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Introduction: The presently used impulse echo ultrasound examination is not suitable to
provide relevant and reliable information about the jawbone, because ultrasound (US) almost
completely reflects from the hard cortical jawbone. At the same time, “focal osteoporotic
bone marrow defects” (BoneMarrowDefects = BMD) in jawbone are the subject of scientific
presentations and discussions.

Purpose: Can a newly developed trans-alveolar ultrasonic sonography (TAU-n) device
locate and ascertain BMD?

Patients and Methods: TAU-n consists of a two-part handpiece with an extraoral ultra-
sound transmitter and an intraoral ultrasound receiver. The TAU-n computer display shows
the different jawbone densities with corresponding colour coding. The changes in jawbone
density are also displayed numerically. The validation of TAU-n readings: A usual ortho-
pantomogram (2D-OPG) on its own is not suitable for unequivocally determining jawbone
density and has to be excluded from this validation. For validation, a 3D-digital volume
tomogram/cone beam computer tomogram (DVT/CBCT) with the capacity to measure
Hounsfield units (HU) and a TAU-n are used to determine the presence of preoperative
BMD in 82 patient cases. Postoperatively, histology samples and multiplex analysis of
RANTES/CCLS (R/C) expression derived from surgically cleaned BMD areas are evaluated.
Results: In all 82 bone samples, DVT-HU, TAU-n values and R/C expressions show the
presence of BMD with chronic inflammatory character. However, five histology samples
showed no evidence of BMD. All four evaluation criteria (DVT-HU, TAU-n, R/C, histology)
confirm the presence of BMD in each of the 82 samples.

Conclusion: The TAU-n method almost completely matches the diagnostic reliability of the
other methods. The newly developed TAU-n scanner is a reliable and radiation-free option to
detect BMD.

Keywords: trans-alveolar ultrasonography, cone beam computed tomography, RANTES/
CCLS, Hounsfield units, cavitational osteonecrosis of jawbone

Introduction

In medicine, impulse echo ultrasound is generally used for all kinds of tissue imaging.
In principle, body structure images are generated by analyzing the reflection of ultra-
sound waves. In a recent systematic review and meta-analysis, the possible use of
ultrasonography for evaluating masseter muscles in orthodontic or functional orthope-
dic treatment was published." However, this method is not suitable to provide
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medically relevant information about the status of jawbone,
because ultrasound is almost completely reflected at the
border between bone and soft tissue. In particular, the can-
cellous part of the jawbone cannot be examined with a
commonly used ultrasound. Therefore, ultrasound is only of
limited use in dentistry despite “focal osteoporotic bone
marrow defects (BMD)” being the subject of scientific papers
and discussion.”> Why is their detection necessary for den-
tists and doctors alike? The condition of the cancellous
jawbone can be of great clinical importance. Bouquot has
proven that cancellous bone can be largely degenerated. A
phenomenon he calls “aseptic ischemic osteonecrosis of
jawbone” (AIOJ), which leads to “cavitations”. He relates
this osteonecrosis of the jawbone to neuralgic pain and
defines a disease called “neuralgia inducing cavitation osteo-
necrosis (NICO).” For the first time, the authors recommend
the use of an ultrasound device” to detect these lesions. With
respect to the conspicuous morphology, we proposed the
term  “fatty-degenerative  osteonecrosis/osteolysis  of
jawbone” (FDOYJ) for this cavitational osteonecrosis,”’ addi-
tionally to the term of AIOJ. According to publications by
Al-Nawas, the status of the cancellous jawbone is of utmost
importance for the success of dental implants.g’9 A major
problem, however, is that jawbone with BMD/AIOJ/FDOJ

often appears without abnormal findings in x-rays.'’

Objectives and Questions

This paper presents the latest diagnostic possibilities to mea-
sure jawbone density with a new device used in dentistry for
trans-alveolar ultrasound sonography (TAU). The new
equipment TAU-n calls for clarification whether the mea-
sured TAU-n values are reliable and if they correctly reflect
clinical states of focal bone marrow defects (AIOJ/BMD/
FDO)J). Is TAU-n outcome prediction performance enough?

Materials and Methods
A New Trans-Alveolar Ultrasonography

Device

To overcome the previously mentioned challenges, a differ-
ent approach was necessary. Using innovative trans-alveolar
ultrasonic pulses (TAU), the newly developed TAU-n is
capable of detecting and locating these cavitations up to the
fatty-degenerative dissolution of the medullary trabecular
structures in jawbone. The TAU-n device generates an ultra-
sonic pulse and guides the pulse through the entire jawbone.
The pulse is then recorded and measured by an ultrasound
receiver. This pulse is generated by an extraoral transmitter

and detected and measured by a receiving unit positioned
intraorally. Both parts (ie transmitter and receiver) are paral-
lel fixed in a single handpiece. The size of the TAU-n
receiver unit is designed for easy insertion into the patient’s
mouth. The jawbone must be positioned between the two
parts of the measuring unit. The acoustic coupling between
transmitter and receiver and the alveolar ridge is achieved
using a semi-solid gel. The contact between the extraoral
transmitter and the intraoral receiver (Figure 1) is optimized
by the use of a special ultrasound gel pad specially developed
for this purpose. The results are displayed on a color screen,
which shows different colors depending on the degree of
attenuation of the ultrasound pulse. Attenuation of the pulse
amplitude indicates pathological changes in the jawbone.
Each organ and each organ structure show a highly individual
attenuation behavior depending on its physiological state.
Corresponding values are based on the published data by
Wells'' and Njeh.'? They are only guiding values due to

biological fluctuation.

Display of TAU-n

The TAU-n display can detect the following physical struc-
tures in the dentoalveolar and maxillary sinus region, with
corresponding color codes from 91 color columns per cm2.
Figure 2 assigns the coloring of TAU-n in a left lower jaw
area (area 37, 38 and 39/European coding).

e Green or white/light blue = extremely dense and hard
structures such as teeth, implants and crowns; solid
bone in marginal cortical region; = healthy medullar
spongial bone; air components in oral and maxillary
sinuses

e Yellow/blue = fatty nerve structures

1

e

.P.

Figure | (l) Handpiece with ultrasonic transmitter and receiver unit. (2)
Ultrasonic transmitter, (3) Ultrasonic receiver with coplanar and fixed arrangement
of transmitter and receiver.
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Figure 2 Example of 2D coloring in TAU-n in area 37 = GREEN = solid bone. Area
38 = RED = reduced bone density = fatty-degenerative parts. Retromolar area 39 =
RED= decreased bone density = fatty-degenerative parts.

e Red or black/dark blue = chronically inflammatory
medullary-spongial bone with fatty-degenerative
components

Numerical Bone Density Determination with TAU-n
The TAU-n software numerically displays the attenua-
tion coefficients of the TAU-n measuring range. By
clicking on one of the 91 sensor fields the software
marks the field and displays the measured value in a

2D-OPG TAU-n area

Selected Cells: |
Average (log): |

3D-DVT Hounsfield

4 |
0,15

logarithmic evaluation. The cells to be evaluated are
selected and highlighted with a mouse click. The dis-
play shows the number of marked cells, the resulting
mean value and the corresponding color. TAU-n calcu-
lates the logarithmic mean value of the sum of the
lowest sensor elements as “mean value (log)” in
RED. The logarithmic mean value of the highest sensor
elements is also displayed in GREEN — corresponding
to the reduced attenuation by a fixed structure (see
Figures 3, 4 and 5).

The TAU-n software thus allows the mean value to
be calculated over a freely selectable cell range of the
91 piezoelectric sensors. The averaging is logarithmic:
The meaning of logarithmic averaging is that the color
change to green already occurs at relatively small
values (eg 3); however, the value range goes up to a
total of 100. This means that green fields are much
more important than red fields with linear averaging.
Example: A green field with value 100 and 10 red
fields with value 1 are marked. The linear average
results in (100 + 10*1)/11 = 10, which averages the
colour green. With logarithmic averaging, the loga-
rithms of the values are averaged and the exponential
value shown: logl10(100) = 2, logl0(1) = 0 would be
the average value of the logarithms (2 + 10*0)/11 =
0.18. The exponential value is then 1070.18 = 1.52.
This would show red to orange.

display TAU-n Average(log)

Figure 3 The top right picture shows a clear division into two parts: The right part, which points distally when the TAU sensor is inserted, corresponds with the strong red
coloration to a high attenuation and thus reduced bone density with possible osteolysis. The clear distinction from red to green shows that the distal root of tooth 37 was
detected in the mesial part of the sensor. In TAU-n, hard substance with low attenuation is marked with green or light-blue to white. The sensor fields marked white-blue to
black in the lower right image allow an even more detailed interpretation of the attenuation. Both TAU-n measurement images correspond with the HU value of —8.5 in the

edentulous are of 38 shown in the center part of Figure 3.

Clinical, Cosmetic and Investigational Dentistry 2020:12
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2D-OPG TAU-n area

3D-DVT Hounsfield

display TAU-n Average(log)

Figure 4 Reduced bone density in HU and TAU-n in the maxillary area 28 corresponding to the area of BMD/AIOJ/FDO)].

2D-OPG TAU-n area 3D-DVT Hounsfield

display TAU-n Average(log)

Distal root tooth 37
=HU 1138

Linea obliqua
=HU 618

Selected Cells: [ 34

Selected Cells: 10 . ‘
Average (log): | 13,16 Average (log): | 116,54

Figure 5 Two areas of increased density: The distal root of tooth 37 and the cortical density of oblique line as the upper rim of area 38. The left image marks the two
measuring areas with red circles and with HU values of +1138 for the root portion and +618 for the oblique line. Average(log) of these two very radiopaque areas are in

TAU-n 13 and 116 and thus in green.

Methods for Validation of TAU-n

Measurements

How reliable are these measurements? To answer this
question, we compare four parameters. Two options for
the pre-operative diagnosis of AI0J/BMD/FDOIJ:

1. Digital Volume Tomography (DVT)/CBCT (Cone
beam computed tomography/CBCT) with the option of
HU measurement.

2. Use of TAU-n as a novel radiation-free option for
bone density measurement

Two options for post-op confirmation or failure of pre-
operative 1) and 2):

3. Histology findings of operated jawbone samples.

4. Multiplex analysis of the RANTESS/CCL5 (R/C)
expression of operated jawbone samples as proof or dis-
prove of inflammation.

Two-Dimensional X-Ray with Orthopantomogram
Since the occurrence and phenomena of AIOJ, FDOJ and
BMD are practically undetectable in any type of X-ray
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examination, they are largely unknown, widely controver-
sial or even disputed.'” The existence of BMD/AIOJ/
FDOJ has been predominantly ignored in mainstream den-
tistry. The reason is that conventional two-dimensional
X-ray techniques with orthopantomograms (OPG) are
only able to visualize areas affected by BMD/AIOJ/
FDOIJ to a limited extent.'' 2D-OPG is then useful when
there is a mix of osteolysis and osteosclerosis apparent.'?
At the same time, a significant loss of bone mineral (30—
50%) is required before it becomes visual on the OPG.'*'
In view of these diagnostic difficulties, BMD/AIOJ/FDOJ
is often underdiagnosed by dentists.'* In 2D-OPG patho-
logical changes can be completely absent without pathog-
nomonic radiological findings pointing to AIOJ/BMD/
FDOIJ. The same applies to the reduced mineralization of
BMD/AIOJ/FDOJ."> Even months after tooth removal or
spontaneous tooth loss, the cortical walls of the alveoli
remain intact without showing progressive destruction due
to progressive osteolysis.'® Consequently, we did not inte-
grate the use of 2D-OPG in the pre-operative diagnosis of
BMD/AIOJ/FDOJ.

Three-Dimensional X-Ray with Digital Volume
Tomography
Modern X-ray methods like DVT/CBCT allow the clini-
cian to perform a three-dimensional assessment of the
jawbone with the determination of X-ray attenuation coef-
ficients expressed in Hounsfield units (HU).'”'® SimPlant
software bone density measurements performed in the
posterior mandible (3D Diagnostix, Boston, MA, USA)
showed a mean CT value of 669.6 HU."” Further investi-
gations classified the cancellous bone density of the jaw
bone into five categories, with the worst bone density for a
normal jaw bone being <150 HU (Class 5). Therefore, the
HU values generated in our study (range: <150 to —370)
show osteolysis of the jawbone for Class 5 cases.”” The
device used by our team for DVT diagnosis was an orange
3D PaX-i3D Duo Multi X-ray, which displays HU values
over a freely selectable jaw distance. In X-ray technology,
the HU scale is generally scientifically recognized for
assessing bone density.'” > The values are assigned to
physical states and tissues. The HU scale starts at —1000
for the damping coefficient of air, for fat it is —120, for
healthy cancellous bone at +300 to +400 and for cortical
bone at +1800 to over +2000. By definition the HU for
water = 0.

For HU measurement we have a DVT from
Orangedental PaX-i3D Duo 3D Multi X-ray unit 3D with

corresponding software for evaluation of HU at our dis-
posal. In accordance with DIN 6868—57, the availability of
the viewing monitors with a contrast of >40:1, a brightness
of at least 120 cd/m2 and a DICOM characteristic was
maintained. Our device displays the mean value of an
optically freely selected measurement path with the max-
imum and minimum values as a curve (see Figures 3, 4
and 5).

Bone Density Comparison: Hounsfield Units versus

TAU-n

Example |: Measuring Reduced Bone Density with HU and
TAU-n in Mandible

Figure 3 shows in the left picture the TAU-n measuring
range of area 38 with inconspicuous X-ray structure in 2D-
OPG; the picture in the center shows in cross-section the
DVT at this point with the HU attenuation coefficient at a
level of —8.5. According to the HU scale, the HU attenua-
tion coefficient is below that of water (= 0 HU). Thus, a
reduced bone density in this area can be concluded with
suspicion of osteolysis (AIOJ/BMD//FDOJ).

Example 2: Measurement of Reduced Bone Density with
DVT/HU and TAU-n in the Maxilla

Figure 4 shows a HU value of —114 in the retromolar area
19 and thus reduced bone density. As shown in Figure 4,
the distal part of the root tooth 28 is also visible here with
contrasting green and white-light blue staining in TAU-n.
The toothless alveolar ridge disto-cranial of tooth 28
shows the strongly reduced bone density with intensive
red and blue-black colouring, presumably osteolysis/osteo-
necrosis of jawbone. HU and TAU-n attenuation coeffi-
cients fully correspond with each other.

Example: Measuring High Bone Density with DVT/HU and
TAU-n
Show examples of TAU-n measurements with maximum
attenuation. compares ranges of minimum attenuation in
HU and TAU-n and the corresponding attenuation coeffi-
cients. For this purpose, the sensor elements are marked
which show green colors in TAU-n (top right) or white/
light blue (bottom right). In the bottom center, the loga-
rithmic mean value of the measurement of the “best”
sensor elements (= minimum attenuation) is displayed
(Average(log)).

Figure 5 (left 2D-OPG) shows two areas of increased
bone density: the distal root of tooth 37 and the cortical
density of the oblique line on the cranial rim of area 38.

Clinical, Cosmetic and Investigational Dentistry 2020:12
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The red circles mark the two measuring areas with HU
values of 1138 for the root portion and 618 for the oblique
line (3D-DVT). The corresponding measuring points in
TAU-n are marked (right part of Figure 5) and output is
shown as logarithmic average values. The HU of 1138
corresponds to the TAU-n value of 13.16 and the HU of
618 corresponds to a TAU-n value of 116.54.

Comparison: TAU-n Vs Histology of

BMD/FDQOJ
Each BMD/AIOJ/FDOJ sample was histologically exam-
ined (1). Almost all showed the following typical finding:

Chronic degenerative changes mix with non-reactive adi-
pocyte necrosis. The amount of fat cells is significantly
increased. There are no typical signs of inflammation, in
particular no inflammatory cell reaction. The fatty-degen-
erative and osteolytic aspect predominates due to an
insufficient metabolic supply (trophic disorder). Bone
marrow shows enlarged intertrabecular spaces, often
small necrotic bone fragments, fatty micro-vesicles and
pools of liquefied fat similar to oil cysts. Small nerve
fibers are a prominent feature of most BMD/AIOJ/FDOJ
fibroses.

Based on the results of several hundred histological
BMD/AIOJ/FDOJ samples, we defined five different
characteristics to build up statistics: “FDOJ” (how far
does pathology confirm the presence of FDOJ), “fibro-
sis”, “necrotic adipocytes”, “trophic disorder” and ‘“no
inflammatory cells”. For evaluation purposes, we
defined these five terms and assigned them to a number
from 0 to 4, depending on their strength or presence.
Regarding the histological results, if none of these five
characteristics in total would give a value of “0” in
grading intensity, this would indicate that the preopera-
tive diagnosis of BMD/AIOJ/FDOJ in this jaw area was
proven wrong. At the end of the evaluation (see Chapter
7 Results) the grading intensity is the sum of the indi-
vidual evaluations of FDOJ, fibrosis, necrosis, trophic
disorder and inflammatory cells. The higher the grading
intensity values (maximum = 20), the more reliable was
the preoperative evaluation by DVT and TAU-n.
Values <4 correspond to a misdiagnosis under histologi-
cal criteria.

(1 Institute for Pathology & Cytology Dr. Zwicknagel/
Assmus (Freising, Germany))

Comparison: TAU-n in Fatty-Degenerative
Osteolysis (in Jawbone with Reduced Bone

Density) versus Local RANTES/CCL5

Overexpression

Morphology of BMD/AIOJ/FDOJ and Local RANTES/
CCLS5 Expression

What does BMD/AIOJ/FDOJ look like clinically? The
histologically defined main components of BMD/AIOJ/
FDOJ are necrotic adipocytes (Figure 6)

The authors examined in detail the tissue in such jaw
lesions that appears as fatty lumps inside an intact cortical
bone.*” They showed that the fatty lumps found are biochemi-
cally extremely active and produce certain cytokines in large
quantities, in particular the chemokine RANTES/CCL-5 (R/
C). The expression levels of these cytokines are also elevated
in a number of systemic diseases such as cancer, dementia,
multiple sclerosis or arthritis. There is strong evidence that the
development and persistence of a variety of systemic diseases
may be associated with R/C overexpression by BMD/AIOJ/
FDOJ. However, in most of these cases, the local effect of
neuralgic pain is missing.®’*'** It has also been plausibly
shown that AIOJ/BMD/FDOJ describes the pathological con-
dition of the jawbone, which is listed in code M87.0 of the
ICD-10 (International Code of Diseases, Tenth Revision
(ICD-10)).

Comparison in FDOJ: DVT/HU Vs RANTES/CCL5
Expression

Figure 7 on the right shows the typical fatty-degenerative
morphology of a BMD/AIOJ/FDOJ sample. Which clinical
parameters correspond with this reduced HU- and TAU-n
bone density values of this area? In addition to the histological
findings, we can determine the R/C expression of the BMD/

Permission
Prof. G.E. Bouquot

Figure 6 Left picture: Preparation of intraoperatively removed fatty-degenerative
osteonecrosis from BMD/AIOJ/FDOJ; Right picture: Necrotic adipocytes confluent
to so-called “oil cysts” with high-fat content (arrow points to such a big “oil cyst”).
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149 pg/mi

PatS.C. Norm
reg 18/19 jawbone
(n=19)

Figure 7 Left image shows DVT/HU of the retromolar area 18/19 with —239,5 Center image shows the R/C expression of the intraoperatively taken bone sample, which is
about ten-fold higher than healthy jawbone. Thus, a chronic inflammatory process in the area of 18/19 has been confirmed by multiplex laboratory analysis. Right picture
shows the fatty-degenerated cancellous bone from area 18/19, which structurally corresponds to the HU attenuation coefficient of —239. Related histologic findings in area
18/19 are: internal medullary spaces with myxoid or fibrillar degeneration of fatty tissue; trophic disorders.

AIOJ/FDOIJ samples postoperatively. The example of BMD/
AIOJ/FDOIJ in Figure 7 compares the preoperatively deter-
mined HU values of a right upper wisdom tooth area with the
fatty-degenerated cancellous bone, the postoperative histolo-
gical findings and the multiplex analysis of the local R/C
expression. The relationship between reduced medullary
bone density, BMD/AIOJ/FDOJ and R/C overexpression
with detection of R/C expression was discussed by the authors
in previous publications.*”*"** Figure 7 deliberately omits
the corresponding 2D-OPG.” In accordance with earlier

publications,™’-*"-?

this example demonstrates the morphol-
ogy, the elevated R/C level (= red column; healthy jawbone
shows 149.9 pg/mL R/C= blue column) and histology of the
suitability of HU attenuation coefficients to assess BMD/

AIOJ/FDOJ.

Summary of the Pre- and Post-Operative
Presentation of an FDOJ

In summary, we use preoperative and postoperative diag-
nostic means in a BMD/AIOJ/FDOJ area for comparison:
preoperative DVT/HU and bone density measurement with
TAU-n. Postoperatively, histology examines fibrillary and
fatty degeneration without inflammatory signs>> and multi-
plex analysis shows the extent of R/C expression.

Results

Table 1A and B show the results of the preoperative
determination of DVT/HU and TAU-n attenuation coeffi-
cients as “CavLog” numbers and postoperatively the R/C

expression in pg/mL as well as the histological findings,
presented numerically as “gradings” in 82 BMD/AIOJ/
FDOJ cases.

Discussion

The presented study is patient-centered. Samples and data
of all 82 patients are taken directly from day-today prac-
tice (2). The data were collected as part of the normal
everyday medical care of the patients and evaluated retro-
spectively. In the context of clinically necessary surgical
treatment of AIOJ/BMD/FDOJ, we examined removed
BMD/AIOJ/FDOJ samples postoperatively histologically
and for the content of R/C inflammatory messengers. The
medical indication for BMD/AIOJ/FDOIJ surgery in these
patients was given by 2D-OPG and additional DVT/CBCT
to determine bone density radiographically. This indication
was supplemented by the measurement of bone density
using TAU-n. The average age of the investigated group
was 56.4 in a gender ratio of 59w/23m. The clinical case
studies presented herein were performed as part of a case—
control study and were deemed to be retrospective in
nature. Approval was granted by IMD-Berlin forensic
accredited Institute DIN EN 15189/DIN EN 17025. All
patients provided their written informed consent (as out-
lined in the PLOS consent form) to participate in the
studies,

(2 Clinic for Integrative Dentistry Gruenwalder Str. 10A
81547 Munich)
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Table | The Results of the Preoperative Determination of DVT/HU and TAU-n Attenuation Coefficients

A
Nr RANTES HU CavlLg FDO) Fibr Necr TroDi Infla Grad
I 1.787.50 -211.0 0.32 2 2 3 2 0 9
2 9.899.32 -299.0 0.86 | 4 4 0 0 9
3 776.25 —328.0 0.21 3 0 0 I | 5
4 820.00 —221.0 1.81 4 2 0 3 | 10
5 3.937.50 —230.0 0.42 4 3 0 0 0 7
6 1.987.50 —344.0 0.47 3 3 3 3 0 12
7 123.75 —293.0 1.18 3 4 2 2 0 I
8 5.700.00 —533.0 0.42 3 3 0 4 0 10
9 933.75 —290.0 3.18 3 | 3 3 0 10
10 706.25 —447.0 0.19 2 4 4 3 | 14
I 1.750.00 —390.0 0.82 4 4 4 3 0 15
12 775.00 —201.0 4.25 3 4 4 2 0 13
13 5.712.50 —350.0 0.80 4 4 2 3 I 14
14 4.325.00 —201.0 3.54 4 2 4 2 0 12
I5 3.762.50 —291.0 0.37 2 4 4 4 I 15
16 1.825.00 —263.0 0.72 4 4 3 4 0 15
17 992.50 —340.0 0.41 4 4 4 0 0 12
I8 557.50 —304.0 2.08 3 2 2 2 0 9
19 2.825.00 —431.0 0.71 3 2 2 3 0 10
20 873.75 —-359.0 0.55 3 0 0 I 0 4
21 2.050.00 —280.0 0.23 3 3 0 0 2 8
22 5.412.50 —287.0 4.25 3 2 3 I 0 9
23 722.50 —345.0 1.25 2 3 0 0 2 7
24 3.250.00 —326.0 2.04 2 0 4 I I 8
25 2.850.00 —250.0 0.21 0 0 0 0 0 0
26 3.162.50 -327.0 1.84 2 I 4 3 0 10
27 2.187.50 -93.0 0.47 3 2 2 2 0 9
28 902.50 —346.0 3.95 4 4 4 I 0 13
29 8.212.50 —298.0 1.06 4 3 2 3 0 12
30 1.675.00 —400.0 1.19 3 4 4 0 0 I
31 865.00 —502.0 0.53 4 4 0 3 0 I
32 767.50 —471.0 0.26 3 3 0 0 0 6
33 2.262.50 —334.0 1.22 3 I 3 2 0 9
34 1.400.00 —208.0 2.06 0 3 2 2 | 8
35 1.875.00 —200.0 0.77 2 4 0 2 0 8
36 1.575.00 518.0 0.65 4 4 3 4 0 15
37 9.998.15 —268.0 0.85 2 | 4 0 0 7
38 1.400.00 -213.0 0.74 4 | 4 4 0 13
39 495.00 —333.0 1.12 3 4 4 4 0 15
40 2.737.50 —-379.0 1.21 4 | 4 4 0 13
41 3.725.00 —335.0 0.87 0 0 0 0 0 0
42 1.712.50 —235.0 0.69 4 4 | 4 0 13
B
Nr RANTES HU CavlLg FDO) Fibr Necr TroDi Infla Grad
43 2.962.50 —452.0 1.12 4 3 3 3 0 13
44 9.965.88 —-322.0 0.54 4 | 4 0 0 9
45 5.362.50 —418.0 0.51 4 | 4 4 0 13
46 2.100.00 -301.0 0.33 4 3 3 3 0 13
(Continued)
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Table | (Continued).

B

Nr RANTES HU CavlLg FDO) Fibr Necr TroDi Infla Grad
47 4.562.50 —-186.0 1.59 4 3 4 3 0 14
48 2.425.00 —349.0 1.70 4 4 4 | 0 13
49 702.50 —-376.0 0.15 4 2 2 4 2 14
50 2.425.00 —228.0 0.20 3 I 4 2 0 10
51 3.950.00 —261.0 0.30 4 4 4 4 I 17
52 2.000.00 —463.0 0.57 2 4 0 0 0 6
53 1.612.50 —345.0 0.71 4 3 4 3 0 14
54 527.50 —438.0 0.29 3 | 4 0 | 9
55 1.275.00 —363.0 1.06 0 0 0 0 0 0
56 1.700.00 —432.0 0.76 4 2 4 3 I 14
57 1.587.50 —-198.0 0.51 4 2 4 3 0 13
58 486.25 —260.0 0.47 4 | 4 I 0 10
59 518.75 —294.0 0.90 4 | 3 4 0 12
60 1.337.50 -373.0 0.47 3 4 I 2 0 10
6l 2.112.50 —249.0 0.50 4 4 0 4 0 12
62 810.00 —243.0 0.41 4 3 3 3 0 13
63 1.078.75 —440.0 0.60 4 4 4 3 0 I5
65 863.75 —227.0 0.8l 0 0 0 0 0 0
67 405.00 —450.0 I.11 4 3 4 | 2 14
68 2.875.00 —387.0 0.26 4 I 4 0 0 9
70 1.800.00 —308.0 0.41 I 4 0 0 0 5
72 1.337.50 —248.0 1.77 I 4 0 0 0 5
73 6.512.50 —348.0 0.23 4 2 3 3 0 12
74 893.75 —264.0 2.73 3 4 4 3 0 14
75 1.775.00 —-168.0 1.58 4 2 4 3 0 13
76 146.25 —265.0 0.20 2 3 I 0 0 6
77 8.062.50 -373.0 1.02 3 I 2 3 0 9
80 1.875.00 —-173.0 1.95 4 2 3 3 0 12
8l 910.00 —454.0 0.77 0 0 0 0 0
82 645.00 —-189.0 2.29 3 3 | 0 I 8
MV 2.459.37 —-303.7 0.9 3.0l 3 24 1.99 0.3 10.2

Notes: Table | a and Table | b: Nr = number of patient in 82 BMD/AIOJ/FDO] cases; RANTES = multiplex value of RANTES/CCLS5 expression in pg/mL of jawbone sample;
HU = Hounsfield units of CBCT of corresponding area of jawbone surgery, CavLg = TAU-n value; FDOJ = fatty-degenerative osteonecrosis of jawbone in histological findings
from 0 to 4 in intensity or obvious presence; Fibr = presence of fibrosis; Necr = presence of necrosis; TroDi = presence of a trophic disorder; Inflam = no inflammatory cells
are present; Grade = sum of five upper characteristics as grading intensity. Samples marked in yellow and graded in 0 show no histological evidence for BMD/AIO)/FDQ).

Discussion of the Hounsfield Units

With a mean value of —303 HU, the BMD/AIOJ/FDOJ sites
diagnosed with DVT/HU are clearly below the minimum
value for healthy jawbone of +300 HU.?*** The bone density
is therefore clearly below normal.

Discussion of the TAU-n Average(Log)

Values
The limit value of TAU-n Average(log) is 100: high-density
areas (average[log] >100) are indicated in TAU-n by the

color green and low-density areas by red (average[log]
<100). With the mean value of 0.9 [log], the areas examined
with TAU-n are preoperatively well within the display range
red of BMD/AIOJ/FDO] typical reduction of bone density.

Discussion of Histology

From 82 histological findings, five parameters were
defined for the evaluation of a BMD/AIOJ/FDOJ.
Depending on intensity or obvious presence, a number
from O to 4 was assigned to the finding. Table reading:
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a) “FDOJ”: Pathology confirms the presence of BMD/
AIOJ/FDOJ. The mean value of 3.01 in Table 1A
and B confirms on average the presence of BMD/
AIOJ/FDOJ in almost all 82 BMD/AIOJ/FDOJ
samples.

b) “Fibr”: presence of fibrosis. The mean value of
2.47 confirms fibrosis in all BMD/AIOJ/FDOJ
samples.

c) “Necr”: presence of necrosis. The mean value of
2434 confirms on average the necrosis of the adipo-
cytes in the 82 BMD/AIOJ/FDOJ samples.

d) “TroDi”: presence of a trophic disorder. The mean
value of 2 confirms on average the trophic distur-
bances in the 82 BMD/AIOJ/FDOJ samples.

e) “Inflam”: No inflammatory cells are present (free from
acute inflammatory reactions). The mean value of 0.25
confirms on average the absence of inflammatory cells
in the 82 BMD/AIOJ/FDOJ samples.

f) “Grade”: sum of these five characteristics as “grading
intensity”. The mean value of 10.2 confirms on average
the presence of a histologically defined BMD/AIOJ/
FDOI in the 82 BMD/AIOJ/FDOJ samples.

Nevertheless, there are five samples (marked yellow in
Table land b and consistently graded in 0) in which the
pathologist cannot find histological evidence for BMD/AIOJ/
FDOJ. A contradiction of these negative histological findings
is shown.

a) To the positive results of BMD/AIOJ/FDOIJ in these
five cases with overexpressed R/C of 2.850, 3.725,
1.275, 863 and 910 pg/mL, respectively, at a normal
healthy bone value of 149.90 pg/mL.

b) To the positive results of BMD/AIOJ/FDOJ in these
five cases, each with strongly negative HUs with
—250.0, —335.0, —363.0, —227.0 and —454.0 at a
standard value of >300.

¢) On the positive findings of BMD/AIOJ/FDOJ in these
five cases with very low Cav [log] values 0f 0.21, 0.87,
1.06, 0.81 and 0.77 with a healthy limit of >100.

Therefore, it can be concluded that the BMD/AIOJ/
FDOJ findings were correct preoperatively by DVT/HU
and TAU-n. However, the light microscopically histology
performed postoperatively shows the highest failure rate,
whilst all R/C expression values proved the existence of
BMD/AIOJ/FDOJ.

Discussion of the RANTES/CCL5

Expression

The normal range of R/C expression in the healthy jawbone
is 149 pg/mL In our cohort of 82 patients, the mean value of
2459.37 pg/mL is approximately 15 times higher than in
healthy bone marrow areas and thus confirms the preopera-
tive TAU-n values postoperatively.

Summary

In summary, all four evaluation criteria predominantly
confirm the presence of BMD/AIOJ/FDOJ in each of the
82 samples. Validation of the TAU-n method in compar-
ison to the other methods was thereby confirmed. TAU-n
fits seamlessly into the reliability of the other methods.

Conclusion

The data and procedures presented show that the TAU-n
device provides reliable bone density data. Thus, it is a
metrologically unbiased alternative to the increasingly

26,2
27 and the more

critically assessed X-ray radiation
stringent radiation protection laws.”® This work is at
the interface of morphology and immunology of chronic
osteolytic changes in the jawbone. The presented medul-
lary mineralization and ossification disorder of BMD/
AIOJ/FDOJ is not an isolated clinical picture as it is
often presented in clinical research on osteoporosis or
bisphosphonate-induced osteonecrosis. Rather, it is a
chronic osteo-immunologically derailed condition that
can be regarded as an additional stress factor in immune
and inflammatory diseases. Its character of a “silent
inflammation” with proinflammatory chemokine expres-
sion, especially of R/C, shows itself as a common stress
factor or possibly even a common trigger of numerous
immunological systemic diseases.”*** For their simple
detection, the reliable, unstressed and easy-to-use TAU-
n device is available.

Abbreviations

AlOJ, Aseptic-Ischemic Osteonecrosis of Jawbone; BMD,
Bone Marrow Defects; CBCT, Cone Beam Computed
Tomography; CCL5, Chemokine (C-C motif) ligand 5; DVT,
Digital Volume Tomography; FDOJ, Fatty-Degenerative
Osteonecrosis/Osteolysis of Jawbone; HU, Hounsfield Units;
Log, logarithmic; OPG, Orthopantomogram; R/C, RANTES/
CCL5; RANTES, Regulated on Activation, Normal T cell
Expressed and Secreted; TAU, Trans-Alveolar Ultrasonogra-
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FOCAL BONE-MARROW DEFECTS IN THE JAWBONE DETERMINED BY
ULTRASONOGRAPHY—VALIDATION OF NEW TRANS-ALVEOLAR ULTRASOUND
TECHNIQUE FOR MEASURING JAWBONE DENSITY IN 210 PARTICIPANTS

s
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Abstract—Ultrasound imaging of the jawbone is not currently used in dental medicine to determine bone density.
Bone-marrow defects in the human jawbone (BMDJ/FDOJ) are widely discussed in dentistry owing to their role
in implant failures and as sources of inflammation in various immune diseases. The use of through-transmission
alveolar ultrasonography (TAU) to locate BMDJ/FDOJ was evaluated in this study using a new TAU apparatus
(TAU-n). The objective was to determine whether TAU-n readings accurately indicate the clinical parameters to
detect BMDJ/FDQOJ. Three parameters were compared with TAU-n measurements: 2-D orthopantomogram,
Hounsfield units using digital volume tomography and post-operatively measured levels of RANTES/CCLS
expression in BMDJ/FDOJ samples. Based on the available clinical data, Hounsfield units, RANTES/CCLS5
expression and TAU-n color codes yielded consistent results with respect to bone mineral density. Thus, ultraso-
nography with TAU-n is a reliable and efficient diagnostic method to screen for BMDJ/FDOJ in dentistry.
(E-mail: drlechner@aol.com) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation
for Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Bone marrow defects of the jaw, Digital volume tomography, Fatty-degenerative osteolysis/osteonec-
rosis of the jaw, Orthopantomogram, RANTES/CCLS, TAU-n device, Transalveolar ultrasonography.

INTRODUCTION bone-marrow diseases—that is, focal osteoporotic
defects or cavitations in the jawbone (Al-
Nawas et al. 2001). Intra-oral equipment used in guided
ultrasound must be minimized, however, as the area can-
not be examined with commonly used ultrasound appa-
ratus. Until now, ultrasound examinations have thus
been of limited use in dental medicine, although they
have been used to detect “focal” bone defects of the jaw-
bone (focal osteoporotic marrow defects), as described
in previous scientific research (Lipani et al. 1982;
Kaufman and Einhorn 1993). The status of cancellous
bone in the jaws may be of great clinical importance.
Researchers have provided anatomical evidence that
cancellous bone may be significantly degenerated, a phe-
nomenon described as ischemic osteonecrosis leading to

cavitational lesions (Bouquot et al. 1992).
We conducted an in-depth investigation of the tis-
sue in such lesions, which appeared as clumps of fat
o ] within intact cortical bone. This tissue was in an ische-

Correspondence to: Johann Lechner, Clinic for Integrative Den- . .

tistry, Gruenwalder Str. 10A, 81547 Munich, Germany E-mail: mic, fatty-degeneratlve state. The observed bone marrow
drlechner@aol.com defects of the jaw (BMDJ) were thus defined as fatty-

In the medical field, ultrasonography is widely used to
image various types of soft tissues. In principle, images
of structures in the body are generated by analyzing the
reflection of ultrasound waves. To derive useful informa-
tion concerning the status of the jawbone, different ultra-
sound techniques must be used, because the ultrasound
waves are almost completely reflected at the interface
between bone and soft tissue. /n vivo measurement of
ultrasound velocity in human cortical bone was intro-
duced as a rapid, reliable and non-invasive method
which could be used to analyze the mechanical proper-
ties of bone (Greenfield et al. 1981). Cortical bone sam-
ples show the highest values, followed by mixed bone
samples and cancellous bone samples, with the latter
showing the lowest values (Kumar et al. 2012). Thus,
guided ultrasound waves are able to detect ischemic
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degenerative osteolysis/osteonecrosis of the jawbone
(FDQOJ). The clumps of fat found in osteolytic jawbone
are extremely biochemically active and produce specific
cytokines in high amounts, the most notable of which is
the chemokine RANTES (more recently known as
CCLS5; R/C). This chronic R/C production may influence
immunologic patterns and exacerbate systemic immuno-
logic diseases (Lechner and Mayer 2010; Lechner and
von Baehr 2013, 2015; Lechner, Huesker et al. 2017;
Lechner, Schuett et al. 2017). The status of cancellous
bone in the jaw is of great importance with respect to
dental implants and the success of implantology, accord-
ing to previous publications by other authors
(Klein et al. 2008; Lee et al. 2013). One of the most sig-
nificant concerns associated with the treatment of this
condition, however, is the fact that jawbone with fatty-
degenerated bone marrow does not show signs of abnor-
mal findings on X-ray examination (Lechner 2014).
Being virtually undetectable on any type of commonly
used 2-D X-ray examination, the occurrence and phe-
nomena of BMDJ/FDOJ remain widely unknown and
are even denied. To overcome this challenge, the use of
through-transmission alveolar ultrasonography (TAU)
was evaluated using a new TAU apparatus (TAU-n; Cav-
iTAU, Qinno GmbH, Wessling, Germany; international
patent application PCT/EP2018/084199). The CaviTAU
is approved by European Union medical authorities
according to MDD 93/42/EWG.

AIM AND OBJECTIVES

The aim of the present study was to evaluate
BMDJ/FDOJ using TAU-n and to determine whether
TAU-n measurements are practical and capable of pro-
moting quality assurance in assessing BMDJ/FDOJ. Spe-
cifically, we aimed to answer the following questions:
Are conventional radiographic techniques suitable for
detecting osteolytic bone-marrow defects in the jaw
(BMDJ/FDOJ), which may display local silent inflam-
mation? Is a newly available ultrasound device (TAU-n)
for radiation-free measurement of bone density suitable
for visualizing the condition of BMDJ/FDOJ?

MATERIALS AND METHODS

Participant selection

All 210 participants who were enrolled in this study
were seeking to uncover the etiology of their respective
systemic immunologic diseases, specifically the possibil-
ity that BMDJ/FDOJ-induced “silent inflammation” of
the jawbone might be involved in the pathogenesis of the
disease. The samples and data were taken directly from
daily clinical practice at the Clinic for Integrative Den-
tistry (Munich, Germany). Specifically, the data were
obtained in the course of the patients’ routine medical

Volume 00, Number 00, 2021

care and were retrospectively evaluated. In cases that
necessitated surgical treatment, samples of BMDJ/FDOJ
were evaluated post-operatively to assess the level of R/
C inflammatory markers. Radiographic examinations,
namely 2-D orthopantomogram (OPG) and digital vol-
ume tomography (DVT)/cone-beam computed tomogra-
phy, were assessed to determine bone density and
provide appropriate medical indications for the surgical
treatment of BMDJ/FDOJ in these patients. This indica-
tion was supplemented by bone density measurements
using TAU-n. The average age of the investigation group
was 53.02 y; 129 were women and 81 were men.

The clinical case studies presented here were per-
formed as part of a case-control study and were deemed
to be retrospective in nature. Approval was granted by
the accredited forensic institute, IMD-Berlin (DIN EN
15189/DIN EN 17025). All participants provided written
informed consent (as outlined in the Public Library of
Science consent form) to participate in this study.
Patients taking bisphosphonates were excluded from the
study. All participants reported that they were not taking
vitamin D supplements.

PRE-OPERATIVE METHODS TO DETERMINE
BONE-MARROW DEFECTS IN JAWBONE
(BMDJ/FDOJ)

Determining BMDJ/FDOJ with conventional 2-D OPGs

Panoramic radiographs are routinely used in clinical
dentistry. This imaging technique is inexpensive and
provides a general overview of the entire jaw and a
method of initial assessment of the condition of the jaw.
The Orangedental PaX-i3D Duo 3D Multi X-ray unit
used in this study displays a measurement of relative
bone density of the jawbone (rel-JBD) in the 2-D OGP
Panoramix version. A red line shows the measuring
range. Figure | presents the results of this rel-JBD mea-
surement: The left image shows the relative density of
an all-ceramic crown at 0.9. The right image shows the
relative density of a healthy area of cancellous bone at
0.49.

Determining BMD.J/FDOJ with 3-D cone-beam
computed tomography/DVT

Modern X-ray methods, like DVT, allow the clini-
cian to perform a 3-D assessment of the jawbone using
Hounsfield units (HUs), which are generally scientifi-
cally recognized as a bone-density assessment tool. HUs
are used to describe the attenuation of X-ray radiation in
tissues, and this information is displayed in grayscale
images. The HU scale ranges from —1000 (attenuation
coefficient of air) to —120 (fat), +300 to +400 (healthy
cancellous bone) and +1800 to +2200 (cortical bone).
Water is defined as 0 HU. Recently, methods to
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Fig. 1. Example of measurement of relative bone density using OPG. The attenuation coefficients are displayed over the

entire test section as a progression curve. In the present validation, only the mean values are used. Measurement of rela-

tive jawbone density (rel-JBD) values with an Orangedental PaX-i3D Duo 3D Multi. Legend: Red lines mark the mea-
suring range to display the relative density in the 2-D OPG. OPG = orthopantomogram.

determine HU attenuation coefficients have become
available (Norton and Gamble 2001), as actual HU val-
ues can be derived using DVT (Misch 1999;
Swennen and Schutyser 2006). Further investigations
have classified the density of cancellous bone in the jaw-
bone into five categories, with the poorest jawbone den-
sity below 150 HU (class 5). In this study, we used
specific DVT equipment (PaX-i3D Duo 3D Multi X-ray,
Orangedental, Biberach an der Riss, Germany) with the
appropriate software to evaluate the density of the jaw-
bone in HUs. In accordance with the DIN 6868-57 stan-
dard, the viewing monitors were set with a contrast
>40:1 and a brightness >120 cd/m?. The Orangedental
PaX-i3D Duo 3D Multi X-ray machine used in this vali-
dation study showed the mean value of a randomly
selected measurement path, with the maximum and min-
imum values presented as a progression curve (Fig. 2).

Determining BMDJ/FDOJ with TAU-n using ultrasound
waves

Attenuation in the amplitude of the ultrasound wave
is indicative of pathologic changes in the jawbone and
depends on the properties of the medium through which
the wave is propagated (Mahmoud et al. 2008). Corre-
sponding values are based on published data from
Wells (1999) and Njeh et al. (1999). TAU-n generates an
ultrasound wave and passes that wave through the jaw-
bone. This wave is produced by an extra-oral transmitter
and then detected and measured by a receiving unit that
is positioned intra-orally. Both parts (the transmitter and
receiving unit) are fixed in a parallel position using a sin-
gle handpiece. The size of the TAU-n receiving unit is

Area 48-49
HU -186 bis 212
MV=13

Area 18-19
HU -568 bis -105
MV=-336.5

Fig. 2. Example of DVT HU measurement and evaluation of

BMDIJ/FDOIJ. The HU attenuation coefficients are shown as a

curve over the measured section. In the present validation

study, only the mean values are used. BMDJ/FDOJ = bone-

marrow defects of the jaw/fatty-degenerative osteolysis/osteo-

necrosis of the jaw; DVT = digital volume tomography;
HU = Hounsfield units.

configured such that it can be easily placed inside the
mouth of a patient. TAU-n uses 91 piezoelectric ele-
ments that are arranged hexagonally. The jawbone must
be positioned between the two parts of the measuring
unit. With respect to the parts of the measuring unit to be
placed inside a patient’s mouth, the acoustical coupling
between those parts and the alveolar ridge is performed
with the aid of a semi-solid gel (Qinno). The contact
between the jawbone and both the extra-oral ultrasound
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Fig. 3. Coplanar and fixed arrangement of the transmitter and
receiver: (1) Handpiece with an ultrasound sender and receiver
unit connected to a computer and screen. (2) Ultrasound trans-
mitter. (3) Ultrasound receiver with 91 piezoelectric elements.

transmitter and intra-oral ultrasound receiver (Fig. 3) is
optimized and individualized using a special ultrasound
gel cushion that was developed for this purpose. The
results are shown on a color monitor that displays differ-
ent colors depending on the degree of attenuation. A
semi-solid, single-use gel pad is used around the receiver
for hygienic reasons (Fig. 4).

Color scale associated with TAU-n attenuation coefficients

Figure 5 presents the color scheme associated with
the TAU-n attenuation coefficients. This scheme corre-
sponds to an ultrasound signal-strength scale (top bar)
and a color scale indicating the different degrees of bone
density (lower bar). This color scale shows that the col-
ors used to indicate different densities each represent a
small part of the entire signal range. Logarithmic averag-
ing broadens the range of bone-density measurements
and increases the size of the area in green.

The representations of the measurements provided by
the color-coding scheme are concerned with two functions.

RECEIVER
intraoral

SENDER

outside
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With the red/green color scale, the bone in the medically rel-
evant area of conspicuousness is shown. The second color-
coded scale shows structural differences, which serves as an
orientation aid for the user in the placement of the measuring
receiver. In this way, the orientation and position of the
receiver may be monitored (via live display) while the mea-
surement position is slowly adjusted before the relevant area
is captured and stored.

The TAU-n display

The TAU-n display is able to capture the following
physical structures in the dentoalveolar region (Fig. 6), with
corresponding color variations of 91 color columns/cm?:
solid bone in the marginal cortical area (green or white/light
blue); healthy medullary cancellous bone (green or white/
light blue); chronic inflammatory medullary cancellous bone
with fatty-degenerative components (red or black/dark blue);
fatty nerve structures (yellow/light blue); and extremely
dense and complex structures such as teeth, implants and
crowns (green or white/light blue).

Numerical representation of TAU-n attenuation coefficients
The TAU-n software numerically represents the attenu-
ation coefficients of the TAU-n measurement range. By a
mouse click on one of the 91 sensor fields of a given mea-
surement, the software marks the field and displays the mea-
sured value in a logarithmic evaluation. The sensor fields
that show the highest attenuation values defined by TAU-n
are marked in either red or black, and this indicates the bone
density of an area of BMDJ/FDOJ. TAU-n computes the
logarithmic average of the sum of the sensor elements with
the lowest density unit as Average(log), displayed in red
(Fig. 7, left panel). In the same way, the logarithmic average
of the sensor elements with the highest density—equivalent
to reduced attenuation by solid structures—is displayed in

I 5
R (o]

N B £ u
T L

& T
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SEMI-SOLID GEL PADS

Fig. 4. Left: Positioning of the transmitter (outside) and receiver (intra-oral) in the lower jaw; the shaded area marks the

cheek. Right: The transmitter (in blue on the right) and receiver (in green on the leff) are in a fixed coplanar position (a

blue bar connects them); semi-solid gel pads between the transmitter and the cheek on the outside of the mouth and

between the receiver and the alveolar ridge in the intra-oral position; trans-alveolar ultrasonic impulse from the transmit-
ter to the receiver (blue arrows).
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Range of signal for orientation in jawbone

Air Bone densiiy

A\ /
v

Evaluation range of bone density

Air Power of signal

Good conduction of signal g
(Solid or fluid structure)

Y

Increasing coefficient of density in TAU-n

Fig. 5. The color scale is used by the TAU-n device to indicate different degrees of density; gray corresponds to air (i.e., the far
left of the scale), and blue area corresponds to water (i.e., the far right of the scale). The signal strength received by the sensor
(top bar) is displayed in blue and increases from dark to light with increasing density coefficients. Bone density (lower bar) is
indicated by a color scale ranging from red to green, representing high attenuation of diminished bone density (red) and reduced
attenuation with increasing density (green). TAU-n = new through-transmission alveolar ultrasonography.

Fig. 6. Example of the color-coding scheme associated with atten-
uation used by TAU-n in area 38. In the upper panel, the measure-
ment of jaw areas 37 to 38/39 (ie, the retromolar area) is
presented. TAU-n displays different degrees of mineralization, as
highlighted by the various color patterns of 91 individual sensor
fields that correspond to each jawbone area. Green indicates hard
and dense structures that correspond to a higher degree of minerali-
zation in spongial jawbone or cortical bone; it also denotes teeth,
dental crowns or implants. Yellow indicates diminished bone den-
sity and also corresponds to the nerve canal in the lower jaw. Red
indicates severely diminished bone density with a low degree of
mineralization, corresponding to BMDJ/FDOJ areas. BMDIJ/
FDOIJ = bone-marrow defects of the jaw/fatty-degenerative osteoly-
sis/osteonecrosis of the jaw; TAU-n = new through-transmission
alveolar ultrasonography.

green (Fig. 7, right panel). In the following sections and
Table 1, the term “TAU-n log” is used to represent the val-
ues of Average(log) displayed by TAU-n.

Problems of acoustic coupling in TAU-n
Practical application of the transducer and receiver with
fixed geometric positions to obtain intra-oral ultrasonic

measurements (i.e., within the mouth of a patient) with suffi-
cient acoustical conductivity proved difficult. The ultrasonic
gel, which was placed inside the patient’s mouth, was shown
to be the main obstacle in attempting to obtain signals from
TAU-n in an easy and reproducible manner. The primary
difficulty is ensuring that the ultrasonic gel is completely
free of air bubbles, given its high viscosity. Air bubbles inter-
fere with obtaining reliable and repeatable measurements. In
addition, we found that the anatomical contour of the jaw-
bone at the site of measurement and the plane surface of the
intra-oral receiver did not adequately conform to one

High attenuation only Low attenuation only

Selected Cells: a1 Selected Cells:
Average (log): 0,24 . Average (log):
Fig. 7. Sensor elements. Numerical representation of the TAU-
n attenuation coefficients for diminished bone density (left) and
for dense material (right). Selected sensor cells (left panel: high
attenuation; right panel: low attenuation) are indicated by a
white border. The evaluation is presented in the window
beneath for a number of selected sensor cells; the result is dis-
played as a logarithmic mean, which is associated with a corre-
sponding color (i.e., left: red = high attenuation; right:
green = corresponds to low attenuation). TAU-n = new
through-transmission alveolar ultrasonography.
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Table 1. The four values measured to assess BMDIJ/FDOJ

Participant OPG HU Average (log) R/C (pg/mL)
1 0.6 —29.0 1.35 8212.50
2 0.4 -96.0 1.41 2762.50
3 0.7 —533.0 0.67 5700.00
4 0.75 —326.0 4.49 3250.00
5 0.3 —316.0 0.3 3925.00
6 0.5 —591.0 0.33 3762.50
7 0.6 —295.0 0.36 2162.50
8 0.4 —93.0 0.44 2187.50
9 0.4 —250.0 0.84 2850.00
10 0.65 —745.0 1.58 722.50
11 0.55 —263.0 0.84 1825.00
12 0.5 -311.0 0.46 1787.50
13 0.45 89.0 0.67 1725.00
14 0.4 —300.0 1.37 5387.50
15 0.45 —340.0 0.87 992.50
16 0.5 —306.5 1.04 2512.50
17 0.3 —228.5 0.82 2362.50
18 0.65 11.5 0.9 3862.50
19 0.6 —58.5 0.64 457.50
20 0.5 —659.0 0.85 873.75
21 0.35 —447.0 0.31 706.25
22 0.4 —431.0 0.83 2825.00
23 0.4 -31.5 0.64 1165.00
24 0.55 —450.0 1.12 405.00
25 0.45 —565.0 0.69 146.25
26 0.4 —68.0 0.72 766.25
27 0.55 —647.0 2.58 5525.00
28 0.5 54.5 1.52 7275.00
29 0.6 —549.0 0.82 2112.50
30 0.4 —130.0 0.76 2575.00
31 0.65 120.5 0.94 5562.50
32 0.7 —345.0 0.95 1612.50
33 0.6 =715 0.58 205.00
34 0.65 72.5 1.85 2962.50
35 0.55 —173.0 1.07 1875.00
36 0.5 —249.0 0.66 267.50
37 0.4 —413.0 0.38 1750.00
38 0.7 —291.0 0.52 1887.50
39 0.6 —238.5 1.32 2000.00
40 0.6 —537.0 1.22 1337.50
41 0.65 —676.0 0.79 702.50
42 0.4 —62.0 0.54 846.25
43 0.4 —179.5 2.58 408.75
44 0.6 —243.0 1.26 810.00
45 0.4 —560.0 1.5 518.75
46 0.6 —494.0 0.84 486.25
47 0.55 —387.0 0.75 2875.00
48 0.6 —379.0 1.14 2737.50
49 0.4 —228.0 0.32 2425.00
50 0.5 —440.0 0.68 1078.75
51 0.6 —308.0 0.54 1800.00
52 0.6 —322.0 1.21 19,125.00
53 0.5 —589.0 2.29 645.00
54 0.55 —518.0 1.21 1575.00
55 0.45 —294.0 0.51 2187.50
56 0.55 —671.0 0.89 767.50
57 0.55 —244.0 1.89 580.00
58 0.3 —573.0 1.77 8062.50
59 0.65 —454.0 0.93 910.00
60 0.4 99.0 1.57 5025.00
61 0.2 —182.5 1.78 4562.50
62 0.6 —335.0 1.03 3725.00
63 0.4 —288.0 0.79 3587.50
64 0.5 —132.0 1.75 840.00
65 0.6 —202.0 1.03 2300.00

(continued)
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Table 1 (Continued)

Participant OPG HU Average (log) R/C (pg/mL)
66 0.3 —418.0 0.81 5362.50
67 0.45 —290.0 1.38 1637.50
68 0.6 —41.0 0.96 636.25
69 0.4 —184.0 1.67 2200.00
70 0.5 —227.0 1.11 863.75
71 0.6 —198.0 1.38 1587.50
72 0.45 —261.0 1.65 3987.50
73 0.55 —543.0 1.01 3937.50
74 0.6 -363.0 1.19 1275.00
75 0.45 —268.0 0.32 10,150.00
76 0.55 —110.0 1.69 573.75
77 0.75 —248.0 1.61 1337.50
78 0.65 —142.0 1.28 611.25
79 0.35 —264.0 2.51 893.75
80 0.45 -301.0 0.86 2100.00
81 0.5 —654.0 1.05 866.25
82 0.75 —168.0 1.53 1775.00
83 0.4 146.0 0.79 1400.00
84 0.4 123.0 1.37 1800.00
85 0.4 —222.0 0.77 1925.00
86 0.6 —36.0 1.23 303.75
87 0.4 -5.0 1.15 1215.00
88 0.25 —213.0 1.52 412.50
89 0.5 88.0 1.24 495.00
90 0.25 —347.0 1.19 1600.00
91 0.45 45.0 1 1725.00
92 0.4 —38.0 0.47 527.50
93 0.5 160.0 1.28 3612.50
94 0.5 -313.0 0.82 1337.50
95 0.55 119.0 1.38 1192.50
96 0.4 —196.0 0.8 1246.25
97 0.55 —17.0 0.96 638.75
98 0.3 —457.0 0.47 6512.50
99 0.3 —373.0 0.7 456.25
100 0.5 —209.0 1.25 3275.00
101 0.4 —438.0 0.81 2262.50
102 0.5 —38.0 0.88 447.50
103 0.45 —404.0 0.47 746.25
104 0.35 —170.0 1.64 1400.00
105 0.4 126.0 1.07 436.25
106 0.55 103.0 1.05 588.75
107 0.4 96.0 0.84 1312.50
108 0.7 162.0 0.97 1500.00
109 0.6 —66.0 1.12 223.75
110 0.45 —105.0 1.21 373.75
111 0.5 —-20.0 0.98 277.50
112 0.5 —208.0 1.58 705.00
113 0.6 —264.0 1.8 1912.50
114 0.6 —83.0 0.81 3962.50
115 0.6 —38.0 0.67 432.50
116 0.4 —348.0 1.33 1675.00
117 0.4 150.0 1.17 311.25
118 0.4 —166.0 1.35 1023.75
119 0.55 144.0 1.37 996.25
120 0.45 —94.0 1.71 498.75
121 0.5 41.0 2.67 3187.50
122 0.5 —157.0 1.4 417.50
123 0.45 —291.0 0.61 1325.00
124 0.6 77.0 1.17 917.50
125 0.35 —96.0 1.89 1687.50
126 0.4 4.0 0.98 228.75
127 0.25 —183.0 1.58 355.00
128 0.45 —43.0 1.18 407.50
129 0.4 —147.0 0.36 541.25
130 0.4 —145.0 0.73 408.75
131 0.4 —245.0 0.73 572.50

(continued)
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Table 1 (Continued)

Table 1 (Continued)

Participant OPG HU Average (log) R/C (pg/mL) Participant OPG HU Average (log) R/C (pg/mL)
132 0.65 150.0 1.24 1600.00 198 0.6 167.0 1.89 370.00
133 0.4 —87.0 1.59 586.25 199 0.45 —62.0 1.25 324.00
134 0.2 —138.0 1.38 1287.50 200 0.55 —327.0 1.01 1132.00
135 0.5 -27.0 1.09 945.00 201 0.6 -210.0 1.02 863.00
136 0.35 —257.0 1.22 647.50 202 0.35 —197.0 1.42 2350.00
137 0.35 —120.0 0.31 267.50 203 0.5 —550.0 1.88 1850.00
138 0.35 —116.0 0.95 233.75 204 0.6 —290.0 0.32 863.00
139 0.55 —-30.0 1.38 572.50 205 0.5 —68.0 1.22 2887.00
140 0.4 150.0 1.57 673.75 206 0.3 —192.0 1.48 7912.00
141 0.6 —155.0 1.12 2862.50 207 0.5 63.0 1.56 1625.00
142 0.55 157.0 1.11 691.25 208 0.5 37.0 1.1 2237.00
143 0.5 —127.0 0.67 1650.00 209 0.45 -57.0 1.28 950.00
144 0.3 —110.0 0.93 565.00 210 0.6 —154.0 0.73 661.00
145 0.55 84.0 0.84 1137.50 0.48 —165.7 1.2 1950.38
146 0.45 —414.0 0.87 8087.50 - -
147 0.45 —122.0 1.53 1217.50 BMDIJ/FDOJ = bone-marrow defects of the jaw/fatty-degenerative
148 0.4 —145.0 1.5 4075.00 osteolysis/osteonecrosis of the jaw; DVT = digital volume tomography;
149 0.6 170.0 0.67 562.50 HU = Hounsfield units; OPG = orthopantomogram; R/C = RANTES/
150 05 97.0 0.97 1337.50 CCLS; TAU-n = new through-transmission alveolar ultrasonography.
151 0.45 197.0 05 1875.00 The mean value obtained pre-operatively for 2-D OPG was a relative
152 0.6 ~117.0 1.6 950.00 bone density of 0.48; for 3-D DVT HU the value was —165.7 (normal
153 0.4 ~363.0 1.95 1111.25 > 300), and for CaviTAU Average(log) the value was 1.2 (normal
154 0.35 16.0 1.26 4437.50 bone density > 2.0). For R/C expression, the mean was 1950.38 pg/mL
155 0.55 —123.0 0.76 2750.00 (normal = 149.9 pg/mL). Pre-operative HU attenuation coefficients
156 0.4 23.0 1.58 370.00 and corresponding TAU-n attenuation coefficients (Average(log); col-
157 0.35 52.0 1.48 370.00 umns in gray) are compared with postoperatively measured levels of
158 0.35 320.0 0.58 518.75 R/C expression from the samples obtained during surgical treatment
159 04 ~108.0 0.36 1475.00 for BMDJ/FDOIJ (columns in blue). MV refers to the medium values
160 0.6 —23.0 1.04 5175.00 obtained in the course of our research, and the final row compares the
161 0.4 —566.0 1.26 873.75 corresponding values of healthy jawbone found in the literature (HUs;
162 0.5 —55.0 1.28 2637.50 Guglielmi and de Terlizzi 2009; Mah et al. 2010; Komar et al. 2019)
163 0.45 —305.0 0.85 486.25 and R/C levels (pg/mL; Klein et al. 2008; Lechner and Mayer 2010;
164 05 93.0 1.9 460.00 Lechner and von Bachr 2013, 2015; Lechner, Huesker et al. 2017;
165 0.55 42.0 0.75 457.50 Lechner, Schuett et al. 2017).

166 0.5 59.0 1.46 1312.50

167 0.5 —175.0 0.96 5462.50

168 04 —450.0 1.07 11,437.50 another. The distance between the surfaces of the receiver
169 0.5 107.0 1.66 1163.75 . .

170 0.45 ~30 136 650.00 and the alveolar ridge was shown to vary widely.

171 0.6 192.0 1.56 1300.00 As a solution, a semi-solid gel pad was placed
172 0.35 43.0 0.62 573.75 between the receiver and the alveolar ridge of the
173 0.45 —120.0 0.73 190.00 . . .

174 0.6 —96.0 135 966.25 patient. The sound velocity in the gel used should fall
175 0.55 —58.0 1.09 3137.50 within the same range as that of soft tissue (i.e,
};g 8%5 ;ggg 8-;‘7‘ 33%232 1460—1615 m/s) and the gel should have a sound attenu-
178 04 :225‘0 0.84 2675.00 ation ranging from 0.3—1.5 dB/cm (1 MHz), so as not to
179 0.35 123.0 0.89 2287.50 impede the acoustical measurements in the jawbone.
180 0.6 —115.0 0.7 1825.00 The haul-off speed for spontaneous resilience should not
181 0.3 —63.0 1.31 1250.00 . .

182 0.4 _175.0 157 1108.75 exceed 80 mm/s. The semi-solid property of the gel pre-
183 0.6 97.0 1.79 1425.00 vents it from evaporating or disappearing before or dur-
184 0.5 2.0 1.56 1750.00 ing measurement. To perform the measurements, inside
185 0.55 179.0 1.5 647.50 . . . .

186 0.45 40.0 1.89 968.75 the gel pad is a small pocket into which the receiver can
187 0.4 65.0 0.67 733.75 be inserted. Following the elimination of any air bubbles
188 0.7 200.0 141 555.00 between the receiver and the semi-solid gel, the measur-
189 0.5 —44.0 1.23 1950.00 . iti dv

190 0.35 —58.0 1.44 631.25 Ing unit 1s ready ror use.

191 0.4 —116.0 1.34 2362.50

192 0.35 —293.0 1.28 338.75 Calibration of the TAU-n

193 0.35 153.0 0.71 985.00 . ..

194 05 3160 132 1600.00 The arrangement of the measuring unit in a defined
195 0.2 —231.0 0.35 4574.00 geometry allows for easy calibration of the TAU-n. This
196 0.5 —162.0 1.09 3400.00 functional test is performed with flexible gel pads covering
197 0.4 -94.0 0.73 1675.00

(continued)

both the transmitter and the receiver. Figure 8 illustrates the
procedure—the full immersion of both parts into a vessel
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Fig. 8. Water test for calibration. Left: Transmitter and

receiver must be completely submerged in water. Right: All

sensor elements show watermarks with the exception of the
lower right sensor element.

filled with water. The complete acoustic coupling is visible
when all sensor elements show the watermark in the left
image of the sensor on the computer display. This calibration
in a water bath at constant conditions allows for compensa-
tion of possible deviation of the elements as a starting point
for measurement. The calibration test ensures that no air
pockets interfere in the arrangement of cushions, gel and
sleeves and that no failure of elements or components leads
to misinterpretation.

POST-OPERATIVE METHOD FOR
DETERMINING BMDJ/FDOJ

Determining BMDJ/FDOJ with R/C expression
BMDIJ/FDOJ cavitations contain degenerated adi-
pocytes that exhibit a particular expression profile of the
chemokine R/C (Lechner and Mayer 2010; Lechner and
von Baehr 2013, 2015; Lechner, Huesker et al. 2017;
Lechner, Schuett et al. 2017). Hence, BMDJ/FDOJ sam-
ples were also analyzed for expression of the inflamma-
tory immune mediator R/C. Laboratory procedures used
to define R/C expression levels in healthy jawbone and
in BMDJ/FDOJ have been previously published; healthy
jawbone showed R/C expression levels of 149 pg/mL,
whereas a significant number of BMDJ/FDOJ samples
(n = 301) among people with chronic disease (average
age: 54.05 y; age range: 23—75 y; gender ratio: 89
women to 225 men) showed a 20-fold increase in R/C
expression of 2940 pg/mL (Lechner and Mayer 2010;
Lechner and von Baehr 2013, 2015;
Lechner, Huesker et al. 2017; Lechner, Schuett et al.
2017). BMDIJ/FDOQJ is the only bone resorption process
that shows R/C overexpression (Lechner et al. 2018).
BMDIJ/FDOJ also displays a reduction in expression of
tumor necrosis factor-a and interleukin-6, whereas all
other bone resorption-related diseases are characterized
by overexpression of tumor necrosis factor-« and inter-
leukin-6. In summary, the recent literature has shown
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that BMDJ/FDOJ not only is characterized by reduced
mineralization and diminished bone density but also
plays an important role in osteoimmunologic processes.
Thus, R/C overexpression alone is involved in the char-
acteristic and bone-degrading aspect of BMDIJ/FDOJ
(Lechner et al. 2018).

Based on findings in the literature (Lechner and Mayer
2010; Lechner and von Baehr 2013, 2015;
Lechner, Huesker et al. 2017; Lechner, Schuett et al. 2017),
it is known that an R/C expression level higher than
149 pg/mL indicates the presence of osteonecrosis or osteol-
ysis which has resulted in diminished jawbone density. A
control group of 19 participants volunteered to provide sam-
ples of healthy jawbone, which were removed using drill
cores during dental implantation surgery. The inclusion crite-
ria for this group were as follows: absence of distinctive
radiologic features in 2-D OPG and 3-D DVT and inconspic-
uous TAU-n measurements of bone density in the implanta-
tion area. The use of bisphosphonate medication was the
central exclusion criterion. The demographic data for the 19
participants in the BMDJ/FDOJ control group were average
age, 514 y; age range, 33—72 y; gender breakdown, 10
women, 9 men.

Collection of pre-operative rel-JBD, HU and TAU-n
values and post-operatively measured levels of R/C
expression

In this study, a cohort of 210 participants who exhibited
clinical evidence of BMDJ/FDOJ (i.e., HU value, local R/C
expression profile and TAU-n measurements) was identified

Preoperative
diagnostic methods QyIHY

2D-0OPG
£

Bone Marrow
defect of the jawbone

Postoperative T 1578 pgma
verification RANTES/CCL5
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Fig. 9. The possible methods used to localize¢ BMDJ/FDOJ.
Pre-operative 2-D OPG is insufficient, but DVT with the possi-
bility of HU measurement may provide a clear indication of
BMDIJ/FDOIJ. The use of TAU-n as a novel, radiation-free
measurement option is evaluated in this article. Post-operative
multiplex analysis shows extreme R/C overexpression, provid-
ing evidence of inflammation. BMDJ/FDOJ = bone-marrow
defects of the jaw/fatty-degenerative osteolysis/osteonecrosis
of the jaw; DVT = digital volume tomography;
HU = Hounsfield units; OPG = orthopantomogram; R/
C =RANTES/CCLS; TAU-n = new through-transmission alve-
olar ultrasonography.



Focal Bone-Marrow Defects in the Jawbone Determined by Ultrasonography ® J. LECHNER ef al. 9

to investigate our research objective in a clinical setting. The
schematic representation in Figure 9 illustrates the four vali-
dation parameters discussed and used in this study. Each of
the participants in this group was assessed with TAU-n. To
be included in this group, each participant was required to
have the following with respect to the area of BMDJ/FDOJ
investigated: positive pre-operative TAU-n measurements,
low bone density (in HU values) and a post-operative evalu-
ation of R/C expression. We compared the pre-operative
TAU-n and HU values of the research group with the post-
operatively obtained laboratory results of R/C expression of
the corresponding jawbone areas of BMDJ/FDOJ.

Statistical analysis

The statistical analysis was conducted using the sta-
tistical software R version 3.5.1. The similarity between
the HU and TAU-n methods was verified by means of
the Spearman correlation coefficient.

RESULTS

Comparison of pre-operative TAU-n and HU values with
post-operative evaluation of R/C expression

After evaluating the detection of BMDIJ/FDOIJ
using TAU-n, we established clinical evidence of the
TAU-n attenuation coefficients by comparing and verify-
ing pre-operative HU and TAU-n values with the post-
operatively determined R/C expression levels of corre-
sponding BMDJ/FDQJ areas. The results are shown in
Table 1. In Figure 9, we present three pre-operative
methods and one post-operative method used to assess
BMDJ/FDOJ. For this group of 210 participants, we car-
ried out each of these four methods and compared the
results, i.e., (A) the OPG bone density; (B) the preopera-
tive HU attenuation coefficients; (C) the corresponding
TAU-n attenuation coefficients of BMDJ/FDOJ accord-
ing to Average(log) in the TAU-n software (TAU-n Log
in Table 1 = Average (log); see Fig. 7); and (D) the R/C
expression levels in the fatty degenerated samples
obtained during BMDJ/FDOJ surgery (Table 1).

Comparison of rel-JBD, HU and TAU-n values of
healthy jawbone

To ensure that TAU-n generates significantly higher
attenuation values in jawbone where BMDJ/FDOJ is not
present, we measured rel-JBD, HU and TAU-n values in
healthy jawbone. To obtain valid negative results, we
focused on bone-marrow areas beneath healthy molar
teeth. The process of determining rel-JBD and HU was
already shown in Figure 1. The results obtained for
healthy jawbone in 10 participants are presented in
Table 2. We were unable to measure R/C values, because
surgical intervention in areas of healthy jawbone was not
possible for ethical reasons.

Table 2. Measurement of rel-JBD, HU and TAU-n values in

healthy jawbone
Participant Area OPG HU TAU
1 37 0.55 272 7.02
2 37 0.5 599 8.49
3 47 0.55 97 4.46
4 37 0.45 193 7.14
5 36 0.55 678 6.89
6 37 0.45 271 11.51
7 36 0.35 744 6.71
8 46 0.6 306 10.51
9 47 0.4 329 6.16
10 37 0.4 315 9.79
Mean 0.48 380.4 7.868

HU = Hounsfield units; OPG = orthopantomogram; OPG: rel-
JBD = relative bone density of the jawbone; TAU-n = new through-
transmission alveolar ultrasonography.

Comparison of rel-JBD, HU and TAU-n values of
healthy jawbone and BMDJ/FDOJ areas

The bone densities measured in healthy jawbone
and BMDJ/FDOJ areas are compared as mean values.
There is clear agreement in the rel-JBD values obtained
with 2-D OPG (4.8 BMDIJ/FDOJ, 4.8 healthy), whereas
the HU values (—165 BMDJ/FDOJ, 380 healthy) and
particularly TAU-n values (1.2 BMDIJ/FDOJ, 7.8
healthy) differ significantly (Fig. 10).

DISCUSSION

Bone-marrow defects and 2-D OPG

To compare the results documented in Table | in
terms of their clinical significance, we calculated 10
mean values of jawbone density measurements obtained
with 2-D OPG from three different dental colleagues

—Healthy
JB

—BMDJ/
FDOJ

OPG HU TAU-n

Fig. 10. Comparison of relative bone-density values deter-

mined with 2-D OPG, attenuation coefficients in HUs (1:100)

and TAU-n values in healthy and BMDIJ/FDOJ cohorts.

BMDIJ/FDOJ = bone-marrow defects of the jaw/fatty-degener-

ative osteolysis/osteonecrosis of the jaw; HU = Hounsfield

units; OPG = orthopantomogram; TAU-n = new through-trans-
mission alveolar ultrasonography.
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Fig. 11. Comparison of various density values with BMDJ/
FDOJ values obtained using 2-D OPG. This shows that normal
bone density measured in healthy spongial cancellous bone
structure with a value of 0.5 is only slightly denser than the
mean value of the 210 BMDIJ/FDOJ areas we examine, with a
medium value of 0.48. This explains in part why there is wide-
spread doubt among dentists in the discussion about the actual
existence of BMDJ/FDOIJ. In summary, a critical detection of
medullary bone density in BMDIJ/FDOJ areas is not possible
with 2-D OPG (Lechner 2014). BMDJ/FDOJ = bone-marrow
defects of the jaw/fatty-degenerative osteolysis/osteonecrosis
of the jaw; OPG = orthopantomogram.

with available radiographs. The five control parameters
comprised the following measurements: cortical bone on
the mandibular branch, all-ceramic crown, the canal of
the infra-alveolar nerve, cancellous bone normal, and
cyst lumen. Figure 11 shows these values in blue. Bone-
density values in areas of BMDJ/FDOIJ collected from
the cohort of 210 participants are presented in red.

Bone-marrow defects and 3-D DVT

As with the 2-D OPG radiographs, to compare the
results documented in Table 1 in terms of their clinical
significance we calculated 10 mean values of 3-D DVT
measurements from three different dental colleagues
with existing radiographs as before. Figure 12 shows
these HU values in blue. The bone-density value of
—169 HUs in the BMDIJ/FDOJ areas collected from the
cohort of 210 participants is presented in red.

Bone-marrow defects and TAU-n

When the TAU-n Average(log) values are com-
pared with the DVT HU values determined in this study,
both correspond to reduced bone density, which implies
the presence of BMDIJ/FDOJ. Further, the general corre-
lation of HU and R/C multiplex analysis with the Aver-
age(log) values generated using the TAU-n software
may be confirmed. In previous publications, light
microscopy has also confirmed the reduction of bone
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Fig. 12. Comparison of a wide variety of density values with
BMDIJ/FDOJ values obtained with 3-D DVT. This shows that
the HU value of —169 produced by the reduced X-ray attenua-
tion in the softened BMDJ/FDOJ areas is significantly less than
the minimum value of 300 reported as healthy in the literature.
A reliable assessment of the medullary bone density in areas of
BMDIJ/FDOJ is possible with the HU values derived using
high-quality 3-D DVT  (Loubele et al. 2009;
Roberts et al. 2009). However, this method of examination
requires a relatively high radiation exposure. Furthermore,
DVT devices which provide the necessary HU measurement
are costly. In our experience, inexpensive DVT units fail to
achieve the requisite quality and lead to incorrect assessments
based on purely subjective evaluation. BMDJ/FDOJ = bone-
marrow defects of the jaw/fatty-degenerative osteolysis/osteo-
necrosis of the jaw; DVT = digital volume tomography;
HU = Hounsfield units.

density determined by the CaviTAU Average(log) val-
ues (Lechner et al. 2020).

The threshold for which TAU-n log indicates BMDJ/FDO.J

As shown in Table 1, the mean value of 210 TAU-n
measurements in BMDJ/FDOJ areas is 1.2, with a range
of 0.3 (#5) to 1.95 (#153). Accordingly, we defined the
threshold for which a TAU-n log indicates diminished
bone density corresponding to a BMDIJ/FDOJ area at a
TAU-n value of 2. TAU-n values of 4.49, 2.29 and 2.67
(participants 4, 53 and 123) were the only measurements
determined beyond this threshold of 2; however, a 20-
fold, 4-fold and 10-fold overexpression of R/C was also
detected in these cases.

R/C expression in BMDJ/FDOJ

The values of R/C expression in the BMDIJ/FDOJ
samples analyzed post-operatively with multiplex meth-
ods in the laboratory average 1950.38 pg/mL, which is
13 times the normal value of 149.9 pg/mL found in
healthy jawbone that we have previously published
(Lechner and von Baehr 2013). First and foremost, the
application of TAU-n allows for the use of low radiation
levels in the stress-free detection of mineralization and
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metabolic disorders in the medullary region of the jaw-
bone. Medical devices that aim to measure specific phe-
nomena must be able to consistently reproduce their
results. In this respect, the measurements obtained with
TAU-n are reliable and primarily free of operator error,
as the TAU-n transmitter and receiver are positioned
along a coplanar axis in a fixed arrangement. This
ensures the necessary independence from the operator
and the reproducibility of TAU-n measurements. Errors
in acoustic coupling are avoided by displaying a gray
sensor field, which is not associated with ultrasound
transmission during the measurement process.

Limits in the comparability of the measured HU and
TAU-n values

A 1:1 correlation of the measured values obtained
with DVT in HUs and using TAU-n is not possible
because both examination methods are physically differ-
ent and thus measure different distances in the jaw. How-
ever, a general technical correlation may be made as
follows: The measured HU values correspond to a
selected cross-sectional slice of the jaw, whereas TAU-n
penetrates through the entire distance from the transmit-
ter to the sensor and thus reproduces the typical reflec-
tive and scattering properties of ultrasound. TAU-n is
therefore unable to isolate particular sections within the
jawbone. Furthermore, the attenuation coefficients of
both methods behave in completely opposite ways. With
HUs, the denser the irradiated object, the greater the pos-
itive attenuation coefficients and the lower the transmis-
sion. With TAU-n, the greater the density of the object
to be examined, the lower the attenuation coefficients
and, thus, the greater the sound transmission. A relation-
ship between the two methods can still be established,
however, as conspicuous areas assessed using HUs are
also detectable with TAU-n and vice versa. To ensure
that TAU-n is a reliable indicator of poor bone quality,
this approach should be validated in people without
BMDJ/FDOJ. Here we face an ethical obstacle, as peo-
ple with HU values >300 and TAU-n log >2 are inap-
propriate candidates for jawbone surgery. Thus it is not
possible to obtain R/C values in such cases. The study
design we used is thus unable to fully answer the initial
question posed in this study.

SUMMARY

The interest in the application of TAU-n lies in the
decrease in bone density in BMDIJ/FDOJ owing to
osteolysis. The upper limit of DVT HU values of interest
with respect to BMDIJ/FDOJ is +300, as at this point
there is a transition to healthy cancellous bone. Values
over +300 HUs thus fall outside the necessary detection
range of TAU-n. The HU values produced in this study

(range: —680 to +150) indicate BMDJ/FDOJ in class 5
cases (Mah et al. 2010). The data presented here show
that HU values demonstrate osteolysis and correspond to
R/C  overexpression in  BMDIJ/FDOJ  areas
(Lechner et al. 2018). When the data derived from both
methods used to evaluate BMDJ/FDOJ (i.e., HU values
and R/C expression) are compared with the TAU-n
results, there is a correlation between the attenuation
coefficients of HUs and TAU-n. Thus, it may be assumed
that TAU-n, which uses ultrasound waves, is able to pro-
vide an accurate representation of the degrees of miner-
alization and bone density in the jawbone area.

e Using the Average(log) values generated with TAU-n,
we confirmed a general correspondence between HU
values and R/C multiplex analysis in a cohort of 210
people with BMDJ/FDOJ patients.

e Table 1 shows two participants (#53 = 2.29 and
#123 = 2.67) with an Average(log) value > 2 from
the total of 210 participants.

e Here, HU values and post-operatively measured levels
of cytokine expression confirm the reliability of TAU-
n measurements with respect to displaying decreased
bone density in cases of BMDIJ/FDOJ.

LIMITATIONS

The limitations of this study include the sample
size. Bias may also be present owing to the fact that not
all parameters were validated in the cohort with healthy
jawbone. For ethical reasons, surgical intervention and
the measurement of R/C expression in healthy jawbone
without any sign of BMDJ/FDOJ was not applicable.

CONCLUSION

A newly developed ultrasonography device (TAU-
n) is able to detect and localize BMDJ/FDOJ caused by
the fatty-degenerative dissolution of medullary trabecu-
lar structures in the jawbone. As other studies have con-
firmed  (Guglielmi and de  Terlizzi  2009;
Komar et al. 2019), ultrasonography is a low-cost and
efficient means of assessing jawbone health, and this
was replicated with the use of the new TAU device pre-
sented here. This study established a new value using
TAU-n which provides a reliable indicator of poor bone
quality, rendering the device a useful tool for treatment-
planning strategies in implantology as well as for foster-
ing cooperation among professionals when assessing or
treating osteoimmunologic diseases and linking such dis-
eases with the immune system. TAU-n thus provides a
non-harmful alternative to the use of X-ray irradiation,
which is increasingly criticized (Brenner et al. 2001;
Vano et al. 2017), particularly in view of more stringent
radiation protection laws (Strahlenschutzgesetz 1966).
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TAU-n represents a novel type of imaging acquisition
process in dentistry and offers the ability to non-inva-
sively assess hidden BMDJ/FDOJ in the human jawbone.
Further extensive clinical trials and multicenter compar-
ative measurements examining TAU-n should be carried
out to establish a new classification based on ultrasound
and perform a reliability assessment.
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Introduction: Bisphosphonate (BP)-related osteonecrosis of the jaw (BRONJ) is
a complication of intravenous (IV) BP therapy. BP therapy locally affects the dentoalveolar
area, while systemic effects are associated with parenteral/IV BP use. Despite numerous
publications, the pathogenesis of BRONIJ is not fully understood, as only some patients
receiving IV BPs develop BRONIJ.

Purpose: Can impaired bone remodeling (found in aseptic-ischemic osteonecrosis of the
jaw [AIOJ], bone marrow defects [BMD], or fatty-degenerative osteonecrosis of the jaw
[FDOJ]) represent a risk factor for BRONJ formation?

Patients and Methods: A literature search clarified the relationship between AIOJ, BMD,
FDOJ, and BRONJ, in which common characteristics related to signal cascades, pathohistol-
ogy, and diagnostics are explored and compared. A case description examining non-exposed
BRONI is presented.

Discussion: Non-exposed BRONJ variants may represent one stage in undetected BMD
development, and progression to BRONJ results from BPs.

Conclusion: Unresolved wound healing at extraction sites, where wisdom teeth have been
removed for example, may contribute to the pathogenesis of BRONJ. With IV BP admin-
istration, persisting AIOJ/BMD/FDOJ areas may be behind BRONIJ development.
Therapeutic recommendations include IV BP administration following AIOJ/BMD/FDOJ
diagnosis and surgical removal of ischemic areas. BPs should not be regarded as the only
cause of osteonecrosis.

Keywords: bisphosphonates, bone marrow defects, osteonecrosis of the jaw, RANTES/
CCLS, ultrasound sonography

Introduction

Recent literature reviews suggest that bisphosphonates (BPs) may contribute to the
growing number of cases of osteonecrosis involving the maxilla and mandible that
are associated with the pathogenesis of BP-related osteonecrosis of the jaw
(BRONJ)." In the discussion concerning BRONIJ, a distinction must be made
between diseases featuring reduced osseous mineral content, which may be counter-
acted by BPs (such as those occurring during menopause or in cases of osteoporo-
sis), and cases that present with indications for BPs (such as tumors). BPs have
been used in the treatment of multiple myeloma, breast cancer, prostate cancer, and
other tumors. In patients with metastatic breast cancer, the bones are affected in
around two-thirds of cases. To protect patients from bone fractures and to reduce
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pain, patients are often prescribed BPs or a special anti-
body that prevents the breakdown of, and subsequently
stabilizes, affected bone. BRONJ is a newly emerging
problem that is recognized as a serious complication of
BP therapy, av)
administration.

primarily following intravenous

The concern is that BPs affect the natural remodeling of
bone tissues and delay the breakdown of older bone struc-
tures. BPs are potent inhibitors of bone resorption and have
a chronic effect over a half-life of at least 5 years, possibly
exerting their effects for more than 10 years. BRONJ is
a seemingly “growing epidemic” associated with osteone-
crosis of the jawbone (ONJ).> The long-term effects of
oncological-related BP treatment on alveolar bone quality
include the impact on BP-induced overexpression of alveo-
lar bone remodeling. There are increased osteosclerotic
properties in the alveolar bone that are associated with
significantly greater bone volume and higher bone
density.”” The risk of BP therapy is divided into two
categories: thus,
a distinction must be made between oral and IV adminis-

local and systemic risk factors;
tration. Local oral risk factors for BRONJ in cancer patients
include dentoalveolar surgery, dental extraction, and dental
implant insertion.® Periodontal infections also significantly
increase the risk of BRONIJ in cancer patients.” In addition,
there is a significant correlation between the use of remo-
vable prostheses, the administration of high-dose IV BPs,
and an increased risk of BRONJ.'? In patients receiving oral
BP therapy for the treatment of osteoporosis, the prevalence
of BRONJ only increased 0.21% from close to 0%.
Systemically, however, there is a much higher risk asso-
ciated with the IV injection of BPs. This is closely related to
the frequent use of BPs in cancer patients who receive
a significantly higher total dose over a longer duration."’
The mean and minimum time for the development of ONJ
is 1.8 years and 10 months, respectively.'” The risk of
BRONIJ in cancer patients exposed to BP therapy is from
50-100 times higher than in cancer patients treated with
a placebo. The BRONJ risk for the RANKL inhibitor deno-
sumab was between 0.7% and 1.9%.">'* The risk of ONJ in
cancer patients treated with high doses of IV BPs appears to
be significantly higher: in the range of 1-10 per 100 patients
(depending on therapy duration).'> A recent review reported
a wide-ranging BRONJ incidence of 0-27.5% that was
associated with the IV administration of BPs, with an aver-
age incidence of 7%.'° The cumulative frequency varied
from 0.8-12.0% and was estimated to be up to 30.0% in
some reports.'”"'® Despite numerous publications on the

subject, the overall pathogenesis of BRONJ does not yet
appear to be fully understood. In particular, the reasons why
only a subset of patients (<30%) receiving IV BPs develop
BRONIJ remain unclear. Although most patients that
develop BRONJ have a history of tooth extraction or injury,
these factors do not fully explain the occurrence of
BRONIJ.® The development of BRONJ in edentulous areas
in patients with no apparent history of injury suggests that
pre-existing conditions, such as subclinical infections or
potentially necrotic areas of the jawbone, may contribute
to the conditions that lead to the development of BRONLJ.

Research Question

Why does BRONJ develop in up to 30% of individuals
following IV BP therapy and not the remaining 70%? This
review raises the question of whether little-known or dif-
ficult-to-identify, pre-existing, impaired bone remodeling,
such as that occurring in aseptic-ischemic osteonecrosis of
the jaw (AIOJ), bone marrow defects (BMD), or fatty-
degenerative osteonecrosis of the jawbone (FDOJ), repre-
sents a local risk factor in the development of BRONJ.

Materials and Methods

There is still a limited scientific understanding of the
relationship between ONJ and BPs."” In order to clarify
the research question and present the background and
specific common characteristics of AIOJ/BMD/FDOJ and
BRONUJ, an extensive literature search was carried out in
PubMed Central. In the literature, the terms “aseptic-
ischemic osteonecrosis of the jaw” (AIOJ), ‘bone marrow
defects’ (BMD), and “fatty-degenerative osteonecrosis of
the jawbone” (FDOJ) are used to describe an intramedul-
lary phenomenon with the same pathogenesis, morphol-
ogy, and pathohistology.

The American Association of Oral and Maxillofacial
Surgeons published four staging criteria (“at risk”, Stage
0-3).?° Stage 0 is of particular interest in our research as it
refers to patients with “no clinical evidence of exposed
bone, but presence of non-specific symptoms or clinical
and/or radiographic abnormalities”. The discussion con-
cerning BRONJ is complicated by the fact that there are
two clinical forms of BRONJ. The first presents as
exposed bone in the maxillofacial region with clinically
recognizable necrotic bone that is visibly exposed through
the oral mucosa or facial skin, and present for more than 8
weeks, which is referred to as so-called exposed
BRONI."” The second form of BRONJ is particularly
interesting for our was

investigation; it recently
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emphasized that BRONJ does not always appear with
necrotic bone visible through a breech in the oral
mucosa.”’ This form is referred to as “non-exposed
BRONJ” (NE-BRONJ). In the absence of exposed bone,
it is characterized by clinical features associated with the
jaw, such as unexplained jawbone pain, fistulas/sinus
tracts, loose teeth, and swelling.””*® Diagnosing NE-
BRONJ is difficult, as other common jawbone diseases,
such as odontogenic infections, may cause similar symp-
toms and must be excluded. The non-exposed variant may
comprise up to one third of all BRONJ cases and is thus
not uncommon;>* however, this previously underestimated
NE-BRONI is difficult to accurately diagnose. Recently
published papers emphasize that NE-BRONJ has received
little attention so far and does not fulfill the current defini-
tion of BRONJ.? Nevertheless, NE-BRONJ belongs to the
same disease as exposed BRONJ and should be identified
as part of the full spectrum of BRONJ (see the section
titled, “Case descriptions of AIOJ/BMD/FDOJ, non-
exposed BRONTJ, and Actinomyces colonization™).*

Bisphosphonates and Antitumor Therapy
Our investigation requires the identification of the basic
immune mechanisms associated with BP administration.
Specifically, which mechanism is behind the anti-tumor
activity of BPs in cancer patients?

Bisphosphonates and Mesenchymal Stem Cells

Various studies postulate that BPs change the bone
microenvironment around cancer cells, which may pre-
vent cancer cell survival and disease recurrence.”’ BPs
may also reduce the appearance of disseminated tumor
The
mesenchymal stem cells (MSCs) are predominantly

cells. formation of metastases is complex;
found in the bone marrow.”® MSCs may contribute to
the formation of metastases through various mechan-
isms: (1) MSCs are recruited to develop breast tumors
where they can enhance the metastatic potential of
weakly tumorigenic breast cancer cells;*’ (2) MSCs
and other bone marrow cells may form a pre-
metastatic niche within the specific tissues to which
tumor cells metastasize;’" and (3) MSCs are able to
maintain the growth and survival of cancer cells in the
bone microenvironment where they may contribute to
the formation of niches for dormant micrometastases
that can later form distant metastases. BPs significantly
reduce the ability of MSCs to migrate, thereby redu-
cing the growth and survival of cancer cells.”’ Thus,

the effects of BPs on MSCs in the bone marrow micro-
environment contribute to anti-tumor activity by affect-
ing the ability of MSCs to migrate and develop tumors
in pre-metastatic niches. BPs disrupt the interaction
between MSCs and breast cancer cells within the
bone microenvironment, where BPs may also directly
inhibit breast cancer cell growth.

Bisphosphonates and Antiangiogenesis

The antiangiogenic effect of BP administration in tumor
patients also plays a role in therapy.”> When administered
systemically, BPs effectively inhibit angiogenesis. The
pronounced antiangiogenic properties of BPs enhance
their effectiveness in the treatment of malignant bone
diseases. In addition to suppressing RANTES/CCLS5 (R/
C) expression in MSCs, BP administration plays a role in
the treatment of tumor patients.”® Similar to exogenous
glucocorticoids and estrogen,’ BPs are ischemic and
hypoxia-related stressors of bone health that alter jaw-
bone metabolism, thus leading to osteonecrosis. While
tumor-associated BP therapy is currently the “heavy
weight” for bone health, it may accelerate existing,
chronic pathophysiological events within the microcircu-
lation of bone marrow compartments in the jaw. BRONJ
development is often characterized by a slow start and
usually presents with infarcts and thrombosis of small
vascular sections of the supplying artery within the
medullary canal; these features also correspond to
AIOJ/BMD/FDOJ. Myeloid elements (including fat mar-
row) liquefy and cancellous trabeculae are resorbed, so
that individual bone spaces merge and gradually create
larger cavities.

Osteoimmunological Parameters of AlO)/
BMD/FDOJ and BRON] with the Same

Impact in Response to BPs

If we compare the findings in the sections titled,
“Bisphosphonates and mesenchymal stem cells” and
“Bisphosphonates and antiangiogenesis” to pre-existing
AIOJ/BMD/FDOJ, several strikingly common characteris-
tics shared by BRONJ and AIOJ/BMD/FDOJ can be
observed that help to answer our research question. In
the sections following “Bisphosphonates and antitumor
therapy”, we present the foundations for the development
of AIOJ/BMD/FDOJ and draw similarities with the devel-
opment of BRONJ.
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RANTES/CCLS5: Overexpression as a Common
Osteoimmunological Characteristic of BRON] and
AIOJ/BMD/FDO)]

The key function of proinflammatory chemokines R/C in
the formation of breast cancer and its metastasis, as well as
a possible connection with the intramedullary signaling of
R/C overexpression from AIOJ/BMD/FDOIJ areas, has
been pointed out in previous studies.>>*® The conspicuous
overexpression of R/C in little-known BMDs, as found in
AIOJ/BMD/FDOJ, has been reported.’”*®* R/C overex-
pression is a regulator of healthy bone metabolism in
bone needing repair. The starting point for a typical
AIOJ/BMD/FDOJ BMDs is the expression of R/C and
its chemokine receptors (CCRS) in both osteoblasts
(OBs) and osteoclasts (OCs). Ligands (CCLS5) and recep-
tors (CCRS) simultaneously activate autocrine and para-
crine mechanisms in the bone.>” One study examined the
effects of BPs on human primary OBs and was able to
show that the overexpression of proinflammatory R/C
from BP-treated OBs also occurs in areas affected by
BRONJ.*" The secretion of proinflammatory cytokines
interleukin (IL)-8 and R/C increased after 14 days of
treatment with the highest dose of BPs.*’ The complexity
of cytokine control becomes clear at this point. In contrast
to the tumor, where BPs in the MSCs reduce R/C expres-
sion to such an extent that metastasis is prevented, R/C
expression is increased by BPs in OBs. If AIOJ/BMD/
FDOIJ is already present, it may be assumed that the
associated increased R/C secretion is thus further
increased by BPs. Specifically, NE-BRONJ may develop

Bisposphonate Characteristics

as BPs increase the expression of IL-8 and R/C.*' Other
researchers have confirmed increases in the secretion of
proinflammatory IL-8 and R/C from BP-treated OBs.*?
Combined with the lower proliferation rate of OBs and
a decrease in their differentiation, higher doses or accu-
mulations of BPs cause undesirable local changes in the
bone by increasing the secretion of IL-8 and R/C from
OBs. If these findings are applied to BP administration in
the context of a chronic, pre-existing AIOJ/BMD/FDOJ
area, then such areas may be expected to exhibit increased
R/C secretion in response to BPs. This increase may result
from the inhibition of OC activity, leading to the develop-
ment of BRONIJ. Figure 1 summarizes the effects of BP
administration on the pre-existing physiological derail-
associated with tumor and

ments osteoporosis

development.

Ischemia as a Common Osteoimmunological
Characteristic of BRONJ and AlOJ/BMD/FDOQOJ

In the literature, the vascular composition of AIOJ/BMD/
FDOJ is characterized by the fact that blood flow in the
medullary canal is impaired by micro-infarcts, which leads
to chronic marrow ischemia.*> BRONJ also shows reduced
vascularization in the medullary canal.** Several publica-
tions have shown that ischemic bone diseases such as
AIOJ/BMD/FDOJ and BRONJ are of multifactorial origin
and emphasize the “multiple stroke model” as the cause of
ischemic bone diseases.”*° In the orthopedic literature,
intensive research conducted on the development of
ischemic bone disease in the early stages of the disease

RANTES/CCL5

> from MSC

Osteoclasts

> overactivated

Vascularisation 'j r.-l,_>-
t— - — .

L - — .

Figure 1 Comparison of the effects of BP administration (+BP) in the context of a tumor (upper part of Figure 1) and pre-existing osteoporosis (lower part of Figure 1).
Legend: The red arrows indicate overactivity; the green arrows show reversal following BP administration.
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process is presented.’” Our aim here is to apply this
knowledge not only to extreme forms of the disease,
such as osteoradionecrosis and BRONIJ, but also to
chronic, subclinical, and ischemic forms such as bone
marrow edema and AIOJ/BMD/FDOJ, which often pro-
gress asymptomatically. Many of these forms are manifes-
tations of both local and systemic risk factors that
compromise circulation in the bone marrow, and may
also impact on the homeostasis of bone resorption and
formation, in addition to BP therapy. The importance of
this multifactorial exposure to risk factors for ischemia —
and the associated causal genetics that are very similar to
those in cases of AIOJ/BMD/FDOJ — is shown by obser-
ving how bone that is exposed to BPs demonstrates mini-
mal OC activity, followed by the deposition of newly
formed, thicker bone with reduced vascular supply.*® The
resulting mosaic-like pattern of bone remodeling is strik-
ingly similar to that found in Paget’s disease, which tends
to be associated with the development of osteomyelitis.*’
Similar to AIOJ/BMD/FDOJ, the remodeling induced by
BPs leaves cavities, otherwise known as “cavitations”,
which leads to both necrosis and — unlike that which is
found in AIOJ/BMD/FDOJ — subsequent infection by
colonizing bacteria. Many patients with AIOJ/BMD/
FDOJ have inherited prothrombotic tendencies, which is
comparable to what is found in patients with idiopathic
osteonecrosis of the femoral head (Paget’s disease) and

5
and 0-52

includes  thrombophilia hypofibrinolysis.
Although a consensus has been reached that ischemic
marrow edema is not part of the pathogenesis of
BRONIJ,> it is regarded as a typical characteristic of
AIOJ/BMD/FDOJ, serving as a precursor to BRONJ
development. Systemic antibiotic therapy has limited
access to these avascular zones and surgical debridement

is usually necessary.

Osteoblast Activation as a Common
Osteoimmunological Characteristic of BRONJ and
AIOJ/BMD/FDO)]

The initial OB situation found in AIOJ/BMD/FDOI is highly
characteristic; under pathological conditions, OBs express R/C
chemokines in a non-physiological manner.”*> The increas-
ing frequency of ONJ and its possible association with high
cumulative doses of BPs was investigated in one study, which
concluded that high doses of BPs had both OC and OB effects,
and thus bone remodeling was inhibited in vivo.® Other
researchers have examined the proliferation, viability, expres-
sion, and secretion of bone markers and cytokines/chemokines

from primary OBs following exposure to BPs.** Increased
concentrations of proinflammatory cytokines were found in
response to BPs. Similarly, increased R/C expression is pre-
sent in AIOJ/BMD/FDOJ. Following treatment with the high-
est dose of BPs, the secretions of proinflammatory cytokines
IL-8 (P<0.001) and R/C (P<0.001) were significantly
increased after 14 days. In addition, the secretion of proin-
flammatory R/C from OBs exposed to BPs increased. It has
also been determined that R/C plays a role in the etiology of
the osteolytic changes that are present in AIOJ/BMD/
FDOJ.*”*” The aim of another study was to investigate the
effect of BPs on human OBs in vitro, while considering
RANKL and osteoprotegerin (OPG), both of which mediate
OC differentiation.*” OPG increased significantly in the group
that received BPs at a dose of 10 uM, while RANKL expres-
sion decreased significantly with different concentrations of
BPs. In summary, exposure to various BP concentrations had
a positive effect on OB differentiation, but did not affect
proliferation. In contrast, the BP-associated changes in
RANKL and OPG production contributed to the suppression
of osteoclastic bone resorption. Excess R/C leads to OC inhi-
bition which, in our model, also leads to a disturbance in
RANK/RANKL homeostasis (see Figure 2). The chain of
reactions that arise from pre-existing AIOJ/BMD/FDOJ and
BP administration result in the development of BRONJ in
response to the subsequent OB depression; it also leads to
increased OC apoptosis. In addition, bone densification takes
place following BP administration as a result of increased OB
activity. As such, osteonecrosis occurs in the jawbone when
BPs are used parenterally. The reasons for these different
reactions to BPs have not yet been clarified.

Osteoclast Deactivation as a Common
Osteoimmunological Characteristic of BRON] and
AIOJ/BMD/FDO)]

The first step in tumor necrosis factor alpha (TNF-a)-
induced OC genesis occurs in the bone marrow.”®
Although mature OCs erode the resorption of the bone as
a focal point over the course of months to years, the
lifespan of individual OCs is only a few weeks. Thus,
mature OCs must be constantly replaced. With respect to
OC formation, TNF-a directly stimulates the formation of

mature OCs,>”*%°

and supports and promotes the survival
of mature OCs.®’ TNF-a increases the survival time of
OCs to extend the duration of bone resorption. In the
early stages of AIOJ/BMD/FDOJ, the situation for OCs
is highly contradictory: the extremely low TNF-a values

found in areas of AIOJ/BMD/FDOJ — as compared to the
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Figure 2 The effects of BP administration and the characteristics of AIOJ/BMD/FDO] both include depressed alkaline phosphatase (AP) activity with subsequent R/C
overexpression. On the one hand, this leads to OC inhibition and, on the other, to RANK/RANKL deactivation, which subsequently causes increased OC apoptosis and
depressed OB activity resulting in BRON] development. Legend: The red arrows indicate deactivation; the green arrows show a reversal of the effect following BP

administration.

values in healthy jawbone samples (as documented in our
previous studies) — indicate that any “inflammatory ero-
sion” due to TNF-a supported OC formation is unlikely.
Due to reduced TNF-a activation, OC formation in AIOJ/
BMD/FDOIJ is inhibited, which results in a fatty-
degenerative morphology.®*

In the same way, BPs inhibit the ability of OCs to
resorb bone. They do so by suppressing farnesyl dipho-
sphate synthetase activity, which inhibits OC recruit-
ment and impacts the life expectancy of OCs through
increased apoptosis. Where the OC function is exces-
sively inhibited, dying OCs will not be replaced, and the
capillary network of the bone will not be maintained,
which leads to BRONJ.'? The ability of BPs to regulate
bone turnover by suppressing OC activity has led to its
widespread use in the treatment of osteoporosis, Paget’s
disease, humoral hypercalcemia, and in tumors metasta-
sizing to bone.'”®® Several studies have shown the
effectiveness of BPs in suppressing OC activity in
arthritic bone erosions, which was comparable to the
effects of OPG injections.®*

Alkaline Phosphatase Reduction as a Common
Osteoimmunological Characteristic of BRON] and
AIOJ/BMD/FDO]

The initial alkaline phosphatase (AP) situation in AIOJ/
BMD/FDOJ is as follows: AP has an optimum pH in the
alkaline range. The pH level of AIOJ/BMD/FDOJ areas,
however, is reduced as a consequence of the proinflamma-
tory characteristics of R/C overexpression, resulting in
a chronic inflammatory state. AP activity is thus inhibited
within the increasingly acidic environment of such areas.
Furthermore, BPs increase R/C secretion from OBs, and
the acidity of areas affected by AIOJ/BMD/FDOJ,
together with an excess of R/C, leads to OC inhibition.®’
At the same time, there is also reduced osteogenesis due to
the suppression of AP activity,°® as well as the overexpres-
sion of R/C that is present in AIOJ/BMD/FDOQOJ areas and
also caused by BP administration. In our model, these two
factors led to OC inhibition via disturbed RANK//RANKL
homeostasis. In addition, depressed OB activity and
increased OC apoptosis result in BRONJ development.
While the skeletal bone consolidation that results from
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BP administration occurs in response to increased OB
activity, BRONJ develops in the jawbone when BP is
administered parenterally. The reasons for these different
responses to BPs have not yet been clarified. If we apply
these considerations to an existing AIOJ/BMD/FDOQO]J area
(as shown in Figure 2), then BRONJ and AIOJ/BMD/
FDOJ both show suppressed AP activity with subsequent
R/C overexpression.’” This leads to OC inhibition and
RANK/RANKL deactivation and, subsequently, increased
OC apoptosis. Decreased OB activity may ultimately lead
to the development of exposed BRONJ.

Osteoimmunological Parameters of AlO)/
BMD/FDOJ and BRON] with Reversed
Effects After BP Treatment

Despite the similarities detailed in the section titled
“Osteoimmunological parameters of AIOJ/BMD/FDOJ
and BRONJ with the same impact in response to BPs”,
BRONIJ and AIOJ/BMD/FDOJ present two very different
clinical pictures; different reactions to BP administration
are also likely to occur.

RANKL Disorder as a Common
Osteoimmunological Characteristic of BRON] and
AIOJ/BMD/FDO)]

The initial involvement of RANKL in AIOJ/BMD/FDOJ
has been described in the literature as follows: pathologi-
cal increases in levels of R/C and MCP-3 from activated
OBs stimulate chemotactic recruitment and RANKL for-
mation of resorptive OCs and aggravate local osteolysis.
inhibits OC
maturation by increasing OPG protein secretion and

However, BP administration indirectly
decreases transmembrane RANKL expression in human
OBs. Several studies have shown that although BPs do
not significantly affect RANKL gene expression, they
reduce transmembrane RANKL protein expression in
OBs.®®% This shows that BPs, in addition to directly
inhibiting mature OCs, prevent OC recruitment and differ-
entiation by splitting transmembrane RANKL into OBs.
OC activation and RANKL activation in areas of AIOJ/
BMD/FDOJ, and OC inhibition and RANKL inhibition in
BRONJ distinguish these two forms of derailed bone
metabolism and thus yield different clinical results.
Specifically, imperceptible fatty osteolysis of the marrow
structures in AIOJ/BMD/FDOJ and painful BRONJ
sequestrum arise as a result. BPs have been shown to
downregulate the expression of RANKL, the OC-
differentiating factor produced by OBs.”’

Osteoprotegerin Disorder as a Common
Osteoimmunological Characteristic of BRONJ and
AIOJ/BMD/FDO]

The initial involvement of OPG in AIOJ/BMD/FDOJ is
described in the literature. Since the TNF-a level found in
AIOJ/BMD/FDOI represents only 50% of the TNF-a level

in healthy jawbone,*®’

the OPG enzyme that belongs to
the TNF family is deactivated. In the resulting osteolysis
found in areas of AIOJ/BMD/FDQJ, this leads to reduced
RANKL binding and thus results in OC activation. In
conclusion, data from previously published studies have
suggested that BPs modulate the production of OPG by
normal OBs, which may contribute to the inhibition of OC
bone resorption.”’ As the production of OPG increases
with OB maturation, the amplification of OPG by BPs
may be linked to OB differentiation via stimulatory BP
effects. BPs have been shown to increase the gene expres-
sion for the decoy receptor, OPG, in human OBs.”' OPG
is disturbed in both AIOJ/BMD/FDOJ and
BRONJ, albeit in opposite ways. However, the prior
imbalance of OPG activity in AIOJ/BMD/FDOJ may

increase the effects associated with BP administration.

balance

Common Diagnostic Parameters of AlO)/
BMD/FDOJ and BRON)]

With respect to the exposed variant of BRONIJ, radio-
graphic procedures are required in order to determine the
extent to which the degree of ossification has increased.””
However, the existence of this variant of BRONI is clini-
cally evident. In contrast, the non-exposed BRONJ variant
and AIOJ/BMD/FDQOIJ are associated with very similar
problems in terms of diagnostic imaging. As with AIOJ/
BMD/FDOJ, the prevalence of this variant of BRONIJ is
largely underestimated as the disease is often underdiag-
nosed and under-reported.”” Studies have shown that
almost a quarter of patients with BRONJ remain
undiagnosed.”*

Histopathology as a Common Feature of BRON]J and
AIOJ/BMD/FDO)]

The initial histopathological presentation of AIOJ/BMD/
FDOJ found in the literature is as follows: Bouquot
describes these bone modeling disorders as ischemic osteo-
necrosis, which is a bone disease characterized by the
degeneration and death of marrow and bone due to a slow
or abrupt decrease in marrow blood flow.”” Clumps of
coalesced, liquefied fat (oil cysts) may be seen. Bone
death is represented by a focal loss of OCs. Dark masses
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of calcific necrotic detritus may often be present.”” The
histopathological features of AIOJ/BMD/FDOJ include
necrotic adipocytes and fibrosis, but an almost complete
absence of inflammatory cells.”® Additional research has
shown the role of aseptic necrosis following injury or
drug therapy in the pathophysiology of BRONJ. Aseptic
bone necrosis, as found in AIOJ/BMD/FDOJ, has been
reported as a manifestation of selected systemic diseases
and also documented following operations, trauma, and
immunosuppressive therapy at the site of BRONJ.”””® The
development of aseptic necrosis has been documented in the
upper
osteotomies.””*" Researchers have observed a relationship

and lower jaw, particularly  following
between oral BP use and non-specific aseptic osteonecrosis
among a cohort of older cardiovascular patients.*' Other
researchers have identified necrotic liquefaction, which
often extend to large areas of the jaw, especially within
BRON!IJ lesions of cancer patients, as shown using digital
volume tomography (DVT)/cone beam computed tomogra-
phy (CBCT).** Research has been published on BRONJ
samples that were characterized by low to moderate
inflammation.® This is in accordance with other reports of
histopathological analyses of BRONJ samples.*’854 %
Bone samples from BRONIJ patients were investigated by
microscopy and the presence of inflammatory infiltrates in
the bone tissues was not observed.®” These studies have
demonstrated that aseptic necrosis, a lack of inflammatory
reactions, and empty OC lacunae are common histopatho-

logical features of AIOJ/BMD/FDOJ and BRONLJ.

Imaging Difficulties as a Common Feature of BRON]
and AIOJ/BMD/FDO)]

The diagnostic difficulties associated with BRONJ and
AIOJ/BMD/FDOJ present another common feature. In
order to diagnose BRONJ with imaging procedures, the
Task Force Report of the American Society for Bone and
Mineral Research highlights that the differential diagnosis
of BRONIJ should exclude other common intraoral dis-
eases such as periodontitis, gingivitis, infectious osteo-
myelitis, osteoradionecrosis, neuralgia-inducing
cavitational osteonecrosis (“NICO”), bone tumors, and
metastases.'> The authors of the report thus rule out an
etiological equation for diagnosing “NICO” and BRONLJ.
The current review is focused on the potential role of
imaging techniques in the diagnosis of the early stages of
BRONI. A combination of clinical and radiological symp-
toms suggest that, while not specific to BRONJ, they may

collectively be more comprehensive and representative of

the bone disease process.” The American Association of
Maxillofacial Surgery accepts the use of imaging techni-
ques when detecting BRONJ during presurgical
evaluation.”” Tt is important for the BRONJ patient that
various imaging methods be examined critically prior to
being adopted for the early detection and diagnosis of
BRONLU.

(a) Panoramic X-rays (2D-OPG): Panoramic X-rays
(2D-OPQ) are routinely used in clinical dentistry
to assess jawbone status. Pathological changes
may be completely absent in 2D-OPG without
pathognomonic findings indicating the presence
of BRONIJ.*® The only radiological finding that
is specific to BP therapy is that of “persistent
alveolar socket”; even months following tooth
removal or spontaneous tooth loss, the cortical
walls of the alveolar bone remain intact without
showing progressive destruction in response to
osteolysis.®” 2D-OPG may adequately differenti-
ate between osteonecrosis and metastases, but is
less useful when the lesion is osteolytic.”® 2D-
OPG is also helpful in cases where there is
a mix of osteolysis and osteosclerosis; however,
a significant loss of bone material (30-50%) is
required before image acquisition is optimal.”'-"?

This loss is unlikely to occur even in cases of

NE-BRONJ before the lesion clinically mani-

fests. 2D-OPG generates a 2D image showing

significant overprojections that may hide impor-
tant anatomical or pathological details. It is also
difficult to delineate between the edges of necro-
tic and healthy bone, which often leads to over-

90 these

looking early-stage lesions. Given
known limitations, we have excluded 2D-OPG
in the assessment of NE-BRONIJ and, for the
same reasons, in the assessment of AIOJ/BMD/
FDOJ (see Figure 3). The medullary defects
found in the latter present a similar diagnostic
problem with respect to 2D-OPG as those in
cases of NE-BRONJ.

(b) Computed tomography (CT): As a method of 3D
reconstruction, CT has the potential to detect
both cancellous and cortical bone infections.”

CT can identify both osteosclerotic areas and

areas of advanced BRONIJ. However, CT scans

are unable to provide additional information
when conventional

compared to X-ray
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Figure 3 Left panel shows jawbone area 18; hematoxylin and eosin staining, magnification X200. The lower half of the image illustrates eosinophilic bone substance with
empty osteocyte cavities corresponding to devitalized bone sequestrum. Middle part of the left panel: Highly irregular trabecular surfaces with a wide edging comprised of

Actinomyces colonies surrounded by a wall of leukocytes. Upper part of left panel: Fibrin particles and individual lymphocytes. Right panel: Actinomyces granules visualized in
a PAS reaction; the red color represents a broad band of granules in the middle. The lower edge of the right panel images once again shows a bone sequestrum and typically
empty osteocyte lacunae. Diagnosis: Aseptic bone necrosis with Actinomyces colonization.

with
osteonecrosis.®® As the differences between cor-

diagnostics in asymptomatic patients
tical and trabecular bone may be identified with
a CT scan, this imaging modality may be used in
the differential diagnosis of BRONJ.”?

(c) Cone beam computed tomography/digital volume

(CBCT/DVT): CBCT/DVT is

a technique that employs lower radiation exposure

(<1/15 of that required for CT), but has a higher

spatial resolution when compared with conven-

tomography

tional CT and provides a superior image quality,
especially with respect to cancellous bone
features.”*”> Although the ability of CBCT/DVT
to differentiate between the quality of soft tissue is
limited due to low contrast resolution, this modality
is able to provide detailed information about corti-
cal thickness and integrity, medullary abnormalities
following tooth extraction, and cancellous bone
density.®

Magnetic Resonance Imaging (MRI) and Positron
Emission Tomography (PET)

The histopathological changes in necrotic bone may be
visualized with MRI scans, as with CBCT/DVT. The
images detect progressive cell death and the repair
response (ie, edema). As the fat cells in normal bone
marrow provide high signal intensity, it may be assumed
that signal changes evident in the marrow are related to the
death of fat cells. Necrotic adipocytes are a morphological

characteristic of AIOJ/BMD/FDOJ.”® Following the

application of a contrast agent, areas of ischemia may be
identified as non-enhancing regions. Cases in which fibro-
sis and sclerosis of the bone occur may also result in lower
signal intensity. Nevertheless, the currently available data
on MRI results for BRONJ are limited,’® as are those
related to AIOJ/BMD/FDOIJ. Studies showed positron-
emission tomography (PET) as a sensitive method for
diagnosis of BRONIJ. Thus, PET could be useful for eval-
uating the severity of BRONJ.”’

Measurement of Bone Density with Transalveolar
Ultrasound Sonography (TAU)

2D-OPG is used to identify osteopathies of the jawbone.
However, this imaging technique fails to show AIOJ/BMD/
FDJ areas, thus generating false-negative findings. As
a result, AIOJ/BMD/FDOIJ have been highly neglected in
dentistry and medicine.’® Therefore, transalveolar ultrasound
sonography (TAU) appears to be necessary as an additional
imaging technique in order to improve the diagnosis of AIOJ/
BMD/FDOJ.**'? A newly developed TAU device (TAU-n)
measures sound velocity attenuation when the bone marrow
has been penetrated. An ultrasound transmitter is placed over
the jaw area and a thumbnail-sized receiver is placed inside
the mouth. To obtain reproducible results when measuring
bone density, the transmitter and receiver are arranged in
a coplanar and fixed position. The parts of the receiving
unit are placed inside a patient’s mouth, the acoustic coupling
between those parts and the alveolar ridge is performed with
the aid of a semi-solid gel (Figure 3). With the receiver
containing 91 piezoelectric fields, sound waves are registered
and converted into a color graph of the corresponding areas
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Figure 4 Left panel shows positioning of transmitter (outside) and receiver (enoral) in the lower jaw; the red band marks the cheek. Right panel shows the transmitter (in
blue at the right) and receiver (in green at the left) in a fixed coplanar position (blue bar connecting the transmitter and receiver); semi-solid gel pads between the
transmitter and the cheek on the outside of the mouth and between receiver and the alveolar ridge in the enoral position; trans-alveolar ultrasonic impulse from the
transmitter to receiver (arrows in blue).

Figure 5 Inconspicuous 2D-OPG findings (left panel); suspected osteolytic processes in areas |7—19 in the sagittal section of the image using DVT (right panel). Lower
panel: TAU measurement from region |7 to retromolar region 19. Legend: Green areas indicate normal bone density; yellow, orange, and red areas show decreasing bone
density until complete osteolysis is reached.
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of bone density (Figure 4).On the graphic visualization,
green indicates healthy, dense, and solid bone, yellow indi-
cates the presence of ischemic metabolism, and orange and
red highlight areas of AIOJ/BMD/FDOJ presence.'”!

Case Descriptions of AlOJ/BMD/FDO],
Non-Exposed BRONJ, and Actinomyces

Colonization

A clinical case of a 55-year-old patient with prostate carcinoma
who was treated with parenteral BPs received an X-ray diag-
nosis of non-exposed BRONJ with normal intraoral findings in
the right upper jawbone from area 17 to retromolar area 19.
While 2D-OPG of area 18/19 showed no suspicious findings,
the CBCT/DVT image demonstrated ossification irregularities
and partial cavities that resembled AIOJ/BMD/FDOIJ. The
development and progression of BRONJ could not be reliably
determined by reference to these images and it was not possible
to make a differential diagnosis. In contrast, TAU-n images
clearly indicated osteolysis (see Figure 4, below). The post-
operative light microscopy findings from area 18/19 showed
marrow with adipose tissue, significant fibrillar and myxoid
degeneration of adipocytes, individual lymphocytes, and mast
cells; however, no florid inflammation was observed. These are
the typical histological features of AIOJ/BMD/FDOJ.”® It is
worth noting, however, that there was a large bone sequestrum
with empty OC cavities, highly irregular trabecular surfaces,
and empty marrow spaces, with Actinomyces colonization
(Figure 3).

Several reviews have indicated that light microscopy
examinations were able to detect that 68.8% of BRONJ
cases featured Actinomyces colonization.”® Anaerobic
Actinomyces has long been associated with necrotic
bone findings in BRONJ lesions.'> Actinomyces colo-
nization is thus a top priority as a possible pathological
trigger with respect to BRONIJ. Since we have not
identified bacterial colonization in areas of AIOJ/BMD/

FDOJ in our own studies,

an accompanying second-
ary Actinomyces colonization seems to be an additional
prerequisite for the development of BRONJ from an
of AIOJ/BMD/FDOJ in

administration.

area response to BP

Selection of Manuscripts for Review

Table 1 displays all studies and their impact on the
research question based on the inclusion and exclusion
criteria in literature review.

Table | The Table Displays the Criteria for Inclusion of Specific
Manuscripts
Unspecific Reviews Concentrating on Exposed BRON]J Only

in Our Research. Exclusion Criteria Were

Criteria PubMed Research Number in
References

I. risk of BP therapy/BRON] new [1-19]

phenomenon

2. Staging BRONJ-Non-Exposed BRON] [20-26]

3. BP and antitumor therapy [27-34]

4. BP impact on AIOJ/BMD/FDO]J and [35-71]

BRON|

5. Diagnosis of AIOJ/BMD/FDOJ and [72-100]

BRON|

5.1 X-ray techniques/MRI/PET [72-97]

5.2 Transalveolar ultrasonography (TAU) [98-101]
Discussion
Can hitherto little-known, yet — according to our clinical
experience’"’® — epidemiologically widespread AIOJ/

BMD/FDOJ represent cofactors in the development of
BRONJ? The development of biological processes takes
place in different stages and during various phases of transi-
tion. This also seems to be the case for BRONIJ, as the
exposed form found in the maxillofacial region represents
the final, late-stage form of the NE-BRONJ variant. The
focus of our study is thus on the early stage of BRONJ
(Stage 0) without exposed bone, as based on the recommen-
dations of the American Association of Oral and
Maxillofacial Surgeons.’?*'** Our hypothesis considers
the NE-BRONJ variant as one stage of development featur-
ing an unrecognized BMD that is characteristic of AIOJ/
BMD/FDOJ and amplified by BP administration. The
cumulative effects of BPs on pre-existing AIOJ/BMD/
FDOJ support this premise. The relationship between
AIOJ/BMD/FDOJ and the administration of BPs (as
shown in Figure 6) leads, etiologically, to the non-exposed
BRONJ variant, which is less clearly described in the lit-
erature than the late-stage form of BRONJ, and also results
in considerable oral impairment.

As BPs and AIOJ/BMD/FDOIJ exert the same effects,
resulting in the hyperfunctioning of R/C expression, OB
activity, hypoxia/ischemia, and the inhibition of OC activity,
vascularization, and AP activity, AIOJ/BMD/FDOJ may be
regarded as a prerequisite to the formation of BRONI.

Clinical, Cosmetic and Investigational Dentistry 2021:13

submit your manuscript 31

Dove



Lechner et al

Dove

Chronic
Precondition

OPG

RANKL

AlOJ/  “cous
BMD/

FDOJ

OB

ocC

Vascularisation
hypoxia

Alkaline
Posphatase

',_
'_
f_
1._
1._
J,_

—

—>+BP —»

i

l,_

—_—

Acute Condition

—> BONJ

triggered by BP
OPG f —
RANKL ‘ —
RANTES/ f t -
CCL5
OB f f e
oc ¥ —
Vascularisation ‘ ‘ -
hypoxia
Alkaline ‘ ‘ —
Posphatase

Figure 6 Overview of the individual osteoimmunological signal cascades present in AIOJ/BMD/FDO]J and their conversion or amplification following BP administration,
resulting in the development of BRONJ. Legend: A pair of arrows, one red and one green, indicates the reinforcement or, in one instance, the reversal of the typical
overexpression or inhibition found in AIO)J/BMD/FDQ]J following BP administration.
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Figure 7 Three-step model for the development of BRON]J beginning with undetected AIOJ/BMD/FDO] followed by the development of the NE-BRON] variant, and finally
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Notes: Exposed bone BNO]J (left panel). Bony sequestrum BRON] (right panel). Figure courtesy of Professor ] Bouquot.
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Changes in silent AIOJ/BMD/FDOJ processes, including
strongly inhibited OC production, reduced RANKL activity,
and increased OPG activity, appear to induce the occurrence
of BRONJ. Figure 7 presents a hypothetical three-step model
detailing the basic stages for the development of BRONJ at
AIOJ/BMD/FDOIJ areas. Regions with fatty-degenerative
changes may be the focal point for the subsequent develop-
ment of BRONJ, as such changes may constitute an addi-
tional risk factor. This is consistent with the hypothesis
described in the literature, whereby bone necrosis precedes
clinically evident ONJ that is exposed through the oral
mucosa. " Regions featuring subclinical changes and
necrotic bone may represent significant risk factors in the
development of BRONJ.'* Further, it is known that patients

at each stage exhibit a very different bone composition.'**

Conclusion

The prevention of BRONJ is of paramount importance and
has been repeatedly emphasized.'°® ' Thus, BPs should not
be regarded as the sole cause of osteonecrosis. The results of
this study indicate that unresolved areas of wound healing at
extraction sites — especially in former wisdom tooth areas —
may directly contribute to the pathogenesis of BRONJ. Other
research has already described the involvement of the jaw in
BRONIJ as opposed to other bone sites.'” This may be
because BPs are preferentially deposited in bones with high
turnover rates such as the jawbone. The jawbone also presents
with hidden conditions that — according to our hypothesis —
share common characteristics with those found in AIOJ/
BMD/FDOJ. Under the influence of BPs, areas of AIOJ/
BMD/FDOJ may develop the pathological features of
BRONI. Efforts to prevent BRONIJ, therefore, should not
ignore the fact that BRONJ and AIOJ/BMD/FDOIJ share
similar osteoimmunological characteristics with respect to
amplifying or reversing derailed signal cascades. Since
AIOJ/BMD/FDOQI represent chronic, subclinical states, the
sudden formation of BRONJ may be interpreted as
a subsequent acute event. The early detection of BRONJ (as
well as AIOJ/BMD/FDOJ) using X-ray techniques appears to
be difficult. A new risk-benefit analysis should be considered:
Patients should be screened for hidden oral risk factors, such
as AIOJ/BMD/FDOIJ. Thus, TAU may be used to measure
bone density and fill this diagnostic gap. When parenteral BP
therapy is administered, periodontal prophylaxis and tooth
restoration should take precedence;' 1011 firthermore, AIOJ/
BMD/FDOI should be diagnosed first, preferably (and accu-
rately) with TAU-n, and then surgically eliminated. The for-
mation of difficult-to-treat BRONJ could be avoided in

certain cases if the exacerbation of pre-existing areas of
AIOJ/BMD/FDOJ is prevented before initiating anti-
tumorigenic BP therapy. Surgical opening of the cortex,
removal of ischemic marrow, and accompanying wound
care represent the only way to address cases of AIOJ/BMD/
FDOJ.""? Consultation with an oncologist is mandatory, as
the oncologist may insist on radiation therapy and the pre-
vention of osteoradionecrosis of the jawbones via tooth
restoration. To the best of our knowledge, we have high-
lighted, for the first time, the possible impact chains flowing
from AIOJ/BMD/FDOJ and leading to the development of
NE-BRONJ and further to exposed BRONJ. We also support
the hypothesis presented herein with scientific data from the
available literature. Due to the lack of clinical studies inves-
tigating these impact chains, multiple studies are necessary to
elucidate the hypothesized relationships.
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Purpose: This paper aims to demonstrate the additional benefit of ultrasound in the
diagnosis of chronic osteolysis and osteonecrosis (bone marrow defects) of the jaw shown
in a clinical case report.

Patients and Methods: A case of chronic fatigue syndrome (CFS) in a young man presenting
the typical, ambiguous symptoms, which were accompanied by headaches and tinnitus. X-ray
techniques, namely panoramic radiographs (OPG) and cone beam computed tomography (DVT/
CBCT), failed to produce any remarkable findings of bone marrow defects (BMDJ) in the
jawbone. However, the measurement of bone density using trans-alveolar ultrasound (TAU)
indicated a possible bone marrow defect in the lower left jawbone.

Results: Surgery was undertaken at the conspicuous area. Additional to softened, ischemic,
fatty tissue, a black area was revealed, which was surprisingly subsequently identified as
aspergillosis by histopathological analysis. In addition, the excessive local RANTES/CCLS
expression found in the affected area confirmed the necessity for surgical debridement and
additional findings of TAU.

Conclusion: In contrast to radiography, complementary TAU imaging of the BMDJ
revealed chronic inflammatory signaling RANTES/CCLS5 pathways and fungal colonization.
This case report supports the need for additional diagnostic techniques beyond radiographic
modalities, which can help to elucidate the diagnostic composition and knowledge of the
bone manifestations of systemic diseases.

Keywords: chronic fatigue syndrome, radiographic diagnostics, bone marrow defect,

osteonecrosis, RANTES/CCLS, trans-alveolar ultrasonography

Introduction

With the increasing complexity of various systemic diseases, it is necessary to
determine their underlying pathogenesis. Autonomic dysfunction with poorly
defined multisystem disorders frequently presents a clinical challenge for medical
practitioners.'” In the absence of an identifiable cause, and given the insufficient
research available on this increasingly common phenomenon, presentations of

T3]

“idiopathic multimorbidity” are often assumed to be of psychogenic origin, and
pharmacological interventions such as psychoactive medications are most com-
monly prescribed.** A case report from our clinic supports the need for expanded
diagnostic techniques, which can help elucidate the pathogenesis associated with
systemic dysregulation. A common dysregulation today is the Chronic Fatigue

Syndrome, as in the case report presented here.
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Clinical Case

Here we describe a case of Chronic Fatigue Syndrome
(CFS) in a young man presenting with typical, ambiguous
symptoms that are characteristic of this syndrome and
which were accompanied by headaches and tinnitus.
Given the unclear etiology of this patient’s presentation,
we associated this case in our clinic with avascular, asep-
tic-osteolytic, and inflammatory bone marrow defects
(BMD)J) in the jawbone, collectively referred to as “silent
inflammation”.” The patient, 28 years of age, had been
suffering from CFS for approximately four years. His
symptoms included dizziness, the inability to work,
impaired concentration, and depression. Previous treat-
ment approaches, which were primarily psychologically
oriented, showed no significant improvement. As a last
resort, it was recommended that interference fields caused
due to teeth and jawbone be investigated. The patient thus
sought treatment at our clinic. The patient provided his
written informed consent to participate in this report and to
have the case details and any accompanying images pub-
lished. Institutional approval was not required to publish
the case details. The patient was given clear information
that not all additional examination methods and surgical
techniques have been generally accepted scientifically to
date.

Clinical Investigations and Findings
The patient received the expert diagnosis of CFS after
immunological and serological examinations and accom-
panying psychological counseling. In addition to taking
the patient’s full medical history and bimanual palpation
of the bilateral lymph nodes, the radiographic exam was
performed to determine whether previously undetected
inflammation was present. In addition to the radiographs,
a newly developed trans-alveolar ultrasound (TAU) device
was used.

Radiographic Findings with 2D-OPG and
DVT/CBCT

A two-dimensional orthopantomogram (OPG) and digital
volume tomogram (DVT) combined with cone beam com-
puted tomography (CBCT) were performed to provide
a panoramic image of the patient’s mouth (DVT/CBCT).
Conventional OPG failed to show any abnormal findings
in the wisdom tooth and retromolar region at area 38/39
(left panel, Figure 1). With the use of DVT/CBCT, it is
possible to depict the medullary structures in the area of

a bone marrow defect in the jawbone (BMDJ) with greater
reliability.® However, the sectional image of the patient’s
jaw obtained using DVT/CBCT (right panel, Figure 1)
also failed to show any further resolution of the bony
trabecular structures at area 38and retromolar area. Based
on these radiographic findings, an inflammatory process in
the jaw area would be ruled out, and, accordingly, max-
illofacial surgery determined not to be required. Currently,
magnetic resonance imaging (MRI) is the method of
choice for assessing osteonecrosis, which was not avail-
able in this case.

Trans-Alveolar Ultrasound Bone Density

Measurement

In an earlier publication,” we demonstrated the fundamen-
tal problem associated with the use of diagnostic radio-
graphy when attempting to identify osteonecrosis and
inflammatory osteolysis in cancellous bone. To supple-
ment potentially unreliable X-ray findings, we used
a radiation-free method known as trans-alveolar ultrasound
(TAU) measurement, which determines the bone density in
the jaw.® TAU devices in dentistry and their usefulness to
measure bone density were described earlier in the scien-
tific literature.”'” TAU measurements are based on ultra-
sonic principles where sound is best conducted through
solid material, more weakly in aqueous environments, and
slowest through the air. When the measurement is
obtained, the ultrasonic pulse is attenuated; solid structures
are able to attenuate sound to a weaker degree than fatty or
aqueous structures. In order to indicate both physical and
structural changes, the TAU device creates digital (two-
and three-dimensional) images with corresponding color
coding (Figure 2). The TAU device consists of an ultra-
sonic transmitter that is placed on the skin over the specific
tooth and jaw area to be measured. A receiver, which is the
size of a thumbnail, is also placed intraorally over the
specific dental area to be assessed. Interference-free acous-
tic coupling is achieved with a gel cushion that is placed
intraorally and extra orally (Figure 3). Each dental area is
measured individually. The receiver has 91 piezoelectric
fields that register the trans-alveolar sound waves. These
sound waves are converted into a colored pulse via
a computer unit whereby sound waves of varying speeds
are represented in different colors. The TAU monitor dis-
plays the various structures detected based on mineraliza-
tion density using two- and three-dimensional graphic

representations of bone density.” '
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Figure | Panoramic radiograph OPG and sectional DVT/CBCT image.

Notes: Left panel: panoramic 2D-OPG image shows no abnormal findings at area 38 and retromolar area (39). Significance of the red circles: The red circles show the
radiographically inconspicuous areas of the bone medulla, where OPG and DVT/CBCT failed to show any abnormal findings in the wisdom tooth and retromolar area. Right
panel: sectional 3D-DVT image also shows no resolution of the bony trabecular structures at area 38/39.

Abbreviations: 2D-OPG, two-dimensional orthopantomogram; 3D-DVT, three-dimensional digital volume tomogram.

Surgical Repair of Area 38 and

Retromolar Area

The findings of the TAU measurement performed on the
patient indicated that there was a possible bone marrow
defect (BMD)J) at area 38. As such, we decided to surgically
debride area 38, extending beyond into so-called “area 39”.
Local anesthesia was administered from areas 37 to retro-
molar area 39, and, following this, a mucoperiosteal flap was
created and folded down. The cortical bone of the jaw at area
38/39 was over-supplied with blood and removed at the
retromolar area. With the intraosseous region now visible,
the area was curetted (Figure 4), and the findings identified
in the medullary cavity were surprising (Figure 5). Platelet-
rich fibrin was applied to promote tissue healing.

Postoperative Diagnosis Following
Oral Surgical Debridement of Left
Lower Molar/Retromolar Area
Bone Marrow Defect Morphology

Throughout the entire medullary area spanning from region
38 to retromolar area 39, spongiose tissue had degenerated

into fatty, ischemic tissue and did not indicate any healing
tendencies. (Figure 3). This connective tissue was easily
scooped out and collected as a sample. The left panel of
Figure 5 shows a black mass that had formed along with
typical fatty-degenerative, ischemic cancellous bone.

Histological Findings
The histopathological findings of the excised mass from
area 38/39 was described as follows:

Amorphous, nucleus-free substance, which showed fungal
hyphae at the margin, and included hyphae that had
recently started sprouting. This fungus may be Candida,
but early-stage Aspergillus is also possible. Scar tissue
with considerable cellular inflammation was present,
whereby lymphocytes, plasma cells, and fibroblasts, as
well as multinucleated giant cells of the foreign-body
type and plenty of foam-cell macrophages, were identified.
The extent of chronic inflammation, which was predomi-
nant, was quite considerable. An apparently devitalized
bone fragment, with adipose tissue originating from the
bone marrow cavity, also demonstrates chronic inactive
inflammation, as well as colonization with small fungal

spores.
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Figure 2 Comparison of panoramic radiograph (OPG) and TAU measurement which shows specific via green dense, inconspicuous structures) and red (low-density,

conspicuous structures) resolution.

Notes: In contrast to the panoramic radiograph and DVT/CBCT images, the TAU measurements with respect to the edentulous retromolar area 38/39 clearly indicated the
suspicion of osteolysis of the jaw This finding was a result of increased attenuation of the ultrasound beam due to fatty degeneration of the dense medullary cancellous bone.
This may be compared to the finding for the area at healthy tooth 37 which showed a solid bone structure and bone density in green.

Abbreviations: OPG, two-dimensional panoramic radiograph; TAU, trans-alveolar ultrasound; DVT, three-dimensional digital volume tomogram; CBCT, cone beam

computed tomography.

Local Hyperactivation of Immune
Mediator Chemokine RANTES/CCLS in

the Osteolytic Jawbone

In the fatty tissue samples obtained from the softened region of
the patient’s jaw at area 38 and retromolar area 39, the multi-
plex analysis of the laboratory showed 6218 pg/mL of the
proinflammatory chemokine RANTES/CCLS (R/C), repre-
senting a nearly 40-fold overexpression; the normal finding
for R/C in healthy medullary maxillary spongial bone is 149.9
pg/mL (average age, 51.4 years; range, 33—72 years; gender
(female/male): 10/9) (Figure 6)."*'* In a previous case report,
we demonstrated the immunological connection between the
local overexpression of R/C found in fatty degenerative osteo-
necrosis of the jawbone (FDOJ) and systemic disease.”

Discussion

Panoramic Radiograph and DVT/CBCT
Previous radiographs of the jaw failed to yield any
remarkable findings in the patient (Figure 1). This is
in coincidence with our hypothesis that the most com-
mon dental diagnostic tool, the panoramic radiograph
OPG, is unsuitable for detecting BMDIJ/FDOJ. This
problem of radiographic imaging contributes to the
widespread misjudgment of BMDIJ/FDOJ as pathologi-
cal and - via chronic local R/C overexpression - patho-
genetic structural changes of the jawbone.*'' The
DVT/CBCT performed in this case also failed to indi-
pathology

cate the intraosseous

(Figure 1).

presence  of
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Note: Individual adjustments of the measuring unit are made in response to different jaw conditions by means of specially designed gel cushions."'

Abbreviation: TAU, trans-alveolar ultrasound.

Figure 4 Surgical procedure for a retromolar BMDJ/FDO).

Notes: Left panel: after folding down the mucoperiosteal flap, a bone window was formed in the cortex. Right panel: curetted medullary cavity.
Abbreviations: BMDJ, bone marrow defect in jawbone; FDO), fatty degenerative osteonecrosis of the jawbone.

TAU Measurement of Bone Density

In contrast to the inconspicuous X-ray images of the
patient’s jaw, the TAU measurements showed extensive
arecas of softened and necrotic cancellous bone, often
referred to as “cavitations.” As in this case, cavitations
may often be completely asymptomatic. In our efforts to
close the diagnostic gap due to the limitations associated
with standard X-ray methods, the application of TAU may
be considered a major step forward in the detection of
BMDJ/FDOJ.

RANTES/CCL5
With the analysis of RANTES expression in morphologi-

cally and histologically conspicuous jawbone samples, we
are entering new territory.'* !> Chemokine RANTES/
CCL5 (R/C) is a recognized inflammatory agent in medi-
cal research. The progression of chronic inflammatory
diseases is often hidden beneath the surface as a result of
an immune system that is chronically activated by excess
cytokines. These chemokines also stimulate other signal-
ing pathways, the expression of which we have identified
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Figure 5 Aspergilloma removed from the cancellous medullary cavity in edentulous jaw area 38/39.
Note: Within the cancellous medullary cavity in the edentulous jaw area 38/39, an aspergilloma (“fungal ball”’) formed a large, spherical colony of mold together with a fungal
network that also contained a mixture of inflammatory cells (see the “Histological Findings” section).

RANTES/CCL5 (pg/ml)

7.000

6.218,4
6.000

5.000

4.000

3.000 +

2.000 -

1.000

149,9

FDO) area 38-39 Norm jawbone

(n=19)

Figure 6 RANTES/CCL5 expression levels in BMDJ/FDOJ and normal jawbone
areas.

Notes: The red column corresponds to the local RANTES/CCLS5 expression (in pg/
mL) found in BMDJ/FDO]J area 38/39. The blue column corresponds to the
RANTES/CCLS5 expression (in pg/mL) found in healthy cancellous bone.
Abbreviations: BMD), bone marrow defect in jawbone; FDO), fatty degenerative
osteonecrosis of the jawbone.

in BMDJ/FDOJ,"* " including in the specific case pre-
sented here.'® The striking result arising from the multi-
plex analysis of the BMDIJ/FDOJ area indicated the
marked elevation of the chemokine R/C.

Since there is little known about the direct clinical
relationship between R/C signaling pathways detected in
BMDIJ/FDOJ and an organic-specific or systemic disease,
the increased R/C level found in BMDJ/FDOJ may pro-
vide insights into possible causal pathways.'*'” As in this
case of CFS, for which the etiology is unclear, the possi-
bility of BMDIJ/FDOJ involvement was raised even though
the patient did not present with obvious signs or symp-
toms, as numerous scientific publications demonstrate
a relationship between R/C and central nervous system

disorders.'®!”

Fungal Toxins

This case of morphologically and histologically confirmed
aspergilloma that was found broadens the discussion con-
cerning causal pathways to include fungal toxins and their
relationship to cases of CFS. Aspergillus is known to
produce toxic compounds called mycotoxins, primarily
aflatoxin and gliotoxins. These mycotoxins, which are
formed by pathogenic Aspergillus, may contribute to the
development of potentially serious and difficult-to-detect
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Dental X-ray OPG
Ref: S, 7

Dental X-ray CBCT/DVT
Ref: 6

Aspergillosis / Gliotoxin
Ref: 21, 22, 23, 24, 26,
272820

Figure 7 Case report overview including corresponding references.

Improper psychiatric
treatment

Trans alveolar
Ultrasound (TAU)
Ref: 8,9, 10, 11, 12

RANTES/CCLS
Ref: 13, 14, 15, 16,
17,18, 19, 20

Proper causal
diagnosis

Notes: Top: at the top of the graph are the disorders of the patient’s state of mind that have so far been treated by unsuccessful psychotherapy. Left row: both OPG and
CBCT/DVT do not lead to the detection of the bone marrow defect (center) and the FDOJ area (center, red arrows). In contrast, additional TAU examination leads to the
detection of these bone marrow defects (right row, blue arrows). Postoperatively, the chronically overexpressed proinflammatory RANTES/CCLS5 signaling pathways and
aspergillosis can now be diagnosed in the bone marrow defects (blue arrows). Bottom: for the patient’s CFS, this enables aproper causal diagnosis via the link of toxicity and

inflammation from jawbone to brain.

Abbreviations: OPG, orthopantomogram; TAU, trans-alveolar ultrasound; DVT, digital volume tomogram; CBCT, cone beam computed tomography; FDOJ, fatty

degenerative osteonecrosis of the jaw; CFS, chronic fatigue syndrome.

diseases. Aflatoxins have acute hepatotoxic effects at con-
centrations of ~10 pg/kg of body weight, but are carcino-
genic at even lower concentrations and particularly when
exposed to repeatedly.”’*' In the case described, had the
aspergillosis not been eliminated, the fungal toxins may
have penetrated further into other tissues, involving one or
more organs beyond the affected area of the jawbone.
Gliotoxin is a toxic agent that is produced by pathogenic
yeasts and fungi. This compound is an active sulfur reagent
of fat-soluble thiol alcohol and is an antiphagocytic and
immunomodulating substance.”>** The structure of glio-
toxin is decisive for toxicological analysis: gliotoxin reacts
with a sulthydryl group on active enzyme proteins and
deactivates the enzyme. This also applies to the mitochon-
drial enzymes in the respiratory chain.’*** Due to this
affinity for binding, there are intensive biochemical and
medically relevant interactions of gliotoxin: Gliotoxin sup-
presses the immune system,”® thereby causing DNA
damage.?’ Gliotoxin also causes oxidative damage to the
plasmid and cellular DNA.*® As an immunomodulating
substance, gliotoxin causes genomic DNA fragmentation.®

Summary

In this case report, the cause of the patient’s systemic
symptoms appears to be caused by possible irritations of
R/C
overexpression.'®'®1?  The problem associated with
BMDIJ/FDOJ begins when local, acute inflammation
present in the jaw at the initial stage of the wound

the central nervous system due to

healing process transitions to a sub-chronic stage. The
osteolytic BMDIJ/FDQJ area in association with chemo-
kine R/C overexpression may induce numerous unspe-
cific symptoms and diseases.'®'? At the same time, the
mycotoxins formed in the medullary cavity of the jaw-
bone may strongly contribute to the onset and mainte-
nance of a chronic inflammatory condition that may
favor the CFS (Figure 7). The histologically confirmed
findings in area 38 and retromolar area of the patient’s
jaw indicate that the innate capacity for wound healing,
without prior surgical debridement, was significantly
impaired, which not only lead to an R/C overexpression
in this case but also, in this case to a highly toxic fungal
contamination.
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Conclusion

The clinical examination and radiographic imaging per-
formed by our team demonstrated that, X-ray diagnostics
alone would not have identified a potential contributing
cause of the patient’s health condition. Neither OPG nor
DVT/CBCT detected any lesions that would have pro-
vided a medical indication that necessitated oral surgical
intervention. It is only with the additional TAU diagnostic
methods that we were able to verify the previously undis-
covered phenomenon of BMDJ/FDOJ preoperatively by
imaging and postoperatively by histopathological investi-
gations. Without complementary TAU measurement indi-
cating possible medullary osteolysis in the distal and
retromolar jaw (area 38/39), neither the chronic inflamma-
tory signaling pathways (as identified via R/C expression)
nor the extensive fungal colonization found in this area of
the patient’s jaw would have been recognized or elimi-
nated. It is recommended that the results presented herein
are used to guide further research, in particular, the
demonstrated measuring of inflammatory cytokines found
in bone tissue and visualize diminished bone density in
bone marrow defects by TAU. The limitation of TAU lies
in not displaying a detailed picture of bone structures but
of only measuring bone density. Our findings in this case
report of chronic fatigue syndrome clearly demonstrates
the strong need of further examinations of BMDJ/FDOJ.
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