
Minimally invasive therapy  
of a late diagnosed  
Dentinogenesis imperfecta

MTAD: Is it the right  
“solution”?

Detection of Matrix Metallo-
proteinases (MMPs) in the 
root dentin of human teeth

INTERNATIONAL

1. VOLUME
5 I 2019

German Dental Journal International – www.online-dzz.com
International Journal of the German Society of Dentistry and Oral Medicine

This journal is regularly listed  
in CCMED / LIVIVO.

INTERNATIONAL

1. VOLUME
5 I 2019

German Dental Journal International – www.online-dzz.com
International Journal of the German Society of Dentistry and Oral Medicine

This journal is regularly listed  
in CCMED / LIVIVO.

The impact of the stomato-
gnathic system on the devel -
opment of human beings

The effectiveness of an  
electric “wash toothbrush” 
on oral plaque control

Characterization of cells  
derived from inflamed intra-
bony peri odontal defects 



170

© Deutscher Ärzteverlag | DZZ International | Deutsche Zahnärztliche Zeitschrift International | 2019; 1 (5)

TABLE OF CONTENTS

Title picture hint: From the original article of Knut Adam et al., here (upper picture) figure 1C: The mucoperiosteal flap in -
cluding the intra-lesional granulation tissue was thoroughly detached from the intra-bony periodontal defect and mobilized  
as far as it was necessary for an effective scaling and root planning and (picture below) figure 1E: The radiograph 2 years after 
surgery and endodontic treatment revealed a significant bone fill in the former defect and (round figure left) figure 2: Represen-
tative data of the immunophenotypic characterization with flow cytometry: The single-parameter histogram shows the expres -
sion of the mesenchymal stem cell marker CD90, p. 182–194
Online-Version of DZZ International: www.online-dzz.com

PRACTICE

 MINIREVIEW
 Michael Behr, Jochen Fanghänel
171 The impact of the stomatognathic system on the development of human beings

RESEARCH

 ORIGINAL ARTICLES
 Karen Meyer-Wübbold, Kira Ebert, Hüsamettin Günay
175 The effectiveness of an electric “wash toothbrush” on oral plaque control – A pilot study

 Knut Adam, Evangelia Gousopoulou, Athina Bakopoulou, Gabriele Leyhausen, Joachim Volk, Ingmar Staufenbiel, 
 Hüsamettin Günay, Peter Paul Josef Schertl, Werner Geurtsen
182 Characterization of cells derived from inflamed intra-bony peri odontal defects 

 Philipp Kanzow, Mona Shaghayegh Maes, Annette Wiegand, Valentina Hraský
195 Radiographic alveolar bone loss in German patients with disabilities and treatment 
 in general anesthesia

204 LEGAL DISCLOSURE



171

© Deutscher Ärzteverlag | DZZ International | Deutsche Zahnärztliche Zeitschrift International | 2019; 1 (5) 

The impact of the stomatognathic 
system on the development  
of human beings

Question
Which of the versatile complex func-
tions of the stomatognathic system 
play a key role in human devel-
opment?

Background
The stomatognathic system and its 
comprehensiveness and meaning for 
the entire organism is underesti-
mated even by dentists. We usually 
only speak of the chewing organ and 
this concept alone seems to reduce 
our operating field to restoring the 
function of “chewing”. However, the 
stomatognathic system has many 
other functions and plays a key role 
in the evolution from hominoids to 
homo sapiens as opposed to other 
organ systems. It consists of numer-
ous structures that form a complex 
cypernetic regulatory circuit (Fig. 1a, 
Fig. 1b), which themselves show os -
seous, chondral, ligamentary, muscu-
lar, fascial, organic and neuronal con-
nection with other systems. 

The primary functions of the sto-
matognathic system were food in-
take, defense and the presentation of 
threatening gestures in order to es-
tablish a social ranking order. Pres-
ently, we find these simple functions 
in various phylogenetic inferior ani-
mal species. From the ectoderm, 
fangs evolved from what used to 
originally be skin scales to capture 
and fixate food [8]. A simple hinge 
joint with a one-dimensional flap 
motion was sufficient for this func-

tion. Food was devoured without 
chewing. A large part of the energy 
contained in food was therefore 
needed in processing the food in the 
intestinal tract. Multidimensional 
chewing, grinding of the food and 
predigesting through the addition of 
saliva’s enzymes occurred more and 
more in the course of evolution. 
Chewing movements became in-
creasingly complex and eventually 
led to the development of a new 
mandibular joint, which is still 
found in mammals (mammalia) 
today. The original hinge joint 
evolved to become the ossicles of the 
middle ear (ossicular chain). The os -
seous mandibular corpus is a meso-
derm derivative that has a growth 
center specifically in the area of the 
ascending jawbone that links the 
condyle and caput mandibulae to 
the structures of the neurocranium. 
It is characteristic for our mandibular 
jaw that osseous and cartilaginous 
structures such as condyle, condylar 
cartilage, articular disk and articular 
capsule evolve in parallel and cluster 
together. This evolutionary process 
required perfect coordination of all 
growth processes considering the 
spatial limitation of the fast evolving 
structures of the neurocranium and 
viscerocranium as well as the neck. It 
may explain the difficulty in diag-
nosis of dysfunction of the stoma-
tognathic system. Due to its many 
individual functions, the stomato -
gnathic system in the human organ-

ism is linked to the brain, or CNS, in 
the most complex and versatile way. 
The brain stem is largely in charge of 
neuronal control of “simple” func-
tions such as chewing, defending or 
threatening others. Among others, a 
central area referred to as a mastica-
tory center is located here. It controls 
the chewing process after initiation 
by associated centers in the cerebral 
cortex mostly autonomously, but al-
ways fed back by sensible, sensory 
centers (that process peripheral in-
formation). 

The basic functions of the stoma-
tognathic system mentioned above 
are complemented by the formation 
of sounds in mammals (mammalia) 
and birds (aves) [2]. The main focus 
of the development of a sound is un-
doubtedly in the larynx, where its 
specific structure makes a modu-
lation of sounds possible. But also the 
shape of the oral cavity plays a key 
role in sound formation and func-
tions as a resonance space. The de-
sign and modification of the oral cav-
ity with tongue, teeth, cheek and lip 
muscles, muscles of the soft palate 
and the mucosa all contribute signifi-
cantly to the specific formation of 
sounds. Only in humans, the 
formation of sounds has evolved to 
the level of language. According to 
Popper [7] we differentiate the fol-
lowing stages of speech/articulation:

–  Stage 1: Expressive or sympto-
matic function: The living being 
expresses inner emotional states 

Translation: Yasmin Schmidt-Park
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such as fear or well-being, for 
example the purr of a cat 

–  Stage 2: Signal or signal-trig-
gered function: For example, 
warning cries of birds that alert 
their fellow species to warn of 
danger and to trigger flight be-
havior. 

–  Stage 3: Descriptive function: 
items or conditions, such as the 
current or future weather, can 
be described to other living 
beings using articulation and 
can therefore be communicated

–  Stage 4: Argumentative func-
tion: Exchange of abstract pro-
cesses that can occur in different 
time levels (past, present, future) 
and spaces. Critical evaluations, 
plans and decision making on 
occurrences in the environment 
can be articulated. 

Stage 3 and particularly stage 4 are 
only present in humans. Even chim-
panzees (pan), our closest relatives 
are only capable of creating stage 1 
and 2 sounds. 

The attitudes differ on how far the 
primate morphology of the larynx 
does not allow speech. Unlike Lie-
bermann [6], Tobias [10] shares the 
view that fundamentally, the higher 
primates’ morphological differences 
in the upper airways are not an expla-
nation for their inadequate speech 
functions. In a study in the USA a 
chimpanzee baby and a human baby 
were raised in the same family [4]. The 
surroundings and support were practi-
cally identical for both infants. While 
the human baby practiced its speech 
function through continuous babble 
and sound formation, the chimpanzee 
baby was mostly mute. It never 
learned our stage-3-speech function, 
to name objects in the room, and es-
pecially not stage-4-speech function, 
which the human baby learned in the 
course of its development. 

Eccles sees an explanation of this 
situation in brain development as 
well. Brain size does not solely play a 
key role. In humans – approximately 
30.000 years ago – the development 
of both brain halves took a new di-
rection into cerebral hemispheres. 
The brain halves, which would have 
practically fulfilled inversely identical 
functions, specialized on the contrary 
to other mammals. In homo sapiens, 

we differentiate a dominant and a 
non-dominant brain half [2, 5]. The 
dominant left cerebral hemisphere 
has a connection to our self-con-
sciousness as an independent person. 
It analyzes verbal, linguistic descrip-
tions, conceptual similarities, ana-
lyzes time and is capable of arith-
metic and computerized functions. 
(Fig. 2). The dominant left cerebral 
hemisphere has a connection to our 
self-consciousness as an independent 
person. It analyzes verbal, linguistic 
descriptions, conceptual similarities, 
analyzes time and is capable of arith-

metic and computerized functions. 
The right cerebral hemisphere is 
linked to consciousness (however, 
not self-consciousness). It processes 
non-verbal information, tactile geo-
metric information e.g. of the room 
and analyzes image and space pat-
terns, visual similarities and can carry 
out syntheses on this time period. 

We owe the ability of speech of 
stage 3 and 4 cross-modal links of dif-
ferent sensory centers of both hemi-
spheres as well as specially developed 
areas of the left hemisphere. These are 
the anterior speech cortex (Broca’s 

Figure 1a Cybernetic regulatory circuit and neuromuscular control of masticatory  
function.

Figure 1b Cybernetic regulatory circuit and neuromuscular control of speech function. 
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speech area), the upper speech cortex 
and especially the posterior speech 
cortex (Wernicke’s speech area) (Fig. 
2). In the animal kingdom tactile, vi -
sual or auditory sensory stimuli are al-
ways connected with a “limbic stimu-
lus” [2], and therefore determine the 
living beings action. Human beings 
can also associate not-limbic sensory 
stimuli, become conscious of them 
and can orient their actions accord-
ingly. Using language, the division be-
tween different senses can be over-
come. It helps us to merge different 
sensory modalities into one unit, rec-
ognition and experience. Teuber [9] 
expressed this fact in the following 
way: “Language frees us to a great ex-
tent of the tyranny of the senses.” 
Through language, human beings 
have succeeded to formulate, evalu-
ate, and share sensory experiences 
with others, or rather, to profit from 
the wealth of experience of other 
people. Through language, the bene-
fits of the upright walk (verticali-
sation) and an subsequent modifica-
tion of the skull base could fully un-
fold (Fig. 3) [3], which leaves the 
hands of manual tasks free to develop 
their full potential. The results of 
manual skills were “discussed” and 
more importantly passed on, so that a 
further growing wealth of experience 
could be formed. Language devel-

opment encouraged it and made it 
possible to develop advantages of al-
truistic action and the value of cul-
tural effort (Fig. 4). The potential of 
human evolution exponentiated ex-
plosively. It is no longer dependent on 
random “improvements” through 
mutations in genetic material, and is 
no longer reliant on other living 
beings [2]. 

The development of these 
unique, new cross-modal links are 
readable in the human brain’s to -
pography (Fig. 2). We find the ante -
rior language center directly before 
zones that are responsible for con-
trolling relevant muscles. In the case 
of motoric aphasia the cause of the 
malfunction is in the use of the 
muscles used for articulation, rather 
than their paralysis. The posterior 
language center of the left cerebral 
hemisphere is crucial for the initi-
ation, execution and understanding 
of language. If this structure is dis-
rupted, neither written nor spoken 
language can be understood. When 
looked at in a side by side compari-
son, a hypertrophy of the structure 
referred to as planum temporale of 
the posterior language center can be 
seen in the area of the superior tem-
poral gyrus in the left hemisphere. 

Topographic and functional rela-
tionships can be demonstrated in the 

Figure 2 Cortical language fields of the left dominant cerebral hemisphere. The left cerebral hemisphere is depicted laterally  
(from below) and medially (from above). Re-drawing after [2]. 

Figure 3A–C The changing of sphenoid-
clivus angles (basicranial angulation) of 
the skull of a dog (canis familiaris) (A),  
an ape (pan) (B) and a human (homo sa-
piens) (C) in the course of evolution [3]. 
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peripheral nervous system. The cra -
nial nerves V (trigeminal nerve), VII 
(facial nerve), IX (glossopharyngeal 
nerve), X (vagal nerve) and XII (hy-
poglossal nerve) supply all structures 
of the masticatory apparatus. Cranial 
nerves IX (glossopharyngeal nerve) 
and X (vagal nerve) supply the 
speech apparatus structures within 
and outside of the larynx. Thus, cra -
nial nerves as well as masticatory and 
speech apparatus are demanded 
simul taneously in various diseases 
(common cold, childhood illnesses). 

Lastly, the limbic system of the 
cerebrum is mentioned. This is a 
non-homogenous structure that con-
sists of the cingulate gyrus, hippo -
campus formation, as well as the 
amygdalaoid corpus. This system is 
responsible for emotions and mem-
ory. It is functionally linked to the 
chewing and speech apparatus: For 
example, memorable emotions are 
created while eating meals that taste 
delicious or terrible. We then speak 
emotionally about our sensation. The 
stomatognathic system and speech 
apparatus are equally involved. 

Statement 
For the stomatognathic system, the 
widespread neural crosslinking imply 
that its muscles serve multiple func-
tions [1]. While the control pulses for 
chewing are derived mainly from the 
older/more ancient parts of the hind-
brain (pons, cerebellum), midbrain 
and basal ganglia, the neural im-
pulses for speech formation are de-
rived mainly from the more juvenile 
speech areas of the left cerebral hemi-
sphere. 

In addition to the afore men-
tioned spatial complexity in the set 
up of the stomatognathic system dur-
ing the growth phase into skull struc-
tures, another complexity in neu -
rological „wiring“ of the stomato -
gnathic system exists (Fig. 1a, Fig. 
1b), which contains impulses of dif-
ferent neurological centers with vari-
ous tasks. Furthermore, this complex-
ity explains the difficulty to diagnose 
and understand problems in the sto-
matognathic system’s function. 

As dentists, we should be aware of 
this truth. For example, someone 
who changes the position of occlu-
sion, moves teeth in the jaw or places 

implants in the jaw bone interacts 
with an extremely sensitive and 
highly complex biocybernetic regula-
tory circuit (Fig. 1a, Fig. 1b). We are 
not just practicing in a chewing 
organ, it is an essential part of our 
body that makes us who we are: hu-
mans. 
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Karen Meyer-Wübbold, Hüsamettin Günay, Kira Ebert

The effectiveness of an electric 
“wash toothbrush” on oral plaque 
control – A pilot study

Introduction: Mechanical plaque control by means of self-responsible, home-
based oral hygiene is essential for the prevention of caries and periodontal dis-
eases. In this respect, many elderly patients are at increased risk. It has already 
been shown that an electric toothbrush with oscillating-rotating movement and 
a continuous water supply has a positive effect on dental plaque control when 
compared to a manual toothbrush. The aim of the present pilot study was to 
evaluate if sonic toothbrushes likewise benefit from a continuous water supply 
during the brushing process and if they have a positive effect on dental plaque 
control in younger seniors.

Methods: The study included 12 subjects (mean age 72.08 ± 3.88 years, 6 fe-
males, 6 males). Following a plaque accumulation phase of 48 hours, an electric 
toothbrush with oscillating-rotating movement and a sonic toothbrush with 
(wash toothbrush) and without continuous water supply were tested in a single 
application. The Quigley-Hein-Index (QHI) and the Approximal-Plaque-Index 
(API) were each determined before and after brushing to assess plaque reduction.

Results: The electric toothbrush with an oscillating-rotating movement pattern 
with continuous water supply (WORT) showed a higher reduction of the 
plaque index readings compared to the electric toothbrush with oscillating- 
rotating movement pattern without water supply (ORT) in the area of the 
smooth surfaces (WORT: Δ QHI 1.68 ± 0.28; ORT: Δ QHI 1.41 ± 0.34) and ap-
proximal surfaces (Δ API WORT: 20.43 ± 18.7 %; Δ API ORT: 19.85 ± 18.03 %). 
These results, however, were not statistically significant. The sonic toothbrush 
with continuous water supply (WST) showed a significantly higher reduction of 
plaque index compared to the sonic toothbrush without water supply (ST) on 
the smooth surfaces (WST: Δ QHI 1.88 ± 0.33, ST: Δ QHI 1.27 ± 0.25, p < 0.001) 
and approximal surfaces (Δ API WST: 30.14 ± 14.85 %, Δ API ST: 14.12 ± 10.6 %, 
p = 0.006). A higher reduction of the plaque index value was determined on 
both the smooth and approximal surfaces using the WST as compared to the 
WORT, although the results were not statistically significant.

Conclusion: An electric toothbrush with a continuous water supply has a posi-
tive effect on dental plaque control in elderly subjects. Sonic toothbrushes 
benefit from a continuous water supply to a greater extent than electric tooth-
brushes with an oscillating-rotating movement pattern. Further investigations 
should evaluate if the use of an electric toothbrush increases the “hydrody-
namic effect”, thereby facilitating that difficult-to-clean niches such as exposed 
root surfaces or crown margins are reached.

Keywords: oscillating-electric toothbrush; sonic toothbrush; continuous water 
supply; plaque control
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1. Introduction
Mechanical plaque control and bio-
film removal play a critical role in the 
prevention of caries, gingivitis and 
periodontitis [2]. The removal of the 
biofilm is not just the responsibility 
of the dentist, but rather, primarily 
that of the patient who should be 
self-responsible for undertaking 
home-based oral hygiene measures 
on a regular basis [5]. Due to the fact 
that caries and inflammatory peri -
odontal diseases continue to be 
“common diseases”, it appears that 
the quality of home-based plaque re-
moval in large parts of the popu-
lation is inadequate. Especially older 
patients display a higher plaque af-
fliction compared to younger ones 
[16]. In the Fifth German Oral Health 
Study (DMS V), 28 % of the examin-
ed senior citizens had at least one 
root surface caries or root surface fill-
ing. With respect to the dentulous 
study participants, this was as high as 
32 % [11]. For this reason, they 
should be counted as patients at risk 
for root surface and crown marginal 
caries [11]. The cause for increased 
root and crown margin caries suscep-
tibility in older patients is multifac-
torial. As an example, exposed root 
surfaces or exposed restoration mar-
gins due to periodontal problems 
foster plaque retention and caries 
predilection sites [3].

As part of gingivitis and caries 
prophylaxis, it is not only necessary 
that smooth surfaces are cleaned, but 
also interdental spaces, especially 
given that tooth surfaces below the 
approximal contacts represent predi-
lection sites for caries and gingivitis 
[19]. In spite of this, these areas are 
often not sufficiently reached when 
simply using a hand and/or an elec-
tric toothbrush [24]. If biofilm or 
food particles cannot be removed 
with a toothbrush alone, additional 
hygiene tools such as dental floss or 
interdental brushes are recom-
mended [7, 23]. However, user ac-
ceptance of these additional hygiene 
tools is to date still considered to be 
low [11, 31].

Studies in behavioral science have 
shown that it is difficult to achieve 
health-related behavioral changes in 
adults [1]. Thus, patients often over-
look dentists’ recommendations re-

lated to making changes in their oral 
hygiene habits; such changes may in-
clude brushing technique and brush-
ing system, or the additional use of 
hygiene tools for approximal space 
cleaning. Moreover, in older patients, 
a decrease of acuity and motor dex-
terity (limitations in gross and fine 
motor skills, decreased vision, de-
creased cognitive performance) [21] 
occurs with age; many of them are 
unable to use conventional tooth-
brushes to brush their teeth or em-
ploy hygiene tools to clean approxi-
mal spaces.

In order to assertively improve 
cleaning performance independent 
of individual factors such as dexter-
ity, motivation and brushing time, 
new and more effective toothbrushes 
are continuously being developed 
and worked upon. Especially due to 
the low acceptance of hygiene tools 
for interdental cleaning, tooth-
brushes with increased efficiency in 
this area are desirable. In a survey 
using a representative sample of the 
population in the Federal Republic of 
Germany, it was found that 53 % of 
respondents used a manual tooth-
brush and 38 % used an electric 
toothbrush in the context of home-
based oral hygiene [31]. The most 
common electric toothbrushes have 
an oscillating-rotating movement 
pattern or are activated by sound or 
ultrasound based on the manufac-
turer’s specifications. In literature, os-
cillating-rotating brushes receive an 
advantage as a high level of evidence 
exists with regards to the effective-
ness of these brushes [29, 30]. The 
bristles of sound-activated tooth-
brushes work mainly using “side-to-
side movements” [12]. Cleaning oc-
curs mechanically through the mov-
ing filaments themselves, on the one 
hand, while on the other, vibrations 
of the toothpaste-saliva mixture in 
the mouth generate turbulence (hy-
drodynamic effect). Due to the gener-
ated turbulence, the mixture should 
reach areas which are inaccessible to 
the toothbrush. In the case of ultra-
sonic toothbrushes, an additional 
cavitation effect occurs, thus leading 
to the removal of the biofilm and the 
attached plaque [12].

So-called “wash brushes” have 
been used for many years in house-

holds and in industry. These brushes 
are connected to a high-pressure 
cleaner or a normal water duct and 
are thus equipped with a continuous 
water supply. They are recommended 
by various manufacturers for their ef-
fective as well as gentle cleaning of 
smooth and sensitive surfaces.

In a pilot study in which the ef-
fectiveness of a manual and electric 
toothbrush was tested with (“wash 
toothbrush”) and without continu-
ous water supply, it could already be 
shown that an electric toothbrush, 
equipped with a continuous water 
supply and having an oscillating-ro-
tating movement pattern, has a posi-
tive effect on dental plaque control 
in both younger and older subjects 
compared to a manual toothbrush 
[9]. The aim of this pilot study was to 
evaluate whether sonic toothbrushes 
benefit from a continuous water 
supply during the brushing process 
and if this has a positive effect on 
dental plaque control in younger 
elderly people.

2. Methods

2.1 Study design
The present study is a prospective, 
single-blind pilot study with cross-
over design. The study has received a 
positive vote from the Ethics Com-
mittee of the Hannover Medical 
School (Vote No. 1615–2012).

2.2 Subjects
In the current pilot study, a total of 
12 subjects participated voluntarily 
with their prior written consent, 
which could thereafter be revoked at 
any time without giving reasons. The 
participants were between the ages of 
66 and 79 years (72.08 ± 3.88 years); 
6 subjects were male and 6 were fe-
male. Moreover, the participants were 
patients receiving a systematic peri-
odontal therapy and part of the recall 
system at the Clinic for Conservative 
Dentistry, Periodontology and Pre-
ventive Dentistry of the Hannover 
Medical School. All subjects pres-
ented a history of periodontitis, but 
were periodontally healthy/rehabili-
tated.

Exclusion criteria included re-
movable dentures, fewer than 
20 teeth, PSI code > 2, taking anti-  
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inflammatory or anti-bacterial drugs, 
systemic disorders that influence oral 
findings, an age less than 65 years, 
and motor or sensory limitations.

2.3 Toothbrushes used
Each participant received a conven-
tional electric toothbrush (Oral-B 
Professional Care Triumph 5000 with 
an attached Oral-B Precision Clean 
brush, Procter & Gamble), which had 
an oscillating-rotating movement 
pattern (ORT) as well as a sonic 
toothbrush (ST) (Hydrosonic CHS 
100 with the brush head Hydrosonic 
sensitive (CHS 200), set at 
32,000 movements per minute at 
“intensive” level, Curaprox). Addi-
tionally, each subject received a 
modified electric toothbrush with os-
cillating movement pattern (WORT) 
and a modified sonic toothbrush 
(WST). For this purpose, the conven-
tional toothbrushes described above 
were modified and equipped with a 
continuous water supply (Fig. 1 and 
2). The water supply was centrally  
located on the bristle field and was 
generated by a conventional irrigator 
(MD 5613 AEG) with a water flow 

rate of 65 ml per minute. In contrast 
to a conventional oral irrigator, the 
supplied water does not exactly strike 
the tooth surface, nor any existing 
pockets, but rather is distributed 
across the bristle field. In this 
manner, the supplied water is not 
used for mechanical biofilm dis-
ruption, but rather to support the 
cleaning action of the bristles. Here-
after, the term “wash toothbrush” is 
used to generally denote a modified 
toothbrush with continuous water 
supply. 

2.4 Collected parameters
As part of an initial examination 
(baseline), a general medical history 
as well as the following parameters 
were collected:
• General dental examination (01 

and resulting DMF-T/-S)
• Periodontal Screening Index (PSI) 

[15]
• Papilla Bleeding Index (PBI) [20]
• Approximal-Plaque-Index (API) 

[13]
• Modified Quigley-Hein-Plaque-

Index (QHI) [27]
In order to create uniform starting 
conditions, all subjects received a 
professional tooth cleaning following 
the baseline examination. Both 
groups tested the 4 different tooth-
brushes in a single application. As 
part of the baseline investigation, all 
participants received thorough clarifi-
cation and instructions by means of 
models and videos with regard to 
how to employ the various tooth-
brushes. The use of each toothbrush 
was preceded by a 2-day plaque ac-
cumulation phase (no home-based 
oral hygiene, no use of oral hygiene 
products or dental care products such 
as candies or chewing gum contain-
ing menthol). After testing each 
toothbrush, a 2-day “wash-out 
phase” was followed, during which 
the subjects performed home-based 
oral hygiene with their usual oral hy-
giene tools. After this phase, the next 
2-day plaque accumulation phase 
began before testing the next tooth-
brush.

After the 2-day accumulation 
phase, the QHI and API indices were 
used to quantify plaque following 
staining with a plaque disclosing  
so lution (Mira-2 tone, Hager & 

Werken). Then, the subjects received 
different toothbrushes in each of the 
4 phases in the following order: an 
electric toothbrush without and with 
continuous water supply (ORT and 
WORT) and a sonic toothbrush with-
out and with continuous water 
supply (ST and WST). After brushing 
with each respective toothbrush 
using medium abrasiveness tooth-
paste (Elmex Sensitive Professional 
Repair & Prevent, CP-GABA GmbH), 
residual plaque was visualized again 
using plaque disclosing solution and 
quantified using the QHI and API in-
dices.

All parameters were collected by 
the same examiner after initial cali-
bration took place together with the 
project manager. The examiner was 
unaware that a pre-determined se-
quence existed, and thus, did not 
know which toothbrush was being 
used.

In order to evaluate cleaning ef-
fectiveness, the differences of the 
QHI and API before and after brush-
ing were calculated (below Δ QHI and 
Δ API). The collection of the plaque 
indices took place with the help of 
magnifying loupes (2-fold magnifi-
cation). A questionnaire was used as 
part of the initial examination in 
order to record the oral hygiene  
habits of the subjects. After the last 
appointment, the subjects completed 
a further questionnaire with the pur-
pose of documenting their subjective 
impression of the tested tooth-
brushes.

2.5 Statistical analysis
The statistical software program SPSS 
Statistics 21 for Windows was used  
to analyze data. First, mean values, 
standard deviations and frequencies 
were calculated as part of the descrip-
tive statistics. Subsequently, the cal-
culated mean values were tested for 
normal distribution using the Kolmo-
gorow-Smirnow test (KS test). Since 
the tested variables (QHI, API values) 
were > 0.05, a normal distribution 
could be assumed. Therefore, a pa -
rametric paired t-test was employed 
to analyze variance for repeated 
measures within a group (electric 
toothbrush with oscillating-rotating 
movement pattern without and with 
continuous water supply, sonic 

Figure 1 Brush head of the sonic tooth-
brush with continuous water supply – 
“washsonic-toothbrush” (WST)
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toothbrush without and with con-
tinuous water supply). The means be-
tween the tested toothbrushes were 
compared with the unpaired t-test. 
The statistical significance level was 
set at p = 0.05.

3. Results

3.1 Results from baseline 
examination

No participants in the project had a 
need for periodontal treatment and 
all were caries free. The participants 
had a mean PBI of 0.7 ± 0.3 and a 
mean DMF-T of 17.8 ± 4.7 (DMF-S: 
61.3 ± 23.4). The plaque index value 
in the area of smooth surfaces (QHI) 
was on average 1.4 ± 0.3 and 
91.5 ± 8.7% in the approximal area 
(API).

3.2 Comparison of plaque 
index value reduction  
between ORT and WORT

With the WORT, the plaque index 
value on the smooth surfaces (Δ QHI) 
was reduced on average by 
1.68 ± 0.28 and by 20.43 ± 18.7 % in 
the approximal region (Δ API). With 
the ORT, on average, a reduction of 
the plaque index value (Δ QHI) by 
1.41 ± 0.34 was achieved on the 
smooth surfaces and 19.85 ± 18.03 % 
in the approximal areas. Comparison 
of the means between WORT and 
ORT showed a tendency towards a 
higher reduction of the plaque index 
value in the area of the smooth sur-
faces for the WORT, but this was not 
statistically significant (p = 0.062). 
There were only slight differences  
between the two toothbrushes in  
the area of the approximal surfaces 
(Table 1).

3.3 Comparison of plaque 
index value reduction  
between ST and WST

The WST showed a significantly 
higher reduction of the plaque index 
value on the smooth surfaces 
(p < 0,001) and in approximal areas 
(p = 0,006) compared to the ST. With 
the ST, the plaque index value 
(Δ QHI) was reduced by 1.27 ± 0.25 
on the smooth surfaces and by 
14.12 ± 10.6 % in approximal areas. 
With the WST, on average, a reduc-
tion of the plaque index value 
(Δ QHI) by 1.88 ± 0.33 was achieved 
on the smooth surfaces and 
30.14 ± 14.85 % in approximal areas 
(Table 1).

3.4 Comparison of the  
reduction in the plaque 
index values between  
ST and ORT

With the ORT, the subjects tended to 
achieve a higher reduction of the 
plaque index value on the smooth 
surfaces as well as in the approximal 
areas than with the ST, but this was 
not statistically significant (Table 1).

3.5 Comparison of the reduc-
tion in plaque index values 
between WST and WORT

The subjects tended to achieve a 
higher reduction of the plaque index 
value with the WST than with the 
WORT, both on the smooth surfaces 
and in the approximal areas, but  
this was not statistically significant 
(Table 1).

3.6 Evaluation of the  
questionnaire

75 % of the participants already used 
an electric toothbrush as part of their 

home-based oral hygiene. All project 
participants stated that they had a 
better “feeling in the mouth” after 
using the “wash toothbrushes” 
(WORT, WST) compared with the 
conventional electric toothbrushes 
(ORT, ST). Moreover, 83.3 % and 
16.7 % preferred the WST and WORT, 
respectively.

4. Discussion
 In the present study, it was observed 
that there was a tendency towards a 
higher reduction of the plaque index 
value on both smooth and approxi-
mal surfaces for the electric tooth-
brush with an oscillating-rotating 
movement pattern (ORT) compared 
to the sonic toothbrush (ST). In lit-
erature, the efficiency between sonic 
toothbrushes and electric tooth-
brushes with oscillating-rotating 
movement pattern is controversially 
debated. Some studies affirm that 
electric toothbrushes with oscil-
lational rotating patterns of move-
ment have a higher plaque and gin-
givitis reduction as compared to 
sonic toothbrushes [4, 8]. Other 
studies, however, observe the oppo-
site [17, 25]. Clinical studies should 
take into account that home-based 
oral hygiene may also be incorrectly 
or inadequately exercised. Ganss et 
al. (2018) used videos to observe sub-
jects during brushing with an electric 
as well as a manual toothbrush [6]. 
For both toothbrushes, identical 
movement patterns (horizontal and 
circular brushing movements) were 
registered. Only 50.5 % of subjects 
allowed for “passive movements” 
using the electric toothbrush (posi-
tioning the brush head on the tooth 
with less than 2 movements). This 
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“passive brushing” took up less than 
10 % of the total brushing time [6]. 
In spite of this, in order to achieve an 
optimal brushing performance with 
electric toothbrushes, “passive move-
ment” makes sense. In order to 
achieve an optimal brushing result, 
the brush head should be guided 
both along the gingival margin as 
well as along the contour of the 
tooth and into the interdental space 
using a small pivoting movement. 
Also with the sonic toothbrush em-
ployed in the present study, the 
manufacturer recommends an angu-
lation of 45° to the tooth surface for 
optimal cleaning in the area of the 
gingival margin. In doing this, the 
bristles should be placed only lightly 
without pressure on the tooth sur-
face. For each tooth, the user should 
stay for 2 to 3 seconds and then 
slowly perform tilting movements 
without pressure [Source: instruction 
manual and instruction video Hydro-
sonic, Curaprox]. The patients in the 
present study were indeed intensively 
instructed at the beginning with re-
gard to the use of the respective 
toothbrush with the aid of models 
and videos. However, it cannot be 

ruled out whether or not the tech-
nique specified by the manufacturer 
was or was not fully implemented. 
The technique specified by the 
manufacturer is very similar to the 
“bass technique” and was therefore 
difficult for the project participants 
to implement. In addition, it could 
be observed that the manufacturer‘s 
recommendation of a short, motion-
less pause of the brush head on the 
tooth was also difficult for the par-
ticipants to implement. The subjects 
quickly became impatient, which was 
possibly related to the feeling of 
“being under surveillance”. During 
the use of the ST, the participants re-
peatedly came back to the movement 
pattern of a manual toothbrush. 
Moreover, the subjects were probably 
not used to perform brushing with 
minimal pressure. Also, since the 
sonic toothbrush used in the present 
study did not have a pressure control, 
it cannot be ruled out whether or not 
too much pressure was exerted by the 
patients; this could possibly have re-
duced the cleaning performance of 
the sonic toothbrush.

In the present study, for the 
modified sonic toothbrush with con-
tinuous water supply (WST), a higher 
reduction in the plaque index was 
observed compared to all other 
toothbrushes tested, both on smooth 
and in approximal surfaces. For sonic 
toothbrushes, the bristles of the 
brush head are moved with rapid os-
cillations, thereby achieving a “hy-
drodynamic effect”. This means that 
the bristles do not only mechanically 
clean, but also generate turbulence 
through vibrations, thus allowing 
the toothpaste-saliva mixture to re-
move plaque and bacteria in poorly 
accessible areas. This effect has been 
demonstrated in some studies [22]. 
In the present study, however, the  
lowest reduction of the plaque index 
value was observed on smooth and 
in approximal surfaces for the sonic 
brush without continuous water 
supply (ST). Apparently, a normal 
“toothpaste saliva mixture” does not 
seem to be sufficient to achieve an 
efficient “hydrodynamic effect”. If, 
however, the sonic toothbrush is 
combined with a continuous water 
supply (WST), significantly higher re-
ductions in the plaque index value 

are achieved both in the areas of 
smooth and approximal surfaces. 
The WORT also showed higher re-
ductions in the plaque index value 
compared to the ORT, both on the 
smooth and approximal surfaces, but 
this was not statistically significant. 
Movement of liquid around the 
bristles is not only observed for sonic 
toothbrushes, but also for other elec-
tric toothbrushes, which may have 
an additive effect on the purely 
mechanical action of the toothbrush 
[18]. Sahota et al. (1998) concluded 
that plaque removal depends both 
on direct bristle contact and on the 
presence of fluid [18]. They could ob-
serve that although plaque removal 
is mainly due to the mechanical ac-
tion of the bristles, additional plaque 
removal occurs through turbulence; 
this arises when the bristles work in 
an aqueous environment. The results 
of the present study confirm this hy-
pothesis.

A dry mouth has been observed 
in many elderly patients [14]. The 
causes of decreased salivation at old 
age are manifold; among them are a 
decrease in chewing activity, chang-
ing dietary habits, lower fluid intake 
or a systemic medication that reduces 
salivation [14]. Sufficient toothpaste-
saliva mixture during the brushing 
process may not be formed for these 
patients. Therefore, these patients 
could benefit from a toothbrush with 
continuous water supply. With regard 
to toothbrushes with continuous 
water supply, it is difficult to make 
comparisons of literature due to the 
low number of studies. Sumi et al. 
(2003) examined the efficiency of an 
electric toothbrush with an oscillat-
ing motion pattern and continuous 
water supply as compared to a con-
ventional electric toothbrush with 
oscillating motion pattern in elderly 
patients in terms of plaque removal 
in the area of smooth surfaces. They 
concluded that the modified tooth-
brush removed significantly more 
plaque in the area of smooth surfaces 
[26]. This result is comparable to 
those of this pilot study. In this 
study, higher reductions in plaque 
index value were observed for the 
modified toothbrush with oscillating 
motion pattern as compared to the 
conventional toothbrush as well.

Figure 2 Brush head of the electric tooth- 
brush with continuous water supply – 
“washelectric-toothbrush” (WORT)
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In the approximal area, the ORT 
barely showed any differences in the 
reduction of the plaque index value 
compared to the WORT. Even with 
the WST, only a 30.14 % reduction of 
the plaque index value was achieved 
in the approximal area. These results 
suggest that sufficient cleaning in ap-
proximal spaces is difficult without 
additional hygiene tools. However, it 
should be noted that the index used 
in the present study to assess plaque 
in approximal areas is an index that 
only makes a yes/no decision on the 
presence of plaque in the approximal 
areas. The extent of plaque is there-
fore not taken into account. In order 
to assess cleaning efficiency as well as 
motivate the patient, a statement re-
garding the extent of plaque reduc-
tion would be more meaningful than 
just a statement regarding complete 
plaque removal [10]. Furthermore, in 
assessing the approximal cleaning 
performance of the toothbrushes, the 
possible “user errors” already men-
tioned above should also be taken 
into consideration.

In addition to the cleaning effi-
ciency of the different toothbrushes, 
the subjective impression of the par-
ticipants was also evaluated by means 
of a questionnaire. All subjects stated 
that they had a better “feeling in the 
mouth” after using the “wash tooth-
brushes” compared with the conven-
tional electric toothbrushes. In 
choosing between the two “wash 
toothbrushes”, over 80 % of the sub-
jects preferred the WST over the 
WORT. This subjective impression is 
reflected in the clinical values as well.

The toothbrushes were only 
tested once by the participants. Many 
participants claimed that they 
needed to get used to the continuous 
water supply of the modified tooth-
brushes and that it was difficult to 
concentrate on the brushing process 
when the water supply was switched 
on. Moreover, in interpreting these 
results, it should be taken into ac-
count that not all participants were 
already familiar with electric tooth-
brushes, as 25 % of them used a man-
ual toothbrush for their home-based 
oral hygiene. An influence of these 
aspects on the results of the reduc-
tion of the plaque index values  can-
not be ruled out. Hence, in future 

studies, an “adjustment period” 
should take place in advance so that 
the participants have time to fa -
miliarize themselves with the use of 
different toothbrushes. It would  
also be desirable to evaluate the  
corresponding toothbrushes over a 
longer time period in the context of 
home-based home oral hygiene.

In order to collect the indices, the 
plaque was visualized using a plaque 
disclosing solution. However, neither 
a demonstration nor an explanation 
of the plaque afflicted sites ensued 
for the participants. The brushing 
process was performed by the retire-
ment-aged participants in an oral hy-
giene room, which had a sink and an 
unlit mirror. Moreover, the subjects 
were at least 50 cm away from the 
mirror. In this manner, the partici-
pants had no possibility to recognize 
the plaque-prone spots in detail on 
site. Therefore, the visualization of 
plaque could not have influenced the 
brushing results.

In the present pilot study, me -
chanical plaque removal with the 
various toothbrushes was combined 
with the use of toothpaste since the 
majority of the population also uses 
toothpaste for home-based oral hy-
giene. All patients used the same 
toothpaste with medium abrasive-
ness at all times. In a systematic  
review, it was shown that the use of 
toothpaste plays a rather disorderly 
role in supporting mechanical plaque 
removal. Valkenburg et al. (2016) de-
termined that, as part of mechanical 
plaque removal, 49.2 % of the plaque 
was removed in combination with 
toothpaste and 50.3 % without 
toothpaste [28]. In this regard, an ad-
ditive effect of toothpaste on plaque 
removal can also be neglected in the 
present pilot study.

5. Conclusion
Taking the limitations of this pilot 
study into account, it appears that an 
electric toothbrush equipped with a 
continuous water supply has a posi-
tive effect on dental plaque control 
in elderly subjects. Moreover, it ap-
pears that a sonic toothbrush profits 
from a continuous water supply to a 
greater extent than an electric tooth-
brush with an oscillating-rotating 
movement pattern. Further investi-

gations should evaluate whether the 
application of an electric wash tooth-
brush can increase the “hydrody-
namic effect” and whether it can 
thereby also reach hard-to-access 
niches such as exposed root surfaces 
or crown margins.

Conflicts of Interest:
The authors declare that there is no 
conflict of interest within the mean-
ing of the guidelines of the Inter-
national Committee of Medical Jour-
nal Editors.

MEYER-WÜBBOLD, GÜNAY, EBERT:
The effectiveness of an electric “wash toothbrush” on oral plaque control – A pilot study



181

© Deutscher Ärzteverlag | DZZ International | Deutsche Zahnärztliche Zeitschrift International | 2019; 1 (5) 

10.  Günay H, Meyer-Wübbold K: Effekt 
des zweimaligen Zähneputzens auf die 
dentale Plaqueentfernung bei jungen  
Senioren. Dtsch Zahnärztl Z 2018; 73: 
153–163

11.  IDZ, Institut der Deutschen 
Zahnärzte (Hrsg): Fünfte Deutsche 
Mundgesundheitsstudie (DMS V). Deut-
scher Zahnärzte Verlag DÄV, Köln 2016

12.  Klocke A, Sonntag D, Beikler T: Elek-
trische Zahnbürsten – gibt es was Neues? 
Quintessenz 2015; 66: 7–19

13.  Lange DE, Plagmann HC, Eenboom 
A, Promesberger A: Klinische Bewer-
tungsverfahren zur Objektivierung der 
Mundhygiene. Dtsch Zahnärztl Z 1977; 
32: 44–47

14.  Laurisch L: Mundtrockenheit – Hin-
tergründe und Therapie eines zuneh-
menden Problems. Dtsch Zahnärztl Z 
2012; 67: 430–437

15.  Meyle J, Jepsen S: Der parodontale 
Screening-Index (PSI). Parodontologie 
2000; 11: 17–21

16.  Micheelis W, Schiffner U, Hoffmann 
T: Vierte Deutsche Mundgesundheitsstu-
die (DMS IV): Neue Ergebnisse zu oralen 
Erkrankungsprävalenzen, Risikogruppen 
und zum zahnärztlichen Versorgungsgrad 
in Deutschland 2005. Deutscher 
Zahnärzte Verlag DÄV, Köln 2006

17.  Robinson PJ, Maddalozzo D, Breslin 
S: A six-month clinical comparison of the 
efficacy of the Sonicare and the Braun 
Oral-B electric toothbrushes on im -
proving periodontal health in adult  
periodontitis patients. J Clin Dent 1997; 
8: 4–9

18.  Sahota H, Landini G, Walmsley AD: A 
testing system for electric toothbrushes. 
Am J Dent 1998; 11: 271–275

19.  Sälzer S, Slot DE, Van der Weijden FA, 
Dörfer CE: Efficacy of interdental me -
chanical plaque control in managing  
gingivitis – a meta-review. J Clin Peri -
odontol 2015; 42: 92–105

20.  Saxer UP, Mühlemann HR: Motiva -
tion and education. SSO Schweiz Mo -
natsschr Zahnheilkd 1975; 85: 905–919

21.  Schlüter IM: Zahnproblemen im Alter 
vorbeugen – Tipps zur Mundhygiene bei 
Senioren. Geriatrie-Report 2018; 13: 
26–29

22.  Schmidt JC, Zaugg C, Weiger R, 
Walter C: Brushing without brushing? –  
a review of the efficacy of powered tooth-
brushes in noncontact biofilm removal. 
Clin Oral Invest 2013; 17: 687–709 

23.  S2k-Leitlinie (Langversion): Kariespro-
phylaxe bei bleibenden Zähnen – grund-
legende Empfehlungen; AWMF-Register-
nummer: 083–021; 2016. www.awmf.
org/leitlinien/detail/ll/083–021.html

24.  Slot DE, Dörfer CE, Van der Weijden 
GA: The efficacy of interdental brushes 
on plaque and parameters of periodontal 
inflammation: a systematic review. Int J 
Dent Hyg 2008; 8: 253–264

25.  Starke M, Delaurenti M, Ward M, 
Souza S, Milleman KR, Melleman JL: A 
comparison of the effect of two power 
toothbrushes on the gingival health and 
plaque status of subjects with moderate 
gingivitis. J Clin Dent 2017; 28: A29–35

26.  Sumi Y, Nakajima K, Tamura T,  
Nagaya M, Michiwaki Y: Developing an 
instrument to support oral care in the  
elderly. Gerodontology 2003; 20: 3–8

27.  Turesky S, Gilmore ND, Glickman I: 
Reduced plaque formation by the chloro-
methyl analogue of victamine C. J Peri -
odontol 1970; 41: 41–43

28.  Valkenburg C, Slot DE, Bakker EWP, 
Van der Weijden FA: Does dentifrice use 
help to remove plaque? A systematic  
review. J Clin Periodontol 2016; 43: 
1050–1058

29.  Van der Weijden FA, Slot DE: Efficacy 
of homecare regimens for mechanical 
plaque removal in managing gingivitis  
a meta review. J Clin Periodontol 2015; 
42: 77–91

30.  Yaacob M, Worthington HV, Deacon 
SA et al.: Powered versus manual tooth-
brushing for oral health. Cochrane Data-
base Syst Rev 2014; 17: CD002281. doi: 
10.1002/14651858.CD002281.pub3

31.  Zimmer S, Lieding L: Gewohnheiten 
und Kenntnisse zur Mundhygiene in 
Deutschland – Ergebnisse einer bevöl-
kerungsrepräsentativen Befragung. Dtsch 
Zahnärztl Z 2014; 69: 584–593

PROF. DR. HÜSAMETTIN GÜNAY
Department of Conservative Dentistry, 

Periodontology and Preventive  
Den tistry, Hannover Medical School

Carl-Neuberg-Str. 1, 30625 Hannover, 
Germany

Guenay.H@mh-hannover.de

DR. KAREN MEYER-WÜBBOLD 
Department of Conservative Dentistry, 

Periodontology and Preventive  
Den tistry, Hannover Medical School

Carl-Neuberg-Str. 1, 30625 Hannover, 
Germany

Meyer-Wuebbold.Karen@ 
mh-hannover.de

(P
ho

to
s:

 H
an

no
ve

r 
M

ed
ic

al
 S

ch
oo

l) 

MEYER-WÜBBOLD, GÜNAY, EBERT:
The effectiveness of an electric “wash toothbrush” on oral plaque control – A pilot study



182

© Deutscher Ärzteverlag | DZZ International | Deutsche Zahnärztliche Zeitschrift International | 2019; 1 (5)

Knut Adam, Evangelia Gousopoulou, Athina Bakopoulou, Gabriele Leyhausen, Joachim Volk,  
Ingmar Staufenbiel, Hüsamettin Günay, Peter Paul Josef Schertl, Werner Geurtsen

Characterization of cells  
derived from inflamed intra-bony  
peri odontal defects 

Introduction: Regeneration of intra-bony periodontal defects should be sup-
ported by formation of new blood vessels and nerve fibres to ensure nutrition 
and innervation of the newly formed tissues. Aim of the present study was to 
evaluate the neurovascular properties of human stem cells derived from in-
flamed periodontal ligaments (ihPDLSCs).

Methods: Cultures of ihPDLSCs were established from granulation tissue of 
intra-bony periodontal defects (n = 4). Expression of epitopes characteristic for 
mesenchymal (CD73, CD90, CD105, CD146, STRO-1), embryonic (SSEA-4) 
and hematopoietic (CD34, CD45) stem cells were analysed by flow cytometry. 
Neuronal, endothelial and osteoblastic differentiation was induced by respec -
tive media. Changes in cell morphology were observed microscopically. Ma-
trix mineralization was visualized and quantified using Alizarin Red S staining. 
Gene expression of neurogenic (NEFL, NCAM1, ENO2, TUBB3), angiogenic 
(VEGFR1, VEGFR2, PECAM1, ANGPT2) and osteogenic (RUNX2, SP7, APL, 
BMP2, BGLAP, SPP1, IBSP) markers was assessed by qRT-PCR.

Results: Cultures of ihPDLSCs showed high expression of CD73 and CD90, 
medium to high expression of CD105 and CD146, low to medium expression 
of SSEA-4 and low expression of STRO-1, CD34 and CD45. Trilineage differ-
entiation potential was documented by histomorphologic changes, pro-
nounced matrix mineralization and significant upregulation of stage-specific 
markers characteristic for neuronal (NEFL, NCAM1, ENO2), endothelial 
(VEGFR1, VEGFR2, PECAM1) and osteoblastic (ALP, BMP2) differentiation.

Conclusions: Our data provide evidence that cells isolated from granulation 
tissue of intra-bony periodontal defects have properties characteristic for mes-
enchymal stem cells. As these cells have the potential to undergo neuronal, 
endothelial and osteoblastic differentiation, the preservation of granulation 
tissue during regenerative periodontal surgery may be valuable to promote the 
healing of intra-bony periodontal defects.

Keywords: mesenchymal stem cells; regenerative periodontal surgery;  
inflamed intra-bony defects; granulation tissue; trilineage differentiation  
potential; in vitro
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Background
Intra-bony periodontal defects caused 
by periodontitis often show a rapid 
progression and represent a serious 
risk for tooth loss. During the de -
structive process, an inflammatory 
soft tissue – the granulation tissue – 
progressively replaces the healthy 
periodontium. The granulation tis-
sue, considered as tissue of minor 
value, is generally resected during re-
generative periodontal surgery [12, 
13, 51, 62, 63]. The resulting tissue 
deficiency is usually associated with 
the development of gingival reces-
sions, in particular in patients with 
advanced intra-bony periodontal de-
fects [57]. Bone substitutes and oc-
clusive membranes acting as defect 
fillers and barriers are routinely used 
to avoid a soft tissue collapse into the 
defect [17]. However, these exogen-
ous materials can lead to unwanted 
side effects, like incomplete resorp-
tion of the bone substitutes or mem-
brane exposure, and adversely affect 
the regenerative healing processes 
[43, 64]. 

Therefore, our group has intro-
duced the granulation tissue preser-
vation technique (GTPT, Fig. 1), 
which attempts to maintain as much 
granulation tissue as possible during 
regenerative periodontal surgery. We 
have shown in a case series that the 
preservation of granulation tissue as 
‘autologous’ material has a positive 
influence on the clinical and radio-
graphic treatment outcome [28]. 
Thus, we observed only a negligible 
development of gingival recessions 
and a significant bone fill in most 
cases. The maintenance of the vascu-
lar network, the increased wound sta-
bility and the preservation of mesen-
chymal stem cells (MSCs) are possible 
explanations for that. It has been 
suggested that the recruitment of 
progenitor cells, which are able to 
differentiate into specialized cells, 
plays a critical role within periodon -
tal wound healing processes [8]. As 
all periodontal tissues originate from 
the dental mesenchyme, which is  
derived from the cranial neural crest 
[35], MSCs are considered as the 
main progenitor cells for periodontal 
regeneration. 

Various sources of MSCs have 
been identified in the oral cavity. 

MSCs have been shown to reside in 
the pulp (dental pulp stem cells – 
DPSCs) [27] and the apical papilla 
(stem cells from the apical papilla – 
SCAP) [67] of permanent teeth, in the 
pulp of deciduous teeth (stem cells 
from human exfoliated deciduous 
teeth – SHED) [48], in the alveolar 
bone (bone marrow stem cells – 
BMSCs) [66], in the gingiva (gingival 
mesenchymal stem cells – GMSCs) 
[78] and in the periodontal ligament 
(healthy human periodontal liga-
ment stem cells – hhPDLSCs) [65]. It 
has been also reported that MSCs 
may survive under inflammatory 
conditions. Therefore, stem cell prop-
erties have been found in cells iso-
lated from the inflamed dental pulp 
[56], the inflamed gingiva [25] and 
the inflamed periodontal granulation 

tissue (inflamed human periodontal 
ligament stem cells – ihPDLSCs) [54].

Regenerative periodontal surgery 
aims at renewing all tooth supporting 
tissues including the periodontal liga-
ment (PDL), the root cementum and 
the alveolar bone [36]. Angiogenesis 
and neurogenesis play a decisive role 
in periodontal regeneration, because 
formation of blood vessels and nerve 
fibres is required to ensure nutrition 
and innervation of the newly formed 
tissues [3, 42, 71]. Objective of the 
present study was to examine, if 
ihPDLSCs have the potential to pro-
mote the healing processes following 
regenerative periodontal surgery. The 
hypothesis of the present study was 
that ihPDLSC cultures derived from 
intra-bony periodontal defects con-
tain a MSC population that is able to 

 Figure 1A–E Representative treatment of an intra-bony periodontal defect (IPD) using 
the granulation tissue preservation technique (GTPT): The preoperative radiograph 
showed a pronounced bone loss at the distal root of the lower right first molar (A). The 
mucoperiosteal flap including the intra-lesional granulation tissue (GT) was thoroughly 
detached from the IPD and mobilized as far as it was necessary for an effective scaling 
and root planning (B–D). The radiograph 2 years after surgery and endodontic treat-
ment revealed a significant bone fill in the former defect (E).
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undergo neurogenic, angiogenic and 
osteogenic differentiation.

Methods

Isolation and culture of 
ihPDLSCs
Four systemically healthy patients 
(aged 46.75 ± 2.63 years, 2 women, 
2 men) diagnosed for severe chronic 
periodontitis were selected as donors 
for the biopsies. All patients received 
a non-surgical periodontal therapy to 
reduce local signs of inflammation. 
The surgical intervention was per-
formed at teeth with a residual peri-
odontal defect exhibiting a pocket 
probing depth > 6 mm, bleeding on 
probing and a radiographically evi-
dent intra-bony component of 
≥ 3 mm. Since all surgical interven-
tions were conducted for the purpose 
of periodontal regeneration, the 
GTPT was applied [28]. To get access 

to the bacterially contaminated root 
surface(s), a circumferential marginal 
incision was conducted at the defect-
related teeth and the buccal and oral 
gums including the intra-lesional 
granulation tissue were sharply dis-
sected from the underlying bone 
using microsurgical instruments. The 
mucoperiosteal flaps with the adher-
ent granulation tissue were elevated 
as far as needed for an effective 
mechanical debridement (Fig. 1). The 
residual inflammatory granulation 
tissue was collected from the bottom 
of the intra-bony periodontal defect 
using curettes and scalers and used 
for the cell culture establishment of 
the present study. The defect-related 
root surface(s) were thoroughly de-
brided with hand instruments and a 
sonic device. Afterwards, the regener-
ative procedure was conducted. This 
included the application of a 24 % 
ethylene-diamine-tetra-acetic acid 

(EDTA) gel (PrefGel, Straumann, Frei-
burg, Germany), irrigation with ster-
ile physiologic saline solution and 
application of enamel matrix pro-
teins (Emdogain, Straumann). At the 
end of the surgical procedure, the 
intra-lesional granulation tissue and 
mucoperiosteal flaps were reposi-
tioned and fixed with interrupted su-
tures. 

Immediately after collection, the 
inflammatory granulation tissue was 
minced into the smallest pieces pos -
sible and digested in α-minimal essen-
tial medium (α-MEM; Gibco, Grand 
Island, NY, USA) containing 3 mg/ml 
collagenase type I (Gibco) and 4 mg/
ml dispase II (Sigma-Aldrich, Stein-
heim, Germany) for 1 h at 37°C.  
Cell-containing medium was passed 
through a strainer with a pore size of 
70 μm (EASYstrainer, Greiner bio-
one, Frickenhausen, Germany). The 
resulting ihPDLSCs were seeded into 

Figure 2 Representative data of the immunophenotypic characterization with flow cytometry: Single-parameter histograms show  
expression of mesenchymal (CD73, CD90, CD105, CD146, STRO-1), hematopoietic (CD34, CD45) and embryonic (SSEA-4) stem cell 
markers (red/vertical lines: unstained control; green/diagonal lines: cells expressing marker of interest).
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Neurogenic

Angiogenic

Osteogenic

Table 1 QuantiTect Primer Assays (Qiagen) used for the qRT-PCR analyses of genes related to neuronal, endothelial and osteoblastic 
differentiation

QuantiTect Primer 
Assay

Hs_ENO2_1_SG

Hs_NCAM1_1_SG

Hs_NEFL_1_SG

Hs_TUBB3_1_SG

Hs_ANGPT2_1_SG

Hs_PECAM1_1_SG

Hs_FLT1_1_SG

Hs_KDR_1_SG

Hs_ALPL_1_SG

Hs_BGLAP_1_SG

Hs_BMP2_1_SG

Hs_IBSP_1_SG

Hs_RUNX2_1_SG

Hs_SP7_1_SG

Hs_SPP1_1_SG

Protein/enzyme  
(abbreviation)

enolase 2 (ENO2)

neural cell adhesion  
molecule (NCAM1)

neurofilament, light poly-
peptide (NEFL)

tubulin, beta 3 class III 
(TUBB3)

angiopoietin 2 (ANGPT2)

platelet and endothelial cell 
adhesion molecule 1 
(PECAM1)

fms-related tyrosine kinase 1 
(FLT1) or
vascular endothelial growth 
factor receptor 1 (VEGFR1)

kinase insert domain recep-
tor (KDR) or
vascular endothelial growth 
factor receptor 2 (VEGFR2)

alkaline phosphatase (ALPL)

bone gamma carboxy -
glutamic acid-containing  
protein (BGLAP)

bone morphogenic protein 
2 (BMP2)

integrin-binding sialoprotein 
(IBSP)

runt-related transcription 
factor 2 (RUNX2)

sp7 transcription factor 
(SP7)

secreted phosphoprotein 1 
(SPP1)

Catalogue number

QT00084889

QT00071211

QT00096369

QT00083713

QT00100947

QT00081172

QT00073640

QT00069818

QT00012957

QT00232771

QT00012544

QT00093709

QT00020517

QT00213514

QT01008798

Detected transcript(s)

NM_001975 (2423 bp)

NM_000615 (5977 bp)
NM_001076682 (4944 bp)
NM_001242608 (4831 bp)

NM_006158 (3854 bp)

NM_006086 (1794 bp)

NM_001118887 (5267 bp)
NM_001118888 (5114 bp)
NM_001147 (5270 bp)

NM_000442 (6831 bp)
XM_005276880 (4006 bp)
XM_005276881 (3972 bp)
XM_005276882 (3966 bp)
XM_005276883 (3943 bp)
XM_006721944 (2438 bp)
XM_006721945 (2452 bp)

NM_002019 (7123 bp)

NM_002253 (6055 bp)

NM_000478 (2606 bp)
NM_001127501 (2441 bp)
NM_001177520 (2325 bp)
XM_005245818 (2573 bp)
XM_005245820 (1379 bp)
XM_006710546 (2558 bp)

NM_199173 (562 bp)

NM_001200 (3150 bp)

NM_004967 (1595 bp)

NM_001015051 (5487 bp)
NM_001024630 (5553 bp)
NM_004348 (5720 bp)
NM_001278478 (5235 bp)
XM_006715231 (5304 bp)
XM_006715233 (2944 bp)
XM_006715234 (875 bp)

NM_001173467 (3173 bp)
NM_152860 (2995 bp)
NM_001300837 (3211 bp)

NM_000582 (1616 bp)
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cell culture flasks containing com-
plete culture medium (CCM) consist-
ing of α-MEM supplemented with 
15 % foetal bovine serum (FBS, 
Biochrom, Berlin, Germany), 
100 U/ml penicillin, 100 μg/ml strep-
tomycin (both from Biochrom), 
2.5 μg/ml Amphotericin B (Capricorn 
Scientific, Ebsdorfergrund, Germany) 
and 100 μM L-ascorbic acid phos-
phate (Sigma-Aldrich). The cultures 
were incubated in a humidified at-
mosphere at 37 °C and 5 % CO2. 
Cells from passages 2 to 4 were used 
for the experiments. 

Characterization of ihPDLSC 
cultures with flow cytometry
The antigen profiles of ihPDLSC cul-
tures at passages 2 and 3 were ana-
lysed by flow cytometry, as pre-
viously described [2]. Cells were 
seeded in 75 cm2 culture flasks and 
expanded in CCM until confluency. 
Cells were trypsinized, washed with 
phosphate-buffered saline (PBS) and 
re-suspended in FACS buffer consist-
ing of PBS supplemented with 1 % 
bovine serum albumin (BSA) and 
0.1 % sodium azide (NaN3). For each 
sample, 1x 106 cells/100 μl FACS 
buffer were Fc-blocked with 1 μg of 
human IgG (Sigma-Aldrich) for 
15 min on ice. Afterwards, cells were 

stained by incubation with the fol-
lowing fluorochrome-conjugated 
mouse anti-human antibodies for 
25 min in the dark on ice: 
CD73-FITC (fluorescein isothiocya-
nate), CD90-FITC, CD105-APC (allo-
phycocyanin), CD146-PE (phycoe-
rythrin), STRO-1-FITC, CD34-APC, 
CD45-PE and SSEA-4-FITC (all from 
BioLegend, Fell, Germany). For flow 
cytometry analysis, a BD LSR II Flow 
Cytometer (BD Biosciences, Heidel-
berg, Germany) was used. A total of 
100,000 events were acquired for 
each sample. Data were analysed 
using the Summit 5.1 software (Beck-
man Coulter, Fullerton, USA). Flow 
cytometry experiments were repeated 
4 times for each donor. 

Induction of neurogenic  
differentiation
For neurogenic differentiation, 
ihPDLSCs were seeded into six-well 
plates coated with 0.1 % gelatine 
(Sigma-Aldrich) at 1x 105 cells/well 
and expanded in neurobasal A medi-
um (Gibco) supplemented with B27 
supplement (Gibco), 2 mM L-gluta-
mine (Gibco), 20 ng/ml epidermal 
growth factor (EGF, Biochrom), 
40 ng/ml recombinant human basic 
fibroblast growth factor (rh-bFGF, 
Biochrom), 100 U/ml penicillin, 

100 μg/ml streptomycin and 
2.5 μg/ml amphotericin B. Cells were 
cultured for 5 weeks and the neuro -
genic medium was changed every 
2 to 3 d. Neurogenic differentiation 
was assessed with an inverted micro-
scope for the detection of morpho-
logical changes towards a neuron-like 
phenotype and with quantitative re-
verse transcriptase polymerase chain 
reaction (qRT-PCR) for the expression 
of the neuronal markers neurofila-
ment light polypeptide (NEFL), neu-
ral cell adhesion molecule 1 
(NCAM1), tubulin beta 3 class III 
(TUBB3), and enolase 2 (ENO2).

Induction of angiogenic  
differentiation
For induction of angiogenic differ-
entiation, cells were seeded into six-
well plates coated with collagen I 
(Santa Cruz Biotechnology, Heidel-
berg, Germany) at 1x 105 cells/well. 
Cultures were expanded in CCM 
until they reached confluency. After-
wards, cells were exposed to angio-
genic medium consisting of M199 
medium (Gibco) supplemented with 
5 % FBS, 100 U/ml penicillin, 
100 μg/ml streptomycin, 2.5 μg/ml 
amphotericin B, 50 μg/ml heparin 
(Sigma-Aldrich), 1 μg/ml hydrocor-
tisone (Sigma-Aldrich), 60 μg/ml en-

Figure 3A–C Microscopic images documenting the histomorphologic changes occurring during neuronal (A), endothelial (B) and  
osteoblastic (C) differentiation: Already 3 days after exposure to neurogenic medium, the formation of a neuron-like phenotype with a 
‘drawn-out’ cell body (open arrow) and dendrite-like processes (white arrows) was observed (A). During angiogenic differentiation, the 
cell morphology changed from spindle-shaped (characteristic for fibroblasts) to polygonal (characteristic for endothelial cells). At the 
beginning of the endothelial differentiation, both morphologies were simultaneously present, as illustrated by the microscopic image at 
day 14 (white arrows indicating endothelial-like cells). Afterwards, a continuously increasing amount of the polygonal phenotype was 
observed (B). During osteoblastic differentiation, an increasing amount of AR-S positive mineralized deposits was detectable. At the  
end of the osteogenic differentiation experiment, the entire surface of the well was covered by AR-S positive mineralized tissue (C). 

 ADAM, GOUSOPOULOU, BAKOPOULOU ET AL.: 
Characterization of cells derived from inflamed intra-bony periodontal defects



187

© Deutscher Ärzteverlag | DZZ International | Deutsche Zahnärztliche Zeitschrift International | 2019; 1 (5) 

dothelial cell growth supplement 
(ECGS, PromoCell, Heidelberg, Ger-
many), 10 ng/ml EGF (Biochrom), 
25 ng/ml rh-bFGF (Biochrom) and 
50 ng/ml vascular endothelial growth 
factor (VEGF, Gibco). Cells were cul-
tured for 5 weeks; the angiogenic 
medium was changed every 2 to 3 d. 
Angiogenic differentiation was as-
sessed by evaluation of phenotypic 
changes and qRT-PCR for the ex-
pression of the angiogenic markers 
angiopoietin 2 (ANGPT2), vascular 
endothelial growth factor receptor 1 
(VEGFR1), vascular endothelial 
growth factor receptor 2 (VEGFR2) 
and platelet endothelial cell adhesion 
molecule 1 (PECAM1).

Induction of osteogenic  
differentiation
For osteogenic differentiation, cells 
were seeded into six-well plates at 
1x 105 cells/well and expanded in 
CCM until they reached confluency. 
Subsequently, cells were exposed to 
osteogenic medium consisting of 
CCM supplemented with 5 mM 
β-glycerophosphate (Sigma-Aldrich), 
1.8 mM monopotassium phosphate 
(KH2PO4, Sigma-Aldrich) and 10 nM 
dexamethasone (Sigma-Aldrich). 
Cells were cultured for 4 weeks; the 
osteogenic medium was changed 
every 2 to 3 d. Osteogenic differenti-
ation was analysed by the Alizarin 
Red S (AR-S) mineralization assay and 
by qRT-PCR for the expression of the 
osteogenic markers bone morpho-
genic protein 2 (BMP2), secreted 
phosphoprotein 1 (SPP1), runt re-
lated transcription factor 2 (RUNX2), 
Sp7 transcription factor (SP7), bone 
gamma-carboxyglutamate protein 
(BGLAP), integrin binding sialopro-
tein (IBSP) and alkaline phosphatase 
(ALP). For the in vitro mineralization 
assay, cultures were washed twice 
with PBS without Ca2+ and Mg2+ 
(Biochrom) and fixed with 10 % neu-
tral buffered formalin solution 
(Sigma-Aldrich) for 1 h at room tem-
perature. Afterwards, cells were 
washed twice with distilled water and 
stained with 1 % AR-S (pH 4.0, 
Sigma-Aldrich) for 20 min at room 
temperature. To reduce non-specific 
staining, cells were washed 4 times 
with 2 ml distilled water and min-
eralized deposits were visualized and 

photographed with an inverted 
microscope (Olympus Optical Co., 
Ltd., Japan). For quantification of cal-
cified tissues, AR-S was extracted by 
adding 1.5 ml cetylpyridinium chlo -
ride (CPC) buffer (10 %, w/v) in 
10 mM disodium monohydrogen 
phosphate (Na2HPO4, pH 7.0) for 2 h 
at 37°C. Aliquots of 200 μl were 
transferred to a 96-well plate and the 
optical density of the solution was 
measured at 550 nm using a micro-
plate spectrophotometer (Spectra 
Max 250, MWG Biotech, Sunnyvale, 
CA, USA).

Quantitative real-time reverse 
transcription polymerase chain 
reaction (qRT-PCR)
To analyse changes in gene ex-
pression during neurogenic, angio-
genic and osteogenic differentiation, 
a two-step qRT-PCR was applied. 
Total mRNA was isolated using the 
RNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany). An additional on-
column DNA digestion was con-
ducted to eliminate genomic DNA 
(RNase-free DNase Set, Qiagen). After-
wards, the RNA concentration was 
measured using a microplate reader 
(Synergy H1, BioTek, Bad Friedrichs -
hall, Germany). The cDNA was syn-
thetized using 1 μg of the isolated 
RNA and the QuantiTect Reverse 
Transcription Kit (Qiagen). For am-
plification and real-time quantifi-
cation of cDNA targets, the Quanti-
Tect SYBR Green PCR Kit, QuantiTect 
Primer Assays (Table 1) and the 
Rotor-Gene Q cycler (all from 
Qiagen) were used. All PCR reactions 
consisted of an initial incubation  
step of 5 min at 95°C to activate the 
HotStarTaq DNA polymerase and 
40 cycles of denaturation (at 95°C for 
5 sec), annealing and extension (at 
60°C for 10 sec). A standard melting 
curve was used to validate the specifi-
city of the reaction products. PCR 
raw data were processed using Lin-
RegPCR to perform baseline correc-
tion, to determine the window-of-lin-
earity and to determine the PCR effi-
ciency per sample and per amplicon 
group [59]. Actin beta (ACTB), beta-
2-microglobulin (B2M), glyceralde-
hyde-3-phosphate dehydrogenase 
(GAPDH), 18S ribosomal RNA 
(RRN18S), succinate dehydrogenase 

flavoprotein subunit (SDHA2) and ty-
rosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein 
zeta (YWHAZ) were used as house-
keeping genes. The 2 most stable 
housekeeping genes selected by ge-
Norm were used to normalise the ad-
justed PCR data [73].

Statistics
The gene expression of independent 
biological replicates was standardized 
by logarithmic transformation, mean 
centring and auto-scaling, as de-
scribed by Willems et al. [76]. Statisti-
cal analysis was performed by one-
way ANOVA with Tukey’s multiple 
comparison test using GraphPad 
Prism 6.0 (GraphPad Software Inc., La 
Jolla, CA 92037, USA). A value of 
p ≤ 0.05 was considered statistically 
significant.

Results

Immunophenotypic 
 characterization
Specific cell surface markers were se-
lected to show that the established 
and in vitro expanded ihPDLSC cul-
tures contain cells with MSC-like 
properties. Despite certain intra- and 
inter-individual differences, all 
ihPDLSC cultures exhibited a similar 
expression pattern of cell surface 
molecules (Table 2, Fig. 2). A high ex-
pression was detected for the MSC 
markers CD73 and CD90 (> 95 % of 
the population), a medium to  
high expression was observed for 
CD146 (76.2 ± 24.3) and CD105 
(82.6 ± 14.6) and a low expres - 
sion was documented for STRO-1 
(5.2 ± 3.8). The embryonic marker 
SSEA-4 exhibited low to medium  
expression levels (30.3 ± 12.5). Fur-
thermore, the hematopoietic pro-
genitor cell antigen CD34 and the 
leukocyte common antigen CD45 
showed a negligible expression level 
(< 2 %) in almost all cases. Consider-
able intra- and inter-individual differ-
ences were found for the markers 
CD105, CD146, SSEA-4 and CD34.

Multilineage differentiation 
potential
Multipotency belongs to the key 
properties of MSCs. Therefore, the 
neurogenic, angiogenic and osteo-
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genic differentiation potential was 
evaluated. Initial morphological 
changes characteristic for neurogenic 
differentiation were microscopically 
detected 3 d after induction. During 
the differentiation process, the fi-
broblast specific, spindle-shaped mor-
phology changed into a neuron-like 
phenotype with a ‘drawn-out’ cell 
body and dendrite-like extensions. In 
addition, the longer the differenti-
ation process lasted, the more the 
orientation of cells changed from a 
random to a parallel pattern (Fig. 3A). 
To analyse the neurogenic differen -
tiation potential of ihPDLSCs at 
mRNA level, qRT-PCR was conducted 
for neurogenic markers. A continu-
ously increasing expression of NEFL, 
NCAM1 and ENO2 could be observed 
(Fig. 4A). Expression of NEFL was sig-
nificantly increased at day 14, 21, 28 
and 35 (p < 0.001), expression of 
NCAM1 was significantly increased at 
day 21 (p < 0.05), 28 (p < 0.01) and 
35 (p < 0.001), and expression of 
ENO2 was significantly increased at 
day 3, 7, 14, 21, 28 and 35 (p < 0.001) 
when compared to day 0 (reference). 
Expression of TUBB3 did not signifi-
cantly change during the entire ob-
servation period. 

The spindle-shaped morphology 
of fibroblasts changed toward a poly-
gonal endothelial cell-like phenotype 
during cultivation in angiogenic 
medium. In addition, the shoal-like 
arrangement of fibroblasts converted 
into a cobblestone-like pattern (Fig. 
3B). At mRNA level, a continuously 
increasing expression of VEGFR2, 
VEGFR1 and PECAM1 was detected 
(Fig. 4B). Expression of VEGFR2  
and PECAM1 was significantly in-
creased at day 3, 7, 14, 21, 28 and  
35 (p < 0.001) and expression of 
VEGFR1 was significantly increased 
at day 7, 14, 21, 28 and 35 
(p < 0.001) when compared to day 0. 
As ANGPT2 was not detectable in 3 

out of our 4 donors, statistics were 
not performed for this marker.

During the 4 weeks of induction, 
ihPDLSCs exhibited osteogenic po-
tential as determined by the presence 
of AR-S positive mineralized deposits 
and by increased expression of osteo-
genic markers. First AR-S positive 
nodules were observed 3 to 7 d after 
induction. These were primarily lo-
cated in the periphery of the well. 
Afterwards, mineralization rapidly in-
creased and after 14 to 21 d of induc-
tion 70–80 % of the adherent mono-
layer was covered by AR-S positive 
calcium accumulations (Fig. 3C). 
These microscopic observations were 
confirmed by spectrophotometric 
AR-S quantification using the CPC 
extraction method (Fig. 5). AR-S con-
centration per well was significantly 
increased at day 14, 21 and 28 
(p < 0.001) when compared to day 3, 
7 and 10. Significant changes in gene 
expression were observed for ALP and 
BMP2 (Fig. 4C). Expression of ALP 
significantly increased at day 3, 7, 10 
and 14 (p < 0.001) and subsequently 
decreased to non-significant values. 
Expression of BMP2 was significantly 
increased at day 3, 7, 10, 14, 21 and 
28 (p < 0.001) when compared to day 
0 and showed the highest values at 
day 21. Expression of RUNX2 and 
BGLAP did not significantly change 
throughout the entire observation 
period. As IBSP, SP7 and SPP1 were 
not reliably detectable, data were not 
further analysed for these markers.

Discussion
Re-establishment of a biocompatible 
root surface, exclusion of the gingival 
epithelium, sufficient wound stability 
and presence of progenitor cells are 
prerequisites to regenerate destroyed 
periodontal structures. MSCs as the 
ideal progenitor cells for periodontal 
regeneration have been shown to 
reside in the intact periodontal liga-

ment, in the adjacent alveolar bone 
and in the blood stream [33]. During 
wound healing, MSCs are assumed to 
migrate into the periodontal defect 
and subsequently differentiate into 
the cell types required for periodontal 
regeneration [34]. Due to the bacte -
rial contamination and the inflam-
matory properties, granulation tissue 
of intra-bony periodontal defects has 
not been considered as appropriate 
source for MSCs that could be useful 
in regenerating destroyed tissues. 
Therefore, it is routinely removed 
during regenerative periodontal sur-
gery [12, 13, 51, 62, 63]. However, 
the clinical and radiographic out-
comes of the GTPT, which has been 
developed and documented by our 
group, suggest that the preservation 
of granulation tissue may positively 
influence the healing processes fol-
lowing regenerative periodontal sur-
gery. 

Hypothesis of the present study 
was that ihPDLSCs show character-
istics of MSCs and maintain their 
multilineage differentiation poten-
tial, which is needed for periodontal 
regeneration. Microscopic observa-
tions revealed that ihPDLSCs com-
prise a heterogeneous mixture of 
cells that predominantly show a 
spindle-shaped, fibroblast-specific 
morphology. Flow cytometry analy-
sis was used for immune-phenotypic 
characterization. Although several 
articles have been published regard-
ing MSC surface antigens, there is no 
general consensus, which com-
bination of CD markers is appropri-
ate to identify MSCs with sufficient 
accuracy. Dominici et al. [15] have 
published minimal criteria for de -
fining MSCs. These criteria include 
that more than 95 % of the MSC 
population must express CD73, 
CD90 and CD105. Since expression 
of CD73, CD90, CD105 and CD44 is 
not only observed in MSCs but also 

CD73

97.6 ± 1.8

Table 2 Immunophenotypic characterization with flow cytometry (expression of mesenchymal [CD73, CD90, CD105, CD146, 
STRO-1], embryonic [SSEA-4] and hematopoietic [CD34, CD45] stem cell markers of all donors [n = 4] expressed as mean  
value [%] ± standard deviation)

CD90

98.9 ± 0.9

CD105

82.6 ± 14.6

CD146

76.2 ± 24.3

STRO-1

5.2 ± 3.8

SSEA-4

30.3 ± 12.5

CD34

3.6 ± 4.0

CD45

1.3 ± 0.5
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Figure 4A–C Gene expression of markers characteristic for neuronal (A), endothelial (B) and osteoblastic (C) differentiation: The qRT-
PCR data of all donors (n = 4) were standardized using logarithmic transformation, mean centring and auto-scaling, as described by  
Willems et al. [76]. Data are expressed as recalculated average with upper and lower confidence interval. One-way ANOVA with 
Tukey’s multiple comparison test was used to detect significant differences to day 0 (*P < 0.05; **P < 0.01; ***P < 0.001). The neuronal 
markers included neurofilament light polypeptide (NEFL), neural cell adhesion molecule 1 (NCAM1), tubulin beta 3 class III (TUBB3) 
and enolase 2 (ENO2). The endothelial markers included vascular endothelial growth factor receptor 1 (VEGFR1), vascular endothelial 
growth factor receptor 2 (VEGFR2) and platelet and endothelial cell adhesion molecule 1 (PECAM1). The osteoblastic markers in-
cluded alkaline phosphatase (ALP), bone gamma-carboxyglutamate protein (BGLAP), bone morphogenic protein 2 (BMP2) and runt 
related transcription factor 2 (RUNX2). 
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in fibroblasts and stromal cells [49], 
further markers are required. Thus, 
expression of CD146, Stro-1 and 
SSEA-4 was additionally investigated 
in the present study. Our data reveal-
ed that ihPDLSCs exhibit a high ex-
pression of CD73, CD90, CD105 and 
CD146. Considerable inter-individ-
ual differences in the expression of 
CD105 and CD146 were detected. 
This heterogeneity is reflected by  
the results of other studies about 
ihPDLSCs, where expression of 
CD105 ranged from 51.9 to 96.0 % 
and expression of CD146 from 9.2 to 
81.1 % [32, 41, 44, 54, 72]. Ex-
pression of Stro-1 was quite low and 
obviously lower than in other studies 
about ihPDLSCs [32, 41, 44, 54]. In 
this context, Lv et al. [45] reported 
that Stro-1 is not universally express-
ed in all types of MSCs and that its 
expression gradually may become 
lost in culture. A similar phenom-
enon can be observed for CD34, a 
marker for hematopoietic stem cells 
(HSCs) and endothelial progenitors, 
which is commonly used to distin-
guish MSCs from HSCs. Mitchell et 
al. [47] reported that CD34 ex-
pression dramatically decreases with 
each passage in culture. This could 
explain why CD34 expression 
showed significant inter-individual 

differences and was higher than 2 % 
in 2 out of our 4 donors. Stage-spe-
cific embryonic antigen 4 (SSEA-4) is 
known as an embryonic stem cell-as-
sociated marker. However, SSEA-4 is 
not only expressed in human em-
bryonic stem cells but also in adult 
MSC populations [24]. Liu et al. [44] 
reported that ihPDLSCs express 
SSEA-4 by 13.56 ± 4.21 %, which is 
remarkably lower than in our study 
(30.27 ± 12.50). Although the exact 
percentage remains unclear, the flow 
cytometry data of our study indicate 
that a relevant fraction of the hetero-
geneous ihPDLSC population ex-
presses surface antigens, which allow 
to identify them as MSCs. 

The ability to differentiate into 
3 different lineages under inductive 
culture conditions represents another 
characteristic of MSCs. Generally, the 
potential to generate adipocytes,  
osteoblasts and chondrocytes is  
regarded sufficient to prove multi-
potency. However, differentiation po-
tential of MSCs is not only restricted 
to tissues of mesodermal origin. Thus, 
trans-differentiation into ectodermal 
(e.g. neurons) and endodermal (e.g. 
hepatocytes) lineages was successfully 
conducted in vitro [18, 39]. As neuro -
genesis, angiogenesis and osteogen-
esis belong to the biological key pro-

cesses in periodontal regeneration, 
we attempted to generate neurons of 
ectodermal origin as well as endothe-
lial cells and osteoblasts of mesoder-
mal origin in vitro. Our data provide 
a detailed view on the expression 
changes chronologically occurring 
during neural, endothelial and os-
teoblastic differen tiation.

As all periodontal tissues orig-
inate from the neural crest, it is not 
surprising that hhPDLSCs sponta-
neously express neuronal markers, as 
shown by Heng et al. [30]. However, 
we could show that a baseline ex-
pression of neuronal markers is also 
present in ihPDLSCs. After induc - 
tion of neurogenic differentiation, 
ihPDLSCs showed a continuously in-
creasing expression of the neuronal 
markers NEFL, NCAM1 and ENO2. 
Neurofilaments, like NEFL, are neu -
ronal intermediate filaments repre-
senting the most abundant structural 
cytoskeletal proteins of myelinated 
axons [70]. During development of 
the nervous system, the expression of 
neurofilaments follows a stereotypic 
program, which is phylogenetically 
conserved and repeated during axonal 
regeneration [70]. NCAM1 belongs to 
the immunoglobulin superfamily 
and regulates neurite outgrowth in 
the developing nervous system [58]. 
In addition, regeneration of central 
and peripheral neuronal fibres was 
reported to be associated with an up-
regulation of NCAM1 expression 
[53]. ENO2 is a glycolytic enzyme 
predominantly localized in the cyto-
plasm of neurons. Expression of 
ENO2 is upregulated when axons are 
damaged suggesting that ENO2 is in-
volved in neuronal regeneration [10]. 
The significant increase of these 
neuronal markers strongly indicates 
that ihPDLSCs have the potential to 
generate neuron-like cells and to play 
an important role in the re-inner-
vation of tissues regenerated follow-
ing periodontal surgery.

However, expression of TUBB3 
did not significantly change. TUBB3 
is a component of neuronal micro-
tubules and involved in many cellu-
lar functions such as intracellular or-
ganization, coordinated vesicle trans-
port and cell division [37]. TUBB3 is 
one of the earliest neuronal cytoskel-
etal proteins in the development of 

Figure 5 Quantification of matrix mineralization during the osteoblastic differentiation 
experiments using the AR-S extraction method. Data from all donors (n = 4) are ex-
pressed as mean AR-S concentration [µM] ± standard deviation. AR-S concentrations 
were significantly increased at day 14, 21 and 28 when compared to day 3, 7 and 10 
(***P < 0.001; one-way ANOVA with Tukey’s multiple comparison test). 
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the central nervous system and 
seems to participate in early neurito-
genesis [38]. Foudah et al. [23] re-
ported that a very high percentage of 
undifferentiated hhPDLSCs and 
other types of MSCs are positive for 
TUBB3 and that this expression does 
not change up to passage 16. This 
phenomenon implies that TUBB3 is 
constitutively expressed in MSCs, 
not influenced by spontaneously oc-
curring differentiation or senescence 
processes and, therefore, not solely 
neuron-specific. Widera et al. [75] in-
vestigated the neurogenic differen -
tiation potential of ihPDLSCs. They 
were able to detect high levels of 
neuron-specific markers, such as 
MAP2, NEFL, NEFM and NEFH after 
neural induction with retinoic acid. 
Their conclusion that ihPDLSCs pos-
sess the ability to generate neural 
precursors was confirmed by the re-
sults of our study.

Angiogenesis, defined as new 
blood vessel sprouting from pre-exist-
ing ones, is an essential process in-
volved in development, wound heal-
ing and regeneration [16, 19, 22]. 
After induction of angiogenic differ-
entiation, a significant increase in the 
expression of the endothelial marker 
proteins VEGFR2, VEGFR1 and 
PECAM1 was observed. VEGF is re-
garded as the most important factor 
stimulating angiogenesis in healthy 
and diseased tissues [20, 50]. Most 
angiogenic functions of VEGF, in-
cluding proliferation, survival, mi-
gration and permeability of endothe-
lial cells, are triggered by VEGFR2 
[14]. Although its precise function re-
mains unclear, VEGFR1 seems to be a 
decoy receptor for VEGF [6, 19]. 
Thus, VEGFR1 moderates the angio-
genic effects of VEGF by preventing 
VEGF binding to VEGFR2. PECAM1 
is an efficient signalling molecule, ex-
pressed on all cells within the vascu-
lar compartment and involved in an-
giogenesis [55, 77]. The expression 
profiles of VEGFR2, VEGFR1 and 
PECAM1 in the present study 
strongly suggest that endothelial 
trans-differentiation occurred. How-
ever, ANGPT2 was generally not ex-
pressed during the entire angiogenic 
differentiation experiments. En-
dothelial cells in adults persist in a 
quiescent state and proliferate only 

following activation. ANGPT1-me-
diated Tie2 activation is required to 
maintain this vascular quiescence 
[21]. ANGPT2, as functional antago -
nist of ANGPT1, destabilizes quies -
cent endothelia and, thus, promotes 
angiogenesis in particular in com-
bination with VEGF [21, 61]. The lack 
of ANGPT2 expression in our experi-
ments can be explained by the ‘artifi-
cial’ in vitro conditions, which are 
not unconfined comparable to the in 
vivo situation of a quiescent-resting 
endothelium. In this context, Korff  
et al. [40] investigated the synergistic 
effects of VEGF and ANGPT2 in a 
3-dimensional spheroidal co-culture 
model. They reported that endothe-
lial cells exhibit different responsive-
ness to VEGF stimulation depending 
on the culture conditions. Thus, en-
dothelial cells grown in monoculture 
were able to form capillary-like 
sprouts after stimulation with VEGF, 
while endothelial cells grown in co-
culture with smooth muscle cells 
were only able to generate sprouts, 
when VEGF was combined with 
ANGPT2. This suggests that ANGPT2 
is obligatory for endothelial differ-
entiation when cells are grown in co-
culture, but dispensable when cells 
are grown in monoculture like in our 
study. Amin et al. [1] investigated the 
angiogenic and vasculogenic differ-
entiation potential of hhPDLSCs. 
They detected an upregulation of the 
endothelial markers VEGFR2, Tie1, 
Tie2, VE-cadherin and vWF. Further 
studies consistently revealed that 
MSCs derived from healthy oral tis-
sues are able to differentiate into en-
dothelial-like cells [4, 60]. Our study 
discovered for the first time, that 
ihPDLSCs as a MSC population de-
rived from inflamed tissue retain 
their angiogenic differentiation po-
tential required for neovasculari -
zation.

As regeneration of intra-bony 
periodontal defects involves for- 
mation of new alveolar bone, differ-
entiation of MSCs to osteoblasts is  
a prerequisite. Osteoblast differen -
tiation is dynamically controlled by 
stage-specific signal transduction and 
transcription factors, such as RUNX2 
and SP7 [52]. In vivo, RUNX2 is 
strongly expressed in pre-osteoblasts 
and immature osteoblasts, but finally 

down-regulated in mature osteoblasts 
[46]. This indicates that RUNX2 is 
crucial for the initial steps of osteo -
blast differentiation. In the present 
study, RUNX2 was strongly expressed 
in ihPDLSCs throughout the entire 
differentiation experiment. A definite 
increase in the expression of RUNX2 
was detectable 3 days after induction. 
Wang et al. [74] investigated the os-
teogenic differentiation potential of 
SCAP using osteogenic differentiation 
media containing dexamethasone, 
β-glycerophosphate and KH2PO4, as 
used in our study. Similar to our re-
sults, they reported that expression of 
RUNX2 was upregulated 3 days after 
induction and reduced afterwards. 
SP7 represents another transcription 
factor essential for bone development 
and osteoblastogenesis [52]. Despite 
some obvious inter-individual differ-
ences, a reproducible expression pat-
tern was detected. Thus, expression of 
SP7 was initially upregulated (peaking 
at day 3, 7, or 10), afterwards con-
siderably downregulated and fre-
quently not detectable (data not 
shown). Therefore, expression of 
RUNX2 and SP7 seems to be associ-
ated with the early stages of osteo -
blast differentiation, but not with  
matrix mineralization in vitro. Bone 
morphogenetic proteins (BMPs) are 
multi-functional growth factors that 
belong to the transforming growth 
factor β (TGF-β) superfamily [7]. It has 
been reported that BMP2 strongly 
promotes the differentiation of MSCs 
into osteoblasts [29, 52] and also en-
hances bone matrix production by os-
teoblastic cells [69]. Expression of 
BMP2 was significantly upregulated 
during the entire osteogenic dif -
ferentiation experiment. It showed  
highest values at day 21 when matrix 
mineralization had largely covered 
the well surface. Conversely, ALP ex-
pression was significantly upregulated 
from day 3 to 14 and downregulated 
at day 21. These results are in agree-
ment with data reported by Hoemann 
et al. [31] who investigated in vitro 
osteogenesis assays in BMSCs. They 
documented that confluent osteo-
genic cultures follow a two-stage de-
velopmental process consisting of a 
1– to 2-week initiation phase with in-
creased ALP activity and a subsequent 
maturation phase, in which matrix 
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Other investigations have already 
shown the osteogenic differentiation 
potential of ihPDLSCs [9, 32, 54]. 
However, the data of the present 
study provide for the first time a de-
tailed view on both, the process of 
matrix mineralization and the ex-
pression of osteogenic markers, chro-
nologically occurring after induction 
with dexamethasone. These data 
strongly indicate that ihPDLSCs are 
able to generate osteoblast-like cells 
and that ihPDLSCs have many fea-
tures in common with BMSCs during 
osteoblastic differentiation.

The cell cultures used in the pres-
ent study were unexceptionally iso-
lated from granulation tissues har-
vested from the bottom of intra-bony 
periodontal defects. Attachment loss 
is continuously proceeding in inflam-

matory periodontal diseases. Thus, 
granulation tissues derived from the 
bottom of intra-bony periodontal de-
fects have been exposed to the in-
flammatory conditions for a shorter 
period of time than granulation tis-
sues harvested from a more coronal 
part. It is conceivable that the regen-
erative capacity of the granulation 
tissue may increase gradually to the 
bottom of the periodontal defect and 
that the cell populations differ in the 
different parts of the defect. Further 
investigations are required to clarify 
this uncertainty.

Conclusions
Granulation tissue derived from 
intra-bony periodontal defects repre-
sents an inflamed tissue containing 
cell populations with properties char-
acteristic for mesenchymal stem cells. 
The present in-vitro-study highlights 
the expression changes chronologi-
cally occurring during neurogenic, 
angiogenic and osteogenic differen -
tiation of inflamed human peri -
odontal ligament stem cells. Our data 
strongly suggest that these cells are 
able to undergo neuronal, endothe-
lial and osteoblastic differentiation. 
As formation of nerves, blood vessels 
and alveolar bone are key processes 
in the regeneration of periodontal tis-
sues, we strongly believe that the 
preservation of granulation tissue, to 
date considered as tissue of minor 
value and routinely removed, could 
promote the healing processes in 
intra-bony periodontal defects. This 
knowledge may lead to a paradigm 
shift in regenerative periodontal sur-
gery, where the preservation of 
granulation tissue as ‘autologous’ tis-
sue could replace exogenous materi-
als like bone substitutes or occlusive 
membranes. In addition, the granu-
lation tissue of intra-bony periodon -
tal defects may be considered as an 
easily accessible source for MSC in re-
generative medicine.
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Radiographic alveolar bone loss in 
German patients with disabilities 
and treatment in general anesthesia

Introduction: The cross-sectional study aimed at assessing the periodontal 
status of German adult patients with disabilities (intellectual, physical, and/or 
dementia) requiring dental treatment in general anesthesia.

Material and Methods: Between 2011 and 2017, 206 patients received den-
tal treatment(s) in general anesthesia. Periodontal status was retrospectively 
assessed based on the radiographically visible alveolar bone loss (%). Staging 
and grading of periodontal disease according to the 2017 classification for 
periodontal disease was performed. Various general and periodontal parame -
ters, medications, and diagnoses of systemic diseases in association with peri-
odontal diseases were analyzed as potential risk factors for bone loss. Statis-
tical analysis was performed using Pearson correlations, Wilcoxon rank-sum 
tests, Kruskal-Wallis tests, and multiple linear regressions (p < 0.05).

Results: Periapical radiographs were available from 199 patients (86 females; 
age: 41.1 ± 15.0 years). Based on a distance from the cemento-enamel junction 
to the marginal bone level exceeding 2 mm, 174 (87.4 %) patients were diag-
nosed with periodontitis (22.4 ± 20.6 % bone loss). Most periodontitis patients 
were classified as stage I (39.7 %), followed by stage II (29.1 %), stage III 
(14.1 %), and stage IV (4.5 %). Generalized periodontitis was most frequently 
observed in stage I patients (p ≤ 0.047). Significant predictors of % bone loss 
were age (β = 0.65; 95%-CI: 0.40–0.89; p < 0.001), intellectual disability 
(β = 11.87; 95%-CI: 1.21–22.52; p = 0.029), and smoking/nicotine dependence 
(β = 17.29; 95%-CI: 3.42–31.16; p = 0.015).

Conclusion: Periodontal disease is common in German patients with disabil-
ities. Bone loss is associated with older age, intellectual disability, and smok-
ing/nicotine dependence.
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radiographic bone loss
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1. Introduction
In 2017, about 7.8 million people 
with severe disabilities lived in Ger-
many. This number is equivalent to 
9.4 % of the total population [20]. 
According to definition of Book IX of 
the German Social Law Code (§2, 
SGB IX), the physical function, men-
tal ability, and/or mental health of 
people with severe disabilities deviate 
from the age-typical condition for 
more than 6 months, so that partici-
pation in society is permanently im-
paired. The most common causes in-
cluded physical disabilities (59.2 %) 
as well as cerebral disorders, intellec-
tual, and/or mental disabilities 
(21.4 %) [21].

As patients with disabilities often 
show a reduced ability to cooperate, 
dental treatments have frequently to 
be performed in general anesthesia 
[10]. A systematic review revealed 
that patients with disabilities have a 
poorer oral hygiene leading to a 
stronger accumulation of plaque. As a 
consequence, they show a higher 
prevalence and greater severity of 
periodontal disease [1].

Regarding the periodontal status 
of German adult patients with dis-
abilities, only 3 studies with conflict-
ing results have been published. A re-
cent study found a high prevalence 
of periodontitis as assessed by Peri -
odontal Screening and Recording 
(PSR) index among adult patients 
with intellectual disability under-
going dental treatment in general  
anesthesia. Within the study popu-

lation, a PSR code 3 or 4, both indi-
cating peri odontitis, was present in 
92.3 % [9]. A previous study found 
that 34 % of adults with disabilities 
presented deep pockets (6 mm or 
more). According to the Community 
Periodontal Index of Treatment 
Needs (CPITN), 83 % of patients 
required scaling or complex treat-
ment (categories II and III, equivalent 
to PSR codes 2 to 4) [18]. Besides 
these, only one further study evalu-
ated the oral health of adults with 
disabilities attending Special Olym-
pics Germany by visually assessing 

gingivitis. Gingivitis prevalence 
amounted to 58.5 % [19]. Based on 
this data, the current level of evi-
dence regarding the periodontal 
status among German patients with 
disabilities is insufficient.

This cross-sectional study there-
fore aimed at determining the peri -
odontal status of German patients 
with disabilities requiring dental 
treatment in general anesthesia by  
assessing the radiographically visible 
alveolar bone loss. Furthermore, po-
tential risk factors (e.g. medications 
and systemic diseases) for bone loss 

Figure 1 Distance from the 
cemento-enamel junction to 
the marginal bone level (A). 
Measurements were taken on 
the mesial (Amesial) and distal 
(Adistal) sides and averaged 
arithmetically. Total root 
length (B) as the distance 
from the cemento-enamel 
junction to the apex (also 
measured mesially and 
 distally and averaged arith-
metically).

General parameters

Periodontal parameters

Table 1 Extracted general and periodontal parameters

– Age
– Gender
– Type of disability (intellectual, physical, dementia)
– Legal guardian (yes, no)
– Living situation (care facility, alone, with family)
– Nutrition (without restriction, pureed/liquid food, feeding tube)
– Oral hygiene (alone, with support, impossible)
– Reasons for initial consultation (pain, swelling, caries, prophylaxis, other)
– Medications (antihypertensives, anticoagulants, anticonvulsants, sedative drugs,  

antidepressants, muscle relaxants)
– Systemic disorders (diabetes mellitus, obesity, smoking/nicotine dependence)
– Immunologic disorders (Down syndrome, HIV infection)

– Tooth loss (excluding wisdom teeth as assessed on radiographs)
– Bone loss as a function of age
– Presence of subgingival calculus
– Radiographic furcation involvement

KANZOW, MAES, WIEGAND ET AL.: 
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N

Age (average years ± SD)

BMI (average ± SD, n = 178)

Gender

male

female

Type of disability* (n = 194)

intellectual

physical

dementia

Legal guardian

Living situation (n = 194)

care facility

alone

with family

Nutrition (n = 194)

without restrictions

pureed/liquid food

feeding tube

Oral hygiene (n = 194)

alone

with support

impossible

Reasons for initial consultation*

caries (n = 198)

prophylaxis

pain

other

swelling

n

199

41.1 (15.0)

26.0 (7.1)

113

86

170

126

14

183

109

74

10

144

31

19

75

93

26

127

73

47

31

16

%

100.0

56.8

43.2

85.4

63.3

7.0

92.0

56.5

38.3

5.2

74.2

16.0

9.8

38.7

47.9

13.4

63.8

36.7

23.6

15.6

8.0

p

< 0.001

0.782

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.189

0.248

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001
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were evaluated. Finally, staging and 
grading of periodontal disease was 
performed based on the 2017 classifi-
cation for periodontal disease [16].

2. Material and methods

2.1 Patients
All adult patients with intellectual/
physical disability and/or dementia 
(age ≥ 18 years) who received dental 
treatment in general anesthesia in 
the Department of Preventive Dentis-
try, Periodontology and Cariology be-
tween January 2011 and December 
2017 were screened (n = 206). Only 
those patients with full-mouth peri-
apical radiographs were included in 
the present study (n = 199). The 
retrospective evaluation study was 
approved by the local ethics commit-
tee of the University Medical Center 
Göttingen (application number: 
15/1/18).

To identify potential risk factors 
for bone loss, various general and 

periodontal parameters, medications, 
and diagnoses of systemic diseases 
were extracted or calculated from the 
patient records (see Tab. 1). 

Patients’ weight and height were 
extracted from the patient records. 
Based on these data the body mass 
index (BMI) was calculated using the 
following formula:

A BMI ≥ 30 was defined as obesity 
[15].

For these parameters and diseases, 
an association with periodontal dis-
eases has been shown [11].

2.2 Radiographic assessment
The extent of alveolar bone loss was 
assessed on analogous full-mouth 
periapical radiographs (Kodak Insight 
Films IP-21 Size 2; Carestream Health, 
Rochester, NY, USA). All radiographs 
were taken by trained dental nurses 

in parallel technique with the beam 
angled perpendicular to film. If radio-
graphs were available from multiple 
time points, the evaluation was based 
on the latest images. The measure-
ments were performed using a digital 
caliper (16 ER; Mahr, Göttingen, Ger-
many) to 0.01 mm under 2.5x mag-
nification and standardized con-
ditions. An X-ray image viewer (DSK 
15 x 30 ST; Maier, Garmisch-Parten-
kirchen, Germany) in a darkened 
room without direct influence of day-
light was used.

Except for wisdom teeth and non-
restorable retained roots, the distance 
(A) from the cemento-enamel junc-
tion or from the restoration margin 
(if present and exceeding the cemen-
to-enamel junction) to the marginal 
bone level (most coronal level where 
the periodontal space still retained its 
normal width) was measured for each 
tooth [6]. If the respective tooth was 
visible on multiple radiographs, the 
one with best quality was used. Ex-

Body Mass Index = 
weight [kg] 
height [m]2

Medication*

anticonvulsants

sedative drugs

antihypertensives

muscle relaxants

antidepressants (n = 198)

anticoagulants

Systemic/immunologic disorders

Obesity** (n = 178)

HIV

Diabetes***

Down syndrome

Smoking/nicotine dependence**** (n = 198)

Table 2 Demographic data of all patients and information regarding BMI, type of disability, presence of a legal guardian, living situ-
ation, nutrition, oral hygiene, reasons for initial consultation, medication, and systemic/immunologic disorders. p-values indicate uni-
variate effect on % bone loss. In case of missing values, number of included patients are indicated in brackets. Due to the effect of 
rounding, some numbers do not sum up to 100 %. *Multiple selections were possible. **Defined as body mass index (BMI) ≥ 30 [15]. 
***Based on intake of anti-diabetic medication. ****Active smokers or those with less than 5 years since cessation.

88

57

51

43

42

25

41

0

13

7

10

44.2

28.6

25.6

21.6

21.2

12.6

23.0

0.0

6.5

3.5

5.1

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

-

< 0.001

< 0.001

< 0.001
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tremely distorted images were ex-
cluded from the analysis. If possible, 
all teeth were measured at their me-
sial and distal sides and the final 
bone level calculated as the arith-
metical average [3, 6, 12, 17]. In case 
of overlaps with adjacent structures 
resulting in unassessable measure-
ment sites, only one site per tooth 
was assessed.

At tooth level (Atooth) a value of up 
to 2 mm was considered physiolo -
gical (no bone loss), while a value 
above 2 mm was defined as peri -
odontitis [14]. At patient level, the 
highest value Atooth was decisive for 
the classification of periodontal dis-
ease.

Furthermore, the total root length 
(B) was calculated as the distance 
from the cemento-enamel junction 
or from the restoration margin (if 
present and exceeding the cemento-

enamel junction) to the apex or 
apices of the mesial and distal roots. 
These measurements were performed 
mesially and distally and averaged 
(Fig. 1).

If Atooth exceeded 2 mm, the % 
bone loss was calculated for each 
tooth from the ratio of Atooth and 
Btooth.

In patients with periodontal dis-
ease, classification of periodontitis se-
verity was based on the % radio-
graphic bone loss and divided into 
different stages: stage I (< 15 %), 
stage II (15–33 %), and stage III 
(> 33 %). The presence of further 
complexity factors (vertical bone loss 
≥ 3 mm and/or radiographically vis-

ible furcation involvement) also led 
to the classification in stage III. Cases 
of stage III were classified as stage IV 
if only fewer than 20 remaining teeth 
were present. In addition, in-
formation regarding the extent was 
added to the stage as a descriptor: 
periodontitis was either present as lo-
calized (< 30 % of teeth affected) or 
generalized manifestation [16].

Periodontitis grading was assessed 
by indirect evidence of progression 
based on the % radiographic bone 
loss as a function of age at the most 
affected tooth. Further risk factors 
(i.e. smoking status and diabetes) 
were extracted from the patient files 
and served as grade modifiers. Grad-
ing was divided into 3 grades: 
grade A (bone loss/age < 0.25, non-
smoker, and no diabetes), grade B 
(bone loss/age 0.25–1 or smoker 
< 10 cigarettes per day or diabetes), 
and grade C (bone loss/age > 1 or 
smoker with ≥ 10 cigarettes per day) 
[16]. As no information regarding the 
level of hyperglycemia (e.g. HbA1c 

Atooth = 
Amesial + Adistal

2

Btooth = 
Bmesial + Bdistal

2

Radiographic bone loss = 
Atooth – 2 mm
Btooth – 2 mm

N

Tooth loss (excluding wisdom teeth)

 ≤ 4 lost teeth

5–8 lost teeth

≥ 9 lost teeth

Radiographic bone loss as a function of age

< 0.25

0.25–0.5

0.51–1.0

≥ 1.0

Presence of subgingival calculus

Radiographic furcation involvement

Table 3 Measured periodontal parameters among patient with and without periodontitis. Due to the effect of rounding, some 
numbers do not sum up to 100 %.

Patients without periodontitis

n

25

18

3

4

25

0

0

0

5

0

%

12.6

72.0

12.0

16.0

100.0

0.0

0.0

0.0

20.0

0.0

Patients with periodontitis

n

174

98

45

31

52

64

35

23

120

52

%

87.4

56.3

25.9

17.8

29.9

36.8

20.1

13.2

69.0

29.9
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values) were available, no differenti-
ation between grade B and C based 
on the diabetic status were made.

Furthermore, the presence of 
radiographically visible sub-gingival 
calculus was recorded. 

All radiographs were assessed by 
one calibrated dentist (PK). A random 
sample (n = 20) was evaluated by an-
other dentist (VH). The main exam-
iner re-assessed the same random 
sample after several weeks. Both the 
inter-rater and intra-rater reliability 
were calculated for the assessment of 
periodontitis stage, periodontitis 
grade, presence of subgingival calcu-
lus, and radiographic furcation in-
volvement.

2.3 Statistical analysis
The statistical analysis was performed 
using the software R (version 3.5.2, 
www.r-project.org) with the package 
“irr“ (version 0.84).

The extent of periodontal disease 
was compared between different 
stages using pairwise Wilcoxon rank-
sum tests and adjusted according to 
Bonferroni-Holm.

As part of the univariate analysis, 
the correlation of patients’ age and 
BMI (continuous variables) with % 
bone loss was analyzed by Pearson 
correlations. The influence of dicho-
tomous variables, such as gender 
(male/female), legal guardianship 
(yes/no), intellectual disability (yes/
no), physical disability (yes/no), de-
mentia (yes/no), initial consultation 
due to pain (yes/no), initial consul-
tation due to swelling (yes/no), initial 
consultation due to caries (yes/no), 
initial consultation for prophylaxis 
(yes/no), other reason for initial con-
sultation (yes/no), intake of medi-
cations (i.e. antihypertensives, anti-
coagulants, anticonvulsants, sedative 
drugs, antidepressants, and muscle 
relaxants) and presence of systemic/
immunologic disorders (obesity, dia-
betes, Down syndrome, smoking/ 
nicotine dependence) on % bone loss 
was assessed using Wilcoxon rank-
sum tests. The effect of multi-cat-
egorical variables, such as living situ-
ation (care facility, alone or with 
family), nutrition (without restric-
tions, pureed/liquid food or feeding 
tube), and oral hygiene status (alone, 
with support or impossible) on % 

bone loss was assessed using Kruskal-
Wallis tests.

Subsequently, variables being sig-
nificantly associated (p < 0.05) with 
% bone loss were used in a multiple 
linear regression model for the pre-
diction of % bone loss.

Inter-rater and intra-rater reliabil-
ity of the radiographic assessment 
were evaluated by Cohen’s ĸ (dicho -
tomous variables: presence of subgin-
gival calculus and furcation involve-
ment) and Kendall’s W corrected for 
ties (ordinal variables: periodontitis 
stage and grade).

For all analyses, the level of sig-
nificance was set to p < 0.05.

3. Results
199 patients were included in this 
study. Demographic data and in-
formation on BMI, type of disability, 
presence of a legal guardian, living 
situation, nutrition, oral hygiene, rea-
sons for initial consultation, medi-
cation, and systemic diseases of all 
patients are shown in Table 2.

Periodontitis (Atooth > 2 mm) was 
present in 174 patients (87.4 %). 
Among these patients, bone loss 
amounted to 22.4 ± 20.6 %. Further 
periodontal parameters such as tooth 
loss, % bone loss as a function of age, 
and radiographic presence of subgin-
gival calculus and furcation involve-
ment are shown in Table 3 for pa-
tients with and without periodontitis.

Among patients with periodonti-
tis, distribution of stages and extent 

is shown in Figure 2. The extent (gen-
eralized vs. localized) of periodontal 
disease differed significantly between 
different stages. Generalized peri -
odontitis was more frequent in less 
severe cases (stage I), while localized 
periodontitis was predominant in 
more severe stages (p ≤ 0.047). Pro-
gression of periodontitis was rated as 
grade B in most patients (n = 123, 
70.7 %), followed by grade A (n = 48, 
27.6 %), and grade C (n = 3, 1.7 %).

3.1 Univariate analyses
Bone loss was significantly in-
fluenced by age (p < 0.001) and in-
creased in older patients (r = 0.38). 
Smoking (+12.5 %), Down syndrome 
(+11.5 %), anticoagulants (+10.2 %), 
the existence of a legal guardian 
(+8.3 %), antihypertensives (+6.9 %), 
intellectual disability (+5.8 %), psy-
chological disability (+5.4 %), living 
in a care facility (+4.0 %), consul-
tation due to prophylaxis (+4.4 %), 
physical disability (+1.9 %), anticon-
vulsants (+1.8 %), antidepressants 
(+1.8 %), sedative drugs (+0.9 %),  
female gender (+0.8 %), consulta - 
tion due to pain (+0.7 %), obesity 
(+0.4 %), and consultation due to 
other reasons than caries, pain, pro-
phylaxis, or swelling (+0.02 %) were 
significantly related to increased 
% bone loss (p < 0.001). While con-
sultation due to swelling (-8.7 %),  
living alone (-7.2 %) or with family 
(-4.1 %), muscle relaxants (-3.2 %), 
diabetes (-1.1 %), and consultation 

Figure 2 Prevalence and staging of periodontal disease. Different bold letters mark  
significant different distribution of extent (generalized vs. localized) between stages. 
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due to caries (-0.1 %) were signifi-
cantly related to decreased % bone 
loss (p < 0.001).

BMI, nutrition, and oral hygiene 
status had no significant effect on 
bone loss.

3.2 Multiple linear regression 
model

Significant variables from the pre-
vious univariate analysis were in-
cluded in a multiple linear regression 
model for the prediction of % bone 
loss (Tab. 4). The model was signifi-
cant at p < 0.001 with an adjusted R2 
of 0.19 and a Cohen’s f2 of 0.48 
which can be regarded as large effect 
size [7]. When adjusted for the other 
variables in the model (gender, kind 
of disability, presence of a legal 
guardian, living situation, reasons for 
initial consultation, medications, 
obesity, diabetes, and Down syn-
drome), age (β = 0.65; 95%-CI: 
0.40–0.89; p < 0.001), intellectual  
disability (β = 11.87; 95%-CI: 
1.21–22.52; p = 0.029), and smoking/
nicotine dependence (β = 17.29; 
95%-CI: 3.42–31.16; p = 0.015) re-
mained as significant independent 
predictors of % bone loss in patients 
with disabilities.

Intra-rater reliability was almost 
perfect [13] (Cohen’s ĸ: 0.90 presence 
of sub-gingival calculus, 1.0 furcation 
involvement; Kendall’s W: 0.91 peri-
odontitis stage, 0.93 periodontitis 
grade). Inter-rater reliability of the 
radiographic assessment was mostly 
substantial [13] (Cohen’s ĸ: 0.69 pres-
ence of sub-gingival calculus, 0.60 
furcation involvement; Kendall’s W: 
0.80 periodontitis stage, 0.76 peri -
odontitis grade).

4. Discussion
There is strong evidence that patients 
with intellectual disease show a 
greater prevalence and severity of peri-
odontal disease than the general 
population [1]. These studies focused 
on patients with mental retardation 
(e.g. Down syndrome) and devel-
opmental disability (e.g. autism). 
While many studies are available from 
all over the world, information about 
the situation in Germany is rare.

In the present study among  
German patients with disabilities, 

periodontal disease was present in  
the majority of patients (n = 174, 
87.4 %). Among these, bone loss 
amounted to 22.4 ± 20.6 %. Patients’ 
age, intellectual disability, and smok-
ing/nicotine dependence were signifi-
cant independent predictors of in-
creased % bone loss in the present 
population of patients with disabil-
ities. Further factors, such as patients’ 
gender, presence of a legal guardian, 
living situation, reasons for initial 
consultation, medications, obesity, 
diabetes, and Down syndrome were 
not significantly related to bone loss 
in the multiple linear regression 
model.

As limitation of the present study, 
the very heterogeneous group of pa-
tients (different kinds of/reasons for 
and extent of disabilities) must be 
noted. Patients with intellectual dis-
abilities, physical disability, and/or 
dementia were included. This het-
erogeneity might lead to differences 
in patients’ lifestyles and a large vari-
ation regarding the degree of auton-
omy. Furthermore, the course of life 
of patients with later-onset dementia 
is likely to be very different from 
those patients with inborn intellec-
tual disabilities affecting their ability 
to perform oral hygiene measures. As 
a consequence, disabilities’ impact on 
the oral hygiene status is likely to 
vary among the included patients. For 
example, patients with intellectual 
disabilities have difficulties to per-
form an acceptable oral hygiene from 
childhood on while patients with de-
mentia usually have had a long phase 
in their life where they could perform 
oral hygiene in an acceptable way.

Due to missing periodontal 
measurements (e.g. clinical attach-
ment loss, Periodontal Screening and 
Recording [PSR] index, and inflam-
matory activity), periodontal status 
was assessed on radiographs only. As 
most of the assessed radiographs were 
taken during general anesthesia 
where perfect parallel technique with 
the beam angled perpendicular to 
film was not always possible, minor 
inaccuracies are likely to have im-
pacted on the meassurements. In ad-
dition, overlaps with adjacent struc-
tures (e.g. Proc. zygomaticus, wisdom 
teeth) or endotracheal tube resulted 
in sometimes unassessable measure-

ment sites which were omitted. To 
address these issues, measurements 
were performed twice and averaged 
(mesially and distally), and bone loss 
was expressed as percentage of root 
length rather than absolute values.

Both age and smoking/nicotine 
dependence have been shown to be 
related to bone loss in the literature 
[11, 16]. Regarding further patient- 
related factors, results of the present 
study are partly in contrast to the 
existing knowledge as some of them 
have previously been shown to be 
significantly associated with peri -
odontal disease [11]. This difference 
might be explained by the popu-
lation of the present study: the 
number of patients bearing certain 
risk factors (e.g. Down syndrome or 
diabetes) was relatively small. As the 
assessment of diabetes was only 
based on the intake of anti-diabetic 
medications, undetected diabetes 
within the non-diabetic group can-
not be ruled out. Within the group of 
already treated diabetes patients, the 
diabetic status (i.e. level of hyper-
glycemia) was not available. There-
fore, results regarding the effect of 
diabetes have to be interpreted with 
caution [11]. Except for the radio-
graphic bone and tooth loss, data on 
all variables were only self-reported 
by the patients, caregivers, and/or 
their legal guardians. This might 
have added further inaccuracy.

A direct comparison regarding the 
prevalence of periodontitis in pa-
tients with disabilities with the preva-
lence among patients without dis-
abilities based on data derived from 
other studies is difficult due to incon-
sistent definitions of periodontitis. 
Even among studies which assess 
periodontal status radiographically, 
different treshholds are used. In the 
present study, a value of up to 2 mm 
was considered physiological (no 
bone loss), while a value above 2 mm 
was defined as periodontitis. This 
threshold is derived from the 2017 
definition of periodontal health [14]. 
Even when adjusting this treshold to 
< 3 mm as used in previous studies 
[2, 4, 5], periodontitis was present in 
n = 132 patients (66.3 %). Based on 
this treshold, periodontitis based on 
radiographic assessment was more 
often present in patients with disabil-
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ities, than in adults without disabil-
ities with a reported prevalence be-
tween 17.9 % [4] and 26.0 % [5].

Regarding the prevalence of peri-
odontitis in German patients with 

disabilities, only 2 studies of patients 
with disabilities have been published 
[9, 18]. In a small population (n = 52), 
periodontitis (PSR code 3 or 4) was 
present in 92.3 % [9]. However, the 

high prevalence of periodontitis 
might be related to the assessment 
tool (PSR index). Even initial peri -
odontitis or gingiva hyperplasia 
caused by other reasons than peri -

(Intercept)

Age

Gender

Intellectual disability

Physical disability

Dementia

Legal guardian

Living situation

Initial consultation due to caries

Initial consultation due to prophylaxis

Initial consultation due to pain

Initial consultation due to swelling

Initial consultation due to other reasons

Antihypertensives

Anticoagulants

Anticonvulsants

Sedative drugs

Antidepressants

Muscle relaxants

Obesity*

Diabetes**

Down syndrome

Smoking/nicotine dependence***

Table 4 Results of multiple linear regression analysis for prediction of % radiographic alveolar bone loss. *Defined as body mass index 
(BMI) ≥ 30 [15]. **Based on intake of anti-diabetic medication. ***Active smokers or those with less than 5 years since cessation.

β

-18.61

0.65

-0.91

11.87

-1.98

-9.77

5.07

-2.00

-0.85

4.30

1.25

-2.13

2.70

4.26

5.64

2.23

-6.45

-0.93

-4.74

-0.43

-6.09

6.23

17.29

95% confidence interval for β

Lower bound

-41.32

0.40

-6.87

1.21

-8.75

-22.52

-7.86

-7.38

-7.34

-1.97

-5.77

-12.46

-5.70

-3.42

-3.05

-3.97

-13.45

-8.63

-12.32

-7.66

-17.91

-10.00

3.42

Upper bound

4.10

0.89

5.06

22.52

4.80

2.99

18.00

3.39

5.65

10.57

8.28

8.21

11.09

11.94

14.32

8.43

0.56

6.77

2.84

6.80

5.73

22.46

31.16

Std. 
error

11.49

0.13

3.02

5.39

3.43

6.46

6.54

2.72

3.29

3.18

3.56

5.23

4.25

3.89

4.39

3.14

3.55

3.90

3.84

3.66

5.98

8.21

7.02

t

-1.62

5.17

-0.30

2.20

-0.58

-1.51

0.77

-0.73

-0.26

1.36

0.35

-0.41

0.63

1.10

1.28

0.71

-1.82

-0.24

-1.24

-0.12

-1.02

0.76

2.46

Sig.

0.108

< 0.001

0.756

0.029

0.566

0.133

0.440

0.465

0.797

0.177

0.725

0.685

0.527

0.275

0.202

0.478

0.071

0.811

0.219

0.907

0.310

0.450

0.015
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odontitis (e.g. drug intake) might 
have been reported as periodontal 
disease [8]. As opposed to the PSR 
index, radiographs only allow for the 
evaluation of true bone loss as a con-
sequence of periodontitis.

Another study among German 
adults with disabilities found a preva-
lence of 83 % based on CPITN (cat-
egories II and III) [18]. However, the 
same limitations as with the PSR 
index apply. Furthermore, a direct 
comparison between results assessed 
by PSR index and treatment need ac-
cording to CPITN is not possible. As 
CPITN category II is equivalent to 
both PSR code 2 and 3, studies based 
on CPITN (categories II and III) are 
likely to show a higher prevalence of 
peri odontitis than those based on 
PSR (code 3 + 4).

A third study reports on the peri-
odontal status among German ath -
letes with disabilities [19]. However, 
the authors visually assessed gingivitis 
rather than periodontitis; gingivitis 
prevalence amounted to 58.5 %. As 
gingivitis usually precedes periodon -
titis, prevalence of periodontitis can 
be expected to be less or maximal up 
to this value. Because mean age of 
athletes (30.8 years) was lower than 
the average age of patients included in 
the present study, a lower prevalence 
of periodontitis might be explained by 
age-related differences. Furthermore, 
athletes might favor a different life-
style, be better cared for, and live 
more autonomously than average pa-
tients with disabilities in Germany.

Dental professionals, patients’ 
caregivers, and legal guardians should 
be aware of periodontal disease 
among patients with disabilities. For 
the prevention of periodontal disease, 
dental hygiene instructions tailored 
for caregivers are necessary in order to 
improve dental hygiene performance 
among patients’ caregivers. Since 
2018, both patients and their care-
givers are entitled to these measures 
according to Book V of the German 
Social Law Code (§22a, SGB V). Ger-
man dentists should treat patients 
with disabilities and their caregivers 
according to these requirements.

5. Conclusion
Periodontal disease is common in 
German patients with disabilities. 

Older age, intellectual disability, and 
smoking/nicotine dependence are  
associated with increased bone loss.
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