspicuous
osteoimmunological abnormalities that
were excised during surgery were cooled
and analyzed in the laboratory to determine
their individual cytokine profiles (Figure 5).
At IMD-Berlin (inspected by Deutsche
Akkreditierungsstelle, the national accredi-
tation body of the Federal Republic of
Germany34), the samples were homogenized
by mechanical force in 200 lL of cold pro-
tease inhibitor buffer (Complete Mini
Protease Inhibitor Cocktail; Roche
Diagnostics GmbH, Penzberg, Germany).
The homogenate was then centrifuged for
15minutes at 13,400 rpm. Next, the super-
natant was collected and centrifuged for a
further 25minutes at 13,400 rpm. In the 15
supernatants of tissue homogenate, we mea-
sured CCL5, fibroblast growth factor (FGF)-
2, IL-1 receptor antagonist (ra), IL-6, IL-8,
monocyte chemotactic protein-1 (MCP1),
and TNF-a. These measurements were

Lechner et al. 9



performed using the Human Cytokine/
Chemokine Panel I (MPXHCYTO-60K;
Merck KGaA, Darmstadt, Germany)
according to the manufacturer’s instructions.
The findings were analyzed using the
LuminexVR 200TM with xPonentVR Software
(Luminex Co, Austin, TX, USA).

CCL5 overexpression in BMDJ. In previ-
ous studies, we have highlighted the character-
istic overexpression of the proinflammatory
chemokine CCL5 in BMDJ with fatty degen-
erative osteonecrosis (FDOJ).35,36 The overex-
pression of this single chemokine appears to be
unique to the jawbone. In the current study,
we also used the chemokine CCL5 as an
immune marker for areas of the jaw with
osteonecrotic changes. The panel shown in
Figure 5 presents the cytokine analysis of 15
BMDJ samples from patients with chronic
facial pain/neuralgia. This panel illustrates
the cryptic inflammatory process that
occurs in cases of BMDJ without any clas-
sic signs of inflammation (i.e., the

overexpression of a single chemokine,

CCL5). The absence of excessive levels of

the inflammatory cytokines TNF-a and

IL-6 may explain the lack of acute para-

implant pain episodes, meaning that the

affected individual is unaware of the chron-

ic inflammatory process.

Definitions of osseointegration

Successful osseointegration according to

Albrektsson et al. Osseointegration was dis-

covered in 196237 and was originally

defined as direct contact between an

implant surface and bone. Today, osseoin-

tegration is used to encompass a foreign

body reaction in which bone is formed to

protect tissue from the foreign material (i.e.,

the implant).30 In recent decades, there has

been a paradigm shift in which the notion

of implants as inert biomaterials has been

replaced by the view that such foreign

bodies induce immunomodulatory interac-

tions with the host.38 Wennerberg and

Figure 5. Analysis of seven cytokines in bone marrow defects of the jaw (BMDJ) in a cohort of patients
with chronic facial pain/neuralgia (n¼ 15) compared with healthy jawbones (JB). Blue columns show the
median cytokine expression values in healthy JBs; red columns show the median cytokine expression values
in the 15 BMDJ samples. The image inside the graph shows a sample of fatty degeneration in the jawbone
found in a BMDJ from one patient in the cohort. CCL, C-C motif chemokine; FGF, fibroblast growth factor;
IL, interleukin; MCP, monocyte chemotactic protein; TNF, tumor necrosis factor.
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Albrektsson described the pathomechanism

of para-implant osseointegration as an immu-

nomodulatory interaction with the implanted

foreign material.7 Osseointegration appears

to be an immunologically and

inflammatory-driven process with the goal

of shielding the foreign material placed in

the body; bone cells form and remodel

hydroxyl apatite. The biological microenvi-

ronment surrounding the implant enables

osteogenic cells to bind to its surface and

secrete biomolecules that promote early

bone formation.39 Micro-roughness—a term

used to describe a specific implant surface

topography—has been reported to have a

positive effect on metabolic activity40 and

increase para-implant osteogenesis in

vivo.41 The new bone formation processes

increase the possibility of contact osteogen-

esis with a “specific cell differentiation

pattern.”42,43 According to other

authors,44,45 osteogenesis results from the

coupling activity between osteoblasts and

osteoclasts. From an immunological per-

spective, osseointegration is considered a

healing mechanism that controls the inter-

actions between an implant and a bone bed.

In summary, osseointegration is defined as

a time-dependent healing process whereby

the clinically asymptomatic rigid fixation

of alloplastic materials is achieved and

maintained in bone during functional

loading.46,47 Its histological appearance

resembles functional ankylosis with no

intervention of fibrous or connective tissue

between the bone and the implant surface.6

Figure 6 presents the contrast between ideal

osseointegration in theory6 and the clinical

reality of partially failed osseointegration.

Partially failed osseointegration. The ideal of a

completely osseointegrated and fully load-

able implant gives rise to the following ques-

tion: is para-implant osteogenesis always

completely developed? Alternatively, does

the physiological foreign body reaction that

is characteristic of osseointegration ultimate-

ly result in failed osseointegration, at least

partially? (See examples in Figures 6, 7,

and 8.) Furthermore, is the clinical picture

complicated by so-called “silent” inflamma-

tion that follows as a secondary event? These

questions do not focus on cases of premature

implant loss caused by obvious mechanical

failure, but on the much less noticeable pro-

cess of a transition from successful ankylosis

to osteoimmune pathology with important

local and systemic sequelae. Long-term

Figure 6. Contrast between theoretical ideal osseointegration and the clinical reality of partially failed
osseointegration. Left panel: complete ankylosis surrounding a titanium dental implant (by permission of
T. Albrektsson).6 Right panel: osteoimmune pathology adjacent to an implant, resulting in partially failed
osseointegration.
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Figure 7. Postoperative and trans-alveolar ultrasonography (TAU) images from of an excised implant. Left
image: immediate postoperative image of the excised implant, showing attached tissue that is characteristic
of bone marrow defects of the jaw/fatty degeneration in the jawbone. Upper right image: corresponding
TAU image showing the solid area of the implant in green in two dimensions (represented by the outlined
region), and the adjacent area of osteolysis in the para-implant bed in red. Lower right image: three-
dimensional representation of the osteolytic region surrounding the implant (shown in red) and the clearly
delineated area of the implant (outlined in white).

Figure 8. Left panel: numerical evaluation of the trans-alveolar ultrasonography (TAU) measurement of
bone density in area 16 (in cavitation-TAU units [CTU]). Right panel: postoperative multiplex analysis of local
C-C motif chemokine 5 (CCL5) overexpression in the para-implant alveolar bone, as measured in the TAU
image shown on the left. This analysis revealed an approximately 30-fold overexpression of CCL5 (3475 pg/
mL versus the normal value of 149.9 pg/mL). FDOJ, fatty degeneration in the jawbone; Norm, normal; Impl,
implantation.
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osteoimmune success depends on a foreign

body equilibrium that, if disturbed, may lead

to impaired function of the implant. This

occurs through a breakdown process, result-

ing in bone resorption because cells—such as

osteoclasts of various origins and possibly

even macrophages—degrade more bone

than is formed via osteoblastic activity.48

In summary, the osseointegration of long-

term implants is often incomplete, with

gaps remaining between the implant surface

and surrounding hard tissue, thus resulting

in impaired healing and incomplete

osseointegration.49

Statistical analysis

Quantitative data were analyzed using

descriptive statistics, which were calculated

using IBM SPSS Statistics for Windows,

version 19 (IBM Corp., Armonk, NY,

USA). The median and mean values and

data distribution were calculated.

Differences between cohorts were analyzed

using Student’s t-test, Spearman’s rho, or

Mann–Whitney U-test. The two-sided

unpaired t-test was used to determine dif-

ferences within groups, and Spearman’s

coefficient was used to analyze correlations

among the cytokine profile analyses. The

significance level was set at P< 0.05.

Clinical examples illustrating the

main research questions

The following case reports from our clinic,

which include the diagnostic protocols used

in each case, further illustrate the main

questions addressed in the present study.

These examples demonstrate our multi-

layered investigative approach into the

impaired implant osseointegration and gap

formation that are associated with osteoim-

mune dysregulation.

Para-implantitis in Case 1: Ti-Impl and
intraosseous inflammation

A 57-year-old woman with an implant of 7
years of duration presented with migraine
on the right side only, as well as atypical
facial pain—present since her implant
placement—in the right upper jaw only.
On the basis of an integrated diagnosis
and the patient’s pain symptoms, the
implant was surgically removed.

Radiography and measurement of bone density

using TAU. Preoperatively, two radiographic
studies (orthopantomography [OPG] and
CBCT) and an additional TAU measure-
ment of the para-implant alveolar bone
were performed. Both radiographs showed
inconspicuous structures and allowed for
no further assessment of alveolar bone den-
sity, particularly because of artifacts present
in the CBCT images (Figure 9). Figure 7
shows an immediately postoperative image
of the removed implant, with regions of
BMDJ/FDOJ attached to the implant that
were associated with partially failed osseoin-
tegration. The corresponding area of reduced
bone density surrounding the implant is
shown in the TAU image in red, and indi-
cates the presence of BMDJ/FDOJ.

Preoperative Ti-Stim. The result of the preoper-
ative Ti-Stim performed in Case 1 was clearly
positive, with 323pg/mL of IL-1 (<30.0pg/
mL) and 263pg/mL of TNF-a (<40.0pg/mL).

Numerical evaluation of TAU measurement of

bone density in CTU. Numerical scaling for
TAU is necessary to provide an objective
representation of bone density. By selecting
the darkest red- or black-/blue-colored
sensor fields of the jaw region under inves-
tigation (in this case, the Ti-Impl site in area
16), the TAU device creates a logarithmic
average (log) of the attenuation intensity, as
shown in the left panel of Figure 8. In Case
1, this value was 0.40 CTU, which falls
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within the range of values in CTU for areas

of FDOJ in BMDJ.

Postoperative analysis of the osteoimmune

cytokine profile. The osteoimmune cytokine

profile was analyzed using multiplex

analysis for CCL5 expression in the alveo-

lar jawbone surrounding the Ti-Impl. The

postoperative CCL5 analysis from the

osteolytic alveolar bone surrounding the

Ti-Impl (area 16) revealed approximately

30-fold overexpression of CCL5 (3475 pg/

mL) compared with normal values

(149.9 pg/mL) (Figure 5).16,35,36

Postoperative histology. In addition to CCL5

overexpression, histological examination

confirmed the existence of FDOJ; in partic-

ular, the “formation of oil cysts” was noted

in the osteolytic medullary region. The his-

topathological report for the BMDJ sample

of Case 1 stated: “Sample excised from area

16: Medullary tissue . . .with exclusively

fatty marrow; this displays necrobiotic

changes and mucinous degeneration zones

as well as small so-called oil cyst formations.

Lastly, also small fibrotic zones, generally

consistent with changes in the context of

fatty-degenerative osteolysis of the jawbone.”

Case 1 conclusions. Case 1 presented a prob-

lem that is widely unknown; although two-

and three-dimensional radiography allowed

for only a limited assessment of the para-

implant alveolar bone, TAU imaging indi-

cated severely reduced bone density (in red).

After the implant was removed, osteonecro-

sis in the corresponding jawbone area

was noted as fatty degeneration of the med-

ullary cavity. CCL5 overexpression and his-

tological examination confirmed the

presence of silent inflammatory osteonecro-

sis that was preoperatively indicated using

TAU, with a CTU value of only 0.40. The

cryptic bone degeneration surrounding the

implant was considered a pathological

immune process and was therefore clinically

removed to improve the patient’s health.

Figure 9. Comparison of different imaging modalities. Upper left image: orthopantomogram showing
completely inconspicuous bone surrounding the implant at area 16. Right image: the degree of mineralization
of the para-implant bone environment, as shown in this cone beam computed tomography image, is
impossible to assess; in particular, flare artifacts (visible as bright streaks) prevent a detailed analysis. Lower
left image: the corresponding trans-alveolar ultrasonography measurement of bone density in this area
indicates the conspicuous region surrounding the titanium dental implant at area 16 (in red), representing
reduced mineralization density.
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Para-implantitis in Case 2: Cer-Impl and

intraosseous inflammation

Case 2 had an implant of 9 months of dura-

tion at the site of a prior root canal-treated

tooth (#14); the implant was well osseointe-

grated and prosthetically restored. However,

the patient reported chronic pain in the right

maxilla for the previous 6 months. Based on

an integrated diagnosis and the patient’s

pain symptoms, the implant was surgically

removed.

Radiography and measurement of bone density

using TAU. Preoperatively, two-dimensional

OPG, three-dimensional CBCT, and an

additional TAU measurement of the

para-implant alveolar bone were performed

in Case 2. Both the OPG and CBCT

showed inconspicuous structures and

allowed for no further assessment of alveo-

lar bone density, in particular because of

artifacts present in the CBCT images

(Figure 10).

Numerical evaluation of TAU measurement of

bone density in CTU. By selecting the darkest

red- or black-/blue-colored sensor fields of

the Cer-Impl site at area 14, a logarithmic

average of the attenuation intensity was gen-

erated (Figure 11, left panel). In Case 2, this

value was 0.58 CTU, which falls within the

normal range of values in CTU for FDOJ in

BMDJ (Figure 11, right panel).

Figure 10. Comparison of two- (middle image) and three-dimensional radiographic images of the ceramic
implant in area 14 of Case 2, showing the frontal (left image) and sagittal (right image) views in cone beam
computed tomography (CBCT). The orthopantomogram (OPG) was unremarkable and the CBCT images
were unable to be interpreted because of the presence of artifacts. Lower image: measurements of bone
density with trans-alveolar ultrasonography (TAU) in areas 15, 14, and 13 (left to right, respectively).
Although the alveolar bone density surrounding healthy teeth 13 and 15 is shown in green, indicating normal
bone metabolism, the interdental space between tooth #15 and the distal side of the adjacent ceramic
implant is shown in red, indicating osteolysis. Implantat, implantation site.
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Postoperative analysis of the osteoimmune

cytokine profile. The postoperative osteoim-

mune cytokine profile was analyzed using

multiplex analysis for CCL5 expression in

the alveolar jawbone surrounding the Cer-

Impl (area 14). There was almost 100-fold

overexpression of proinflammatory CCL5

(13,350 pg/mL) compared with normal

values (149.9 pg/mL) (Figure 12, right

panel).

Postoperative histology. The postoperative

histological findings also described the

presence of pathology at area 14:

Figure 12. Distribution of titanium stimulation test (Ti-Stim) results for 894 patients, each with a clinically
firm, osseointegrated titanium dental implant. Negative Ti-Stim: 710 patients; positive Ti-Stim: 184 patients,
including cytokine expression of interleukin (IL)-1 and tumor necrosis factor (TNF)-a in each group.

Figure 11. Evaluation of the cavitation-trans-alveolar ultrasonography (TAU) unit (CTU) surrounding area
14. Left panel: numerical evaluation of the TAU measurement of bone density in CTU. Right panel: post-
operative C-C motif chemokine 5 (CCL5) analysis of osteolytic alveolar bone at ceramic dental implant
(Cer-Impl) 14, revealing an almost 100-fold overexpression of proinflammatory CCL5 (13,350 pg/mL versus
the normal value of 149.9 pg/mL). FDOJ, fatty degeneration in the jawbone; Norm, normal.
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“Sample excised from the oral cavity (area
14) with scarring, with band-like chronic and
florid inflammation. Small foci of inflamma-
tion in the stratified epithelia is also seen.
From a morphological point of view, this
could conceivably be a radicular cyst.”

Case 2 conclusions. The deflection artifacts
present in two- and three-dimensional
radiographic imaging caused by the Cer-
Impl allowed for only the limited assess-
ment of the para-implant bone. In contrast,
TAU imaging revealed severely diminished
bone density distal from the Cer-Impl, at
area 14 (in red). Following implant remov-
al, we analyzed the cytokines in tissue
excised from the para-implant region; our
findings were characteristic of fatty degen-
eration of the bone and there was very high
proinflammatory CCL5 expression. A his-
tological assessment confirmed the dis-
rupted bone metabolism that was
indicated by TAU (with a CTU value of
only 0.58). The cryptic inflammatory pro-
cess surrounding the implant in area 14 was
considered a pathological immune process
and was therefore clinically removed to
improve the patient’s health.

Results

Ti-Stim in the Ti-Impl group

We performed Ti-Stim in 894 patients (342
male patients/552 female patients) between
January 2010 and September 2022.
The mean age of the patients in each
group was as follows: total Ti-Stim group,
63.24� 0.404 years; total positive Ti-Stim
group, 61.74� 0.353 years; total negative
Ti-Stim group, 64.64� 0.455 years. These
patients sought the clarification and allevi-
ation of issues via dental treatment. The
Ti-Stim was used to examine possible sys-
temic exposure to titanium with adverse
osteoimmunological effects. In each case,
there was no acute inflammatory peri-

implantitis and no loosening of (or occlusal

discomfort from) the Ti-Impl. The Ti-Stim

results for the 894 patients were as follows:

negative Ti-Stim, 710 patients (79.26%) and

positive Ti-Stim, 184 patients (20.74%). In

the positive Ti-Stim group, mean cytokine

expression was as follows: TNF-a, 100.5�
217.91 pg/mL and IL-1, 85.40� 189.78 pg/

mL. In the negative Ti-Stim group,

mean cytokine expression was as follows:

TNF-a, 11.57� 8.13pg/mL and IL-1, 7.76�
6.63pg/mL. These results are presented in

Figure 12.

CTU values in the Ti-Impl cohort with

positive or negative Ti-Stim

Within the negative Ti-stim group of 708

patients, we randomly chose and examined

19 patients (6 male patients/13 female

patients; mean age, 65.05� 10.227 years)

to obtain the CTU for a single Ti-Impl in

each patient, to determine the CTU that

indicated reduced osseointegration and pos-

sible associated osteoimmune dysregula-

tion. Within the group of 184 subjects

with a positive Ti-Stim, we randomly

chose and examined 18 patients (6 male

patients/12 female patients; mean age,

61.67� 11.675 years) to determine the

CTU for a single Ti-Impl in each patient.

Figure 13 shows a comparison of the CTU

values from both groups, with a small

advantage for the Ti-Stim negative group.

CTU values for bone density in the

Cer-Impl and Ti-Impl groups

In the Cer-Impl group (mean age: 57.28�
0.969 years) bone density (in CTU) was mea-

sured using TAU in 37 patients (5 male

patients/32 female patients). This measure-

ment was taken at a firm, osseointegrated,

and load-bearing Cer-Impl in each case. The

results are presented in Figure 14. The median

bone density value of the Cer-Impl group was
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1.59 CTU, whereas the median value of all 37
Ti-Impl patients was 0.69 CTU.

CTU values for bone density in the
Cer-Impl group and Ti-Impl groups with
positive and negative Ti-Stim

The Cer-Impl group had significantly higher
values than the positive Ti-Stim group for the
dependent variable (median 1.44 vs. 0.54
CTU, respectively; Mann–Whitney U-test,
U¼ 107.5, P< 0.001, r¼ 0.55). The Cer-
Impl group also had significantly higher
values than the negative Ti-Stim group for
the dependent variable (median 1.44 vs. 0.67
CTU, respectively; Mann–Whitney U-test,
U¼ 140, P< 0.001, r¼ 0.49).

Figure 15 shows the distribution of CTU
values in the positive and negative Ti-Stim
groups, the combined Ti-Impl cohort, and
the Cer-Impl group. The Cer-Impl group
had significantly higher BIC than all of
the Ti-Impl groups (1.59 vs. 0.69 CTU,
respectively). By contrast, there were no

significant differences in bone density

between the Ti-Impl groups.

Postoperative evaluation of CCL5

expression in Ti-Impl groups with

positive or negative Ti-Stim

In patients with a positive Ti-Stim, a CTU

value< 1.0, and/or chronic pain symptoms

documented in the patient’s medical histo-

ry, we considered that there was a medical

indication for Ti-Impl removal. After Ti-

Impl removal from 19 patients in the posi-

tive Ti-Stim group and 18 patients in the

negative Ti-Stim group, we examined

CCL5 expression in the para-implant

BMDJ with fatty degenerative changes.

Figure 16 displays the distribution of

CCL5 expression in both the positive and

negative Ti-Stim groups, with a slight

reduction in the negative Ti-Stim group.

We identified no relevant medical indica-

tions for Cer-Impl removal except in one

Figure 13. Mean, standard deviation, and variance of cavitation-trans-alveolar ultrasonography (TAU) unit
(CTU) values in the positive and negative titanium stimulation test (Ti-Stim) groups. As determined by TAU,
the CTU mean value was 0.66 CTU for the positive Ti-Stim group and 0.72 CTU for the negative Ti-Stim
group; these values were not significantly different. Similarly, although the positive Ti-Stim group appeared to
have lower values (median¼ 0.54) than the negative Ti-Stim group (median¼ 0.67) for the dependent
variable, this difference was not significant (U¼ 162.5, r¼ 0.04; Mann–Whitney U-test).
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Figure 14. Comparisons of cavitation-trans-alveolar ultrasonography (TAU) unit (CTU) findings among the
groups. Left panel: table showing the CTU mean, standard deviation, and variance values of the groups with
ceramic (Cer-Impl; left column) and titanium (Ti-Impl; right column) dental implants. The mean CTU value
(MV), as determined using TAU, was higher in the Cer-Impl group (1.59 CTU) than in the Ti-Impl group
(0.69 CTU) with respect to the dependent variable (U¼ 247.5, P< 0.001, r¼ 0.55; Mann–Whitney U-test).
Right panel: graphical display of the information showing that the Cer-Impl group had higher values for the
dependent variable (median¼ 1.44) than the titanium stimulation test (Ti-Stim) group (median¼ 0.61).

Figure 15. Median cavitation-trans-alveolar ultrasonography (TAU) unit (CTU) values of the four groups.
The considerably higher CTU value of the ceramic dental implant (Cer-Impl) group indicates significantly
increased para-implant bone density in this group compared with the titanium dental implant (Ti-Impl)
groups. There was a significantly decreased CTU value, and a corresponding reduction in bone-to-implant
contact and osseointegration, in the total Ti-Impl cohort (right column) compared with the Cer-Impl group
(left column). Ti-Stim, titanium stimulation test.
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patient, who was documented as Case 2 in

the present report.

CTU values in the positive Ti-Stim group

versus the negative Ti-Stim group in the

logarithmic ratio

The linear comparison of bone density in

titanium-sensitized (0.66 CTU) versus non-

titanium-sensitized (0.72 CTU) patients

was calculated as follows: 100.66:100.72¼
100.66–0.72¼ 10�0.06¼ 0.87. The logarithmic

reciprocal calculation was as follows: 100.72:

100.6¼ 100.06¼ 1.48
The logarithmic bone density CTU sur-

rounding the Ti-Impl in titanium-sensitized

patients was thus reduced by a factor of

1.48 relative to non-titanium-sensitized

patients.

CTU values in the Cer-Impl group

versus the total Ti-Impl cohort in

the logarithmic ratio

The linear comparison of bone density

between Ti-Impl (0.69 CTU) and Cer-Impl

(1.59 CTU) patients was as follows:

100.69:101.59¼ 10�0.90¼ 0.125. The logarith-

mic reciprocal calculation was as follows:

101.59:100.69¼ 100.90¼ 7.94.

The calculated logarithmic bone density

CTU was thus 7.94 times greater surrounding

the Cer-Impl than surrounding the Ti-Impl.

CTU values of all groups compared with

the threshold value for a healthy jawbone

In the present study, we defined the

color code of TAU attenuation with corre-

sponding CTU values. Given the logarith-

mic nature of ultrasound attenuation, these

values are subject to a wide range of varia-

tion. However, from a threshold value of

1.98 CTU and higher, corresponding para-

implant bone densities indicate an immuno-

logically healthy BIC. Figure 17 compares

the CTU values in the para-implant regions

surrounding Ti-Impl and Cer-Impl in our

study cohort with the lowest threshold

value for healthy bone density (1.98 CTU).

CTU values of Ti-Impl compared with the thresh-

old value for healthy jawbone in logarithmic ratio.

The linear comparison of bone density in

the Ti-Impl group (0.69 CTU) versus

normal bone density (1.98 CTU) was as fol-

lows: 100.69:101.98¼ 100.69–1.98¼ 10�1,29¼
0.051. The logarithmic reciprocal calcula-

tion was as follows: 101.98:100.69¼
101.29¼ 19.49

Figure 16. Distribution of C-C motif chemokine 5 (CCL5) expression in the positive and negative titanium
stimulation test (Ti-Stim) groups, showing a slight, but non-significant, reduction in the negative Ti-Stim
group (U¼ 165.5, r¼ 0.03; Mann–Whitney U-test).
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The calculated logarithmic bone density
CTU surrounding the Ti-Impl was thus
reduced by a factor of 19.49 compared
with the normal medullary jawbone.

CTU values of Cer-Impl compared with the thresh-

old value for healthy jawbone in logarithmic ratio.

The linear comparison of bone density in
the Cer-Impl group (1.59 CTU) versus
normal bone density (1.98 CTU) was as fol-
lows: 101.59:101.98¼ 10�0.39¼ 0.407. The
logarithmic reciprocal calculation was as
follows: 101.98:101.59¼ 100.39¼ 2.45

The calculated logarithmic bone density
CTU surrounding the Cer-Impl was thus
reduced by a factor of 2.45 compared with
the normal medullary jawbone.

Discussion

CTU values in the positive Ti-Stim group
versus the negative Ti-Stim group

The CTU values of the two Ti-Stim groups
varied only slightly; the positive Ti-Stim
group, with CTU values approximately
5% lower than those in the negative Ti-

Stim group, also appeared to have
decreased BIC (although these findings
were not significant). That is, there were
likely reduced CTU values, and hence also
decreased BIC and osseointegration, in the
positive Ti-Stim group. This finding is con-
sistent with previous studies that have
reported an increased risk of Ti-Impl failure
in patients with positive Ti-Stim.50–52 The
clinical relevance of these titanium poly-
morphisms (i.e., possible hypersensivity to
titanium, see the Investigative methods sec-
tion) is supported by reports that patients
with high responder polymorphisms are at
increased risk for titanium-associated
inflammation and are susceptible to peri-
prosthetic bone loss as the degree of inflam-
mation increases.50–52

CTU values in the Cer-Impl group versus
the total Ti-Impl cohort

The BIC of the Cer-Impl group (median
1.59 CTU) was more than twice that of
the total Ti-Impl cohort (median 0.69
CTU), indicating that bone density was
more than 100% greater in the Cer-Impl

Figure 17. Graph comparing the cavitation-trans-alveolar ultrasonography (TAU) unit (CTU) values of the
ceramic dental implant (Cer-Impl) group (left column) and titanium dental implant (Ti-Impl) cohort (right
column) to the lowest threshold value for healthy bone density of 1.98 CTU (middle column). The Cer-Impl
group had significantly higher values for the dependent variable (median¼ 1.44) than the positive Ti Stim
group (median¼ 0.54 CTU; U¼ 107.5, P< 0.001, r¼ 0.55; Mann–Whitney U-test).
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group. Together, our findings indicate a

greater decrease in BIC and osseointegra-

tion in the positive Ti-Stim group than in

the Cer-Impl group.

CCL5 expression in Ti-Impl groups

Previous research has indicated a tendency

of patients with Ti-Impl to develop para-

implant BMDJ, which has an impact on

the local overexpression of CCL5,46 with

a median value of 2913 pg/mL; this finding

is approximately equal to that of both Ti-

Stim groups in the present study. Although

the negative Ti-Stim group appeared to

have less inflammatory reduction in BIC

than the positive Ti-Stim group, this differ-

ence was not significant. Overall, however,

CCL5 expression was approximately 20-

fold higher in the Ti-Impl cohort compared

with normal expression (149.9pg/mL). This

chronic proinflammatory CCL5 overexpres-

sion seemed to occur more frequently with

Ti-Impl, independent of the Ti-Stim result.
The importance of CCL5 signaling in

chronic immune diseases has been exten-

sively discussed in the literature.53–57 Cases

of BMDJ caused by fatty degeneration of

the alveolar bone can function as chronic

sources of proinflammatory CCL5 signal-

ing, and have been documented in previous

studies.58–60

Bone quality before implant insertion:

risk assessments

Our comparison of the CTU threshold

value for a healthy jawbone versus the

CTU values for the regions surrounding

Ti-Impl and Cer-Impl suggest that incom-

plete osseointegration occurs in both

implant groups, regardless of the choice of

implant material. Moreover, although

physiologically unfavorable para-implant

BMDJ occurred in both implant groups,
the CTU values indicated a significantly

lower BMDJ incidence in patients with

Cer-Impl than in those with Ti-Impl.
Given that impaired BIC (which is associ-
ated with osteoimmune dysregulation) also
occurs with Cer-Impl, the metabolic and
inflammatory status of the implant site
prior to implantation likely plays a pivotal
role in implant osseointegration. Together,
our data indicate that the evaluation of pre-
implant bone quality may be a key factor in
achieving complete osseointegration. It is
thus recommended that the bone quality
of the implant site is assessed prior to
implant placement using the more informa-
tive TAU method, to assess the risk of poor
osseointegration and avoid adverse
osteoimmunological outcomes. However,
because pre-implant measurements of
bone quality were unavailable for the
implants investigated in the present study,
our data does not provide any conclusions
in this respect.

Summary

The research presented herein illustrates the
transition from the disturbed physiology of
a foreign body reaction of osseointegration
into the pathology of silent chronic inflam-
mation in dental implantology. The current
study thus draws attention to a potential
local cryptic process with possible systemic
effects, in which incomplete BIC interacts
osteoimmunologically via proinflammatory
chemokines (CCL5). This cryptic process
necessitates a broader perspective that takes
into account the following considerations:

• The Ti-Stim is an important step toward
the detection of possible chronic immune
dysregulation caused by Ti-Impl.
However, the proportion of individuals
that this applies to—even those in a
state of severe immune dysregulation—
is only approximately 20%. To avoid
the mistaken retention of Ti-Impl solely
on the basis of a negative Ti-Stim, a
more refined diagnosis may be possible
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via bone density measurement using a
TAU device and appropriate CTU
staging.

• CCL5 overexpression, with possible sys-
temic effects as a result of released tita-
nium particles,48 is amplified by chronic
osteoimmunological stimulation in areas
of impaired BIC.

• In the present study, TAU was used to
visualize this hidden pathology in 37
patients with Ti-Impl to measure the
density of the surrounding bone, which
showed decreased CTU values. The stag-
ing of reduced bone density using objec-
tive criteria such as CTU—especially for
the BIC area of existing implants—and
associated evidence of chronic inflamma-
tion (i.e., reduced CTU values) provide a
strong indication for the removal of sus-
picious implants.

• The TAU device facilitates the evalua-
tion of bone quality prior to implant
placement. Given that the use of Cer-
Impl does not necessarily rule out poten-
tially impaired BIC and increased
osteoimmune risks, the use of TAU
before implantation (to determine alveo-
lar bone metabolism) is important to
ensure a successful outcome.

• The correlation between laboratory
values of CCL5 overexpression and corre-
sponding CTU values precludes a funda-
mental error with respect to measurements
made using the newly introduced TAU
device and the staging of reduced bone
density by reference to CTU.

• Consistent with our findings of relatively
reduced BIC surrounding Ti-Impl,
researchers have reported obligate bone
marrow edema in jaws adjacent to dental
implants.61 In this previous study, the
magnetic resonance imaging signal inten-
sity in the bone marrow areas of jaws
with dental implants was significantly
higher than in those without dental
implants. Notably, this study also
reported that bone marrow edema was

observed in magnetic resonance imaging
despite a lack of clinically abnormal find-
ings, and that bone marrow edema was
associated with dental implants.

• The tension between immunological con-
siderations, which tend to be underval-
ued, and the emphasis on mechanical
success in dental implantology are often
unappreciated. It is critical that the
apparently successful placement of a
firmly fixed implant is evaluated in light
of immunologically relevant criteria.
From this perspective, the present study
presents three practical, scientifically val-
idated, and easy-to-perform methods of
investigation: blood testing to determine
titanium sensitivity, CCL5 analyses, and
the use of a newly developed TAU device
to supplement radiographic imaging
studies.

Study limitations

Relatively little data were obtained in the
present study, and our selection of the mea-
sured alveolar implant environments was
relatively arbitrary. This meant that we
were unable draw strong conclusions
regarding the objectives of this study.
Therefore, the TAU ultrasound method
for evaluating BMDJ and the CTU scaling
method presented here remain under scien-
tific investigation.

Conclusions

The aim of the present study was to evalu-
ate BIC using diagnostic criteria and stag-
ing systems that are not currently used in
clinical practice. In addition, we explored
methods that may enhance diagnostic effi-
ciency and the assessment of impaired BIC
as well as potential osteoimmune dysregu-
lation with possible systemic sequelae. Firm
implant attachment, marginal mucositis,
and peri-implantitis are readily amenable
to diagnostic evaluation. However, this is
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not the case for the osteoimmune processes
in the concealed area of para-implant
osseointegration. To our knowledge, we
are the first to demonstrate the following.
First, hitherto-neglected reduced BIC and
partially failed osseointegration was able
to be detected by measuring the para-
implant bone density with TAU. Second,
measurements using TAU for Cer-Impl
(using CTU values) were higher than
those for Ti-Impl. Patients with Cer-Impl
showed significantly improved long-term
osseointegration compared with those with
Ti-Impl. Third, the use of Cer-Impl instead
of Ti-Impl does not fundamentally exclude
the possibility of impaired osseointegration.
Fourth, implantation in the osteoimmuno-
logically uncompromised alveolar bone (as
assessed using TAU) appears to be a key
factor for the successful osseointegration
and long-term osteoimmune sustainability
of dental implants. Finally, our analyses
of areas of incomplete BIC showed local
overexpression of a single chemokine,
CCL5, which may have systemic sequelae;
for example, systemic inflammatory disor-
der.16 Together, our findings suggest that
the evaluation of bone density and bone
metabolism in the selected alveolar region
should be performed using TAU prior to
dental implant placement, irrespective of
the choice of implant material.

To our knowledge, this research adds a
new diagnostic approach in view of the
immunomodulatory effects of biomaterials
that come into direct contact with body tis-
sues. There are likely further complex
mechanisms in dental implantology that
have not yet been fully appreciated, given
that osseointegration involves a continuous
and dynamic host defense reaction.62 The
results of our combined diagnostic (Ti-
Stim and CTU) and pathogenetic (CCL5)
findings support the consistent use of Cer-
Impl. Additional clinical and multicenter
studies, particularly with respect to the sta-
bility of the assessed implants, are necessary

to further validate the methods and state-

ments presented in our study.
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