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Abstract: Autogenous dentin has been reported to be a suitable grafting material for certain indica-
tions. The purpose of this study was to assess the feasibility of using endodontically treated teeth for
this application. In the present retrospective study, one-stage augmentation of lateral ridge defects
with a dentin shell and particulate (tooth shell technique (TST)) either obtained from endodontically
treated teeth (ETT, 17 patients with 21 implants) or non-endodontically treated teeth (NETT, 17 pa-
tients with 24 implants) were analyzed. Follow-up was conducted 3 months after augmentation.
The target parameters were biological complications, horizontal hard tissue loss, osseointegration,
and the integrity of the buccal lamella. Only minor complications occurred in three implants from
three patients, including two cases of wound dehiscence (one each in ETT and NETT) and a localized
three-walled defect in the NETT group, which was solved by re-augmentation. All the implants
were osseointegrated and the integrity of the buccal lamella was preserved. The mean difference
of the resorption of the crestal width and the buccal lamella did not differ statistically between
the two groups. As TST using ETT showed, the results comparable to those of NETT dentin from
endodontically treated teeth can be safely applied with predictable results for this grafting technique.

Keywords: tooth shell technique; implant; dentin; bone graft; autogenous; endodontically treated teeth

1. Introduction

The reconstruction of alveolar crest deficiencies for creating a sufficient implant site is
one of the main challenges in oral implantology. Although there are a variety of alloplastic,
allogenic, and xenogenic bone substitute materials available for this purpose, grafting
procedures using autogenous bone are still considered to be the “gold standard” due to the
bone’s excellent osteoconductive, osteoinductive, and osteogenic properties [1]. However,
a substantial disadvantage is the need for an additional surgical site for graft harvesting,
with an increased risk of complications and postoperative comorbidities [2,3].

In recent years, the use of autogenous dentin as a possible alternative autogenous
grafting material has become a focus of scientific research [4-6]. Dentin is very similar
to the bone in its organic and inorganic composition in terms of percentage and in its
individual components. The organic matrix of dentin and bone, for example, consists
of ~90% type I collagen and ~9% of non-collagenous proteins such as osteocalcin, os-
teonectin, phosphoproteins, proteoglycans, and sialoprotein, as well as growth factors such
as bone morphogenetic proteins, tissue growth factor-f3 or insulin-like growth factor-2 [4-7].
Histological analyses have shown that dentin has osteoconductive and osteoinductive
properties [6-13] and is involved in the bone remodeling process [14-17]. In addition,
autogenous dentin appears to have lower resorption rates than autogenous bone [18,19].
For these reasons, autogenous dentin can be considered as a viable alternative to autoge-
nous bone.
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Meanwhile, the use of dentin has been investigated in numerous implantological
measures. These include socket preservation, immediate implant placement, sinus floor
elevation, and block transplants [4,11,13,17,20-22].

Since only in very few cases will impacted or retained teeth be available, non-retainable
teeth, especially in the area of prospective implant placement, represent the main source
of autogenous dentin. While most studies only use uncompromised healthy teeth such
as retained or impacted teeth for these indications to minimize the risk of bacterial infec-
tion, there is a lack of clinical evidence regarding the use of compromised teeth. Animal
studies yielded results that indicate that grafts derived from endodontically treated or
periodontally compromised teeth did not show increased signs of inflammation histologi-
cally. However, increased graft exposures could be observed compared to grafts obtained
from uncompromised teeth [14,23]. Teeth that have undergone endodontic treatment, for
example, may host residual bacteria in the dentin that were not eliminated by the endodon-
tic procedure. Dentinal tubules represent a niche in which bacteria can persist, even in
clinically or radiologically inconspicuous teeth [24]. Residual bacteria in endodontically
treated teeth are dominated by anaerobic and Gram-positive microbiota. Recurrent infec-
tion after endodontic treatment is mostly characterized by an infection with only one or a
few species, while primary endodontic infection is predominantly polymicrobial [25]. One
of the most frequently found pathogens in teeth with endodontic failure is Enterococcus
faecalis, which is characterized by specific virulence factors, e.g., adhesins [26] and is able
to penetrate deeply into the dentinal tubules [27], where they may resist sufficient removal
by disinfection procedures during graft preparation. This could be problematic, especially
in grafting procedures where sufficient wound closure is desired, such as block grafts.

In the present study, the tooth shell technique (TST) [22] was applied using processed
autogenous dentin obtained from endodontically and non-endodontically treated teeth.
The tooth shell technique is a modification of the shell technique according to Khoury, in
which autogenous bone is used [28,29].

The present retrospective study is a proof-of-concept study. The aim was to determine
whether the use of endodontically treated teeth leads to equivalent results compared to
teeth that have not been endodontically treated.

2. Materials and Methods

For the present study, cases of lateral ridge augmentation were re-examined, in which
autogenous dentin from endodontically and non-endodontically treated teeth were used
between 1 June 2019 and 31 March 2020. The electronic medical records of the individual
patients were used to screen for potential cases for inclusion in this study. All the surgical
procedures were performed by an experienced oral surgeon (MK). The study protocol
was reviewed and approved by the Institutional Review Board of Baden-Wiirttemberg
Medical Council (ID: F-2020-068-z). The study was conducted according to the Declaration
of Helsinki and the EQUATOR guidelines. The inclusion criteria for this study considered
the following conditions:

Inclusion criteria:

- Age > 18 years;

- Alveolar crest augmentation of a lateral bony defect with the tooth shell technique;

- Lateral alveolar crest defect of at least 4 mm in the region of implant placement prior
to augmentation;

- Restoration with a fixed denture is intended;

- Edentulous region of maximum of two missing teeth.

Exclusion criteria:
- Age <18 years;
- Untreated or residual periodontitis;

- Uncontrolled diabetes mellitus with HbAlc > 7%;
- A malignant neoplasm;
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- A history of therapy with bisphosphonates or other antiresorptive medication (e.g.,
RANKTL inhibitors);

- Ahistory of radiotherapy in the head and neck region;

- Immunosuppression or immunosuppressant therapy;

- Alateral alveolar crest defect of less than 4 mm in the region of implant placement
prior to augmentation;

- The restoration of the implant with a removable denture is intended.

In all patients, either a hopeless tooth or a tooth not worth preserving (such as a
wisdom tooth) that would have been suitable for grafting was present in the prospective
region of implantation. In all cases, the width of the bucco-palatal bone was measured
with preoperative cone beam computed tomography (CBCT) before augmentation. At least
1.5 mm of bone/autogenous dentin should cover the implants on the buccal and palatal
surfaces. The achieved ridge width was a result of the desired implant diameter, a 1.5 mm
buccal and 1.5 mm oral lamella of original bone or autogenous bone/dentine graft. The
desired ridge width was of at least 7.2 mm when the implant diameter was 4.2 mm. An
increase in hard tissue of at least 4 mm was a requirement for the augmentation procedure
in all cases.

The patients were divided into the following two groups:

Group 1:

Endodontically treated teeth (ETT): 17 patients (11 female, 6 male) with 18 regions
and 21 implants.

Group 2 (control group):

Non-endodontically treated teeth (NETT): 17 patients (8 female, 9 male) with 22 re-
gions and 24 implants.

The following data from electronic medical records were extracted for study
documentation:

- Demographic data: Age and gender;

- The endodontic status of the tooth used for grafting;

- Data on restoration and maintenance therapy;

- Complications: The loss of the graft or implant, dehiscence, and infections/inflammation;

- Implant data: type, length/diameter, and region;

- After augmentation with simultaneous implantation, a CBCT image was taken to
assess the surgical procedure. These X-rays were analyzed;

- At the time of implant exposure—3 months after augmentation—CBCT was per-
formed to assess osseointegration, the buccal lamella, and horizontal hard tissue loss.
These CBCT images were analyzed.

The target parameters were biological complications, horizontal hard tissue loss,
osseointegration, and integrity of the buccal lamella. The biological complications include
the following:

Complications concerning the hard and soft tissue:

- The dehiscence of the wound;

- Infection with or without suppuration;
- Severe peri-implant bone loss;

- Implant loss;

- Others.

2.1. Clinical Complications

All the complications concerning the graft or the implant during the observation
period were documented.

Loss of a graft when the implant surfaces were exposed, either through infection or
unexpected massive resorption, and loss of an implant during the follow-up period were
defined as severe complications.
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Dehiscence and inflammation/infection of the grafted site were defined as non-severe
complications if the implant was fully osseointegrated and no implant surfaces were exposed.

2.2. Clinical Procedure of the Tooth Preparation

Following extraction, the tooth intended for augmentation was cleaned mechani-
cally by removing debris, the periodontal ligament, restorations, and root filling mate-
rial with a coarse diamond bur under water cooling (Figure la—-d). A thin shell of root
dentin (~1-1.5 mm thickness) was obtained with a rotating diamond disc (Frios MicroSaw,
Dentsply Sirona Implants, Mannheim, Germany) under water cooling. The remaining
tooth was particulated with a sterile disposable grinder (Smart Dentin Grinder, Kometa Bio,
Cresskill, NJ, USA) to 300-1200 um particles (Figure 1c). For chemical cleaning, defatting
and disinfection, the dentin shell and the particulate dentin were placed in a sterile closed
dappen dish with a solution of sodium hydroxide (0.5 N, 4 mL) and ethanol (20 vol%, 1 mL)
(Dentin Cleanser, Kometa Bio, Cresskill, NJ, USA) for 10 min. After the exposure period,
the supernatant was removed with sterile gauze and the material was rinsed by manually
shaking in a phosphate-buffered physiological saline solution (Dulbecco’s Phosphate-
Buffered Saline, Kometa Bio, Cresskill, NJ, USA) for 3 min. To expose the collagen fiber
network and release osteoinductive growth factors, partial demineralization of the dentin
was performed by placing the material in a 10% EDTA solution for 3 min (EDTA solution,
Kometa Bio, Cresskill, NJ, USA). The material was rinsed again with a buffered saline
solution. Then, it was used immediately for grafting or dried at a moderate temperature
(below 38 °C) on a hotplate and stored in a sterile vessel at —18 °C until grafting. At the
time of grafting, the grafting material was slightly moistened with saline after thawing.
Thawing was performed on the same hotplate that was used before (below 38 °C).

Figure 1. Procedure of the tooth preparation. (a) Endodontically treated tooth split in two halves with a rotating diamond

disc. (b) Removal of debris and foreign material, such as restorations and root filling material, as well as the periodontal

ligament, from the root surface with a coarse diamond bur under water cooling. (c) Sterile disposable dentin grinder (Smart

Dentin Grinder) for particulating the dentin. (d) Dentin particulate and dentin shells.

2.3. General Surgical Procedure of the Tooth Shell Technique (TST)

The grafting procedures were performed under perioperative antibiosis (one-day
pre- and two days postoperatively) with amoxicillin 750 mg three times per day. In the
case of penicillin intolerance, 300 mg Clindamycin was used as a substitute. In addition,
400 mg Ibuprofen was used as an analgesic. All the operations were performed with local
anesthetic with Articaine + Epinephrine 1:100,000 (Citocartin Sopira®, Heraeus Kulzer
GmbH, Hanau, Germany).

The crestal incision of the mucoperiosteal flap with a mesial or distal releasing incision
was conducted to access the alveolar crest defect. After flap mobilization and surgical
exposure of the alveolar crest, the implant site was prepared according to the protocol of
the implant manufacturer. The implants were inserted at the hard tissue level (Figure 2a,b).
All the implant surfaces were completely covered by native bone or graft (autogenous
dentin) (Figure 2c). The previously obtained and prepared dentin shell was adapted to
the alveolar crest defect and fixed with titanium osteosynthesis screws (microscrews®,
Stoma, Emmingen-Liptingen, Germany). The prepared particulate dentin was placed
in the cavity between the tooth shell and implant (Figure 2c). The stability of the fixed
dentin shell was checked with dental tweezers. The dentin shell should not have any
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mobility. The mucoperiosteal flap was advanced with a periostal releasing incision to
ensure sufficient wound closure without tension. Non-resorbable, monofilament suture
material (Supramid® 5-0, Serag-Wiessner, Naila, Germany) was used for passive wound
closure. For the tooth shell technique, no bone substitute materials or membranes were
used. After augmentation with simultaneous implantation (T1), a CBCT image was taken
to assess the surgical procedure.

Figure 2. Clinical procedure of the tooth shell technique. (a,b) Occlusal and lateral view: Inserted implant at the site of

tooth 36. The vestibular bone deficit is shown by the green arrows. Dentin shell fixed with osteosynthesis screws to the

vestibular aspect of the implant (blue arrows). (c) The hollow space created between the dentin shell and implant was filled

with particulate dentin (yellow arrow). (d) Occlusal view at the time of implant exposure with removed osteosynthesis

screws. The implant seems to be fully osseointegrated with a stable laterad ridge lateral augmentation.

The implants were exposed 3 months after placement (Figure 2d). The assessment of
peri-implant bone level was performed by measuring from the implant shoulder to the
bone-implant contact at four locations (mesial, distal, oral, and buccal) with a periodontal
probe. The measurement of implant stability was carried out by resonance frequency
analysis (Ostell Idx, W&H, Buermoos, Austria). Only implants with an implant stability
quotient (ISQ) of over 60 were approved for prosthetic restoration. CBCT was performed
to assess the augmentation and implant success (T2).

2.4. Radiographic Evaluation

To evaluate changes in the morphology of the peri-implant hard tissue, especially the
buccal lamella of the implants, high-resolution, small-volume CBCT with a 50 x 50 mm
FOV (PaX-Duo3D, Orange Dental, Biberach an der Rif$, Germany) was performed after
implant insertion (T1) and at the follow-up 3 months later (T2).

The radiographic evaluation included the assessment of the approximal peri-implant
bone level, the thickness and integrity of the buccal lamella, and the crestal width. For
evaluation of the approximal peri-implant bone level, the distance between the implant
shoulder and the first implant-bone contact was measured at time T2 in a mesiodistally
aligned plane as in a 2D radiographic assessment, assuming that the implant was placed
at the hard tissue level at T1 (Figure 3a). Only the highest value at the mesial or distal
margin was included in the analyses. The integrity of the buccal lamella was assessed
in a bucco-palatal aligned plane as shown in Figure 3b at time T2. If implant surfaces
were detected that were not covered by a radio-opaque structure, the distance between
the implant shoulder and the first implant/bone contact was measured (Figure 3b). The
thickness of the buccal lamella was evaluated orthogonally to the implant axis at the level
of the implant shoulder (=L0), as well as 2 mm (=L2) and 4 mm (=L4) below the implant
shoulder at T1 and T2. The width of the alveolar crest was measured 2 mm below the
implant shoulder in the same plane at T1 and T2. This method of measurement using
CBCT of lateral ridge augmentation has been applied in previous studies [22,30,31].
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Figure 3. CBCTs after implant exposure. Dotted lines trace the outline of the alveolar ridge. (a) No hori-
zontal bone loss at the mesial and distal implant shoulder is detectable at the time of implant exposure.
(b) Measurement at the time of implant exposure from the implant shoulder to the first implant/hard
tissue bone contact. In this case, 8.1 mm of the buccal lamella bone was completely resorbed.

All measurements were performed with the Ez3D Plus software (Vatech Co. Ltd.,
Hwaseong-si, Korea) by one previously calibrated investigator.

2.5. Osseointegration
Complete osseointegration was defined as:

- A peri-implant bone loss less than 1 mm at the four measuring points;

- AnISQ value over 60;

- Aimplant covered by a radio-opaque structure in CBCT;

- The integrity of the buccal lamella being preserved in the CBCT (no more than 1 mm loss).

2.6. Prosthetic Restoration

The prosthetic restoration began 4 weeks after implant exposure. After a further
4 weeks, the dentures were incorporated, so that the treatment was completed after a total
of 5 months.

2.7. Statistical Analyses

Data were compiled in Excel and analyzed with IBM SPSS Statistics 22 (SPSS Inc.,
Chicago, IL, USA) in Windows 7. All the evaluations were computed at the patient, region,
and implant level.

Mean values and standard deviations at times T1 and T2 were calculated for bucco-
palatal alveolar ridge width (L2) and buccal lamella width (L0, L2, and L4). The difference
between T1 and T2 at the different levels Ly was calculated to evaluate the resorption of
the buccal lamella. The resorption of the alveolar crest width was calculated at L2.

The statistical methods included cross-tabulations with Fisher’s exact tests for categor-
ical data. Mean values were compared by two-sample t-tests.

A probability of error of p < 0.05 was interpreted as significant.

3. Results

In the period from 1 June 2019 to 31 March 2020, the TST was carried out in 34 patients
(19 female, 15 male) in 40 regions (Tables 1 and 2). The mean age of the patients at the
time of implant placement was 61.7 years. There was no difference in gender and age
distribution in the groups. A total of 45 implants were placed simultaneously with the
TST. The ASTRA TECH Implant System™ EV (Astra Tech Implant System, Dentsply
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Sirona, York, PA, USA), Nobel Biocare (Nobel Biocare, Kloten, Switzerland) and Conelog
(CONELOG®, ALTATEC GmbH, Wimsheim, Germany) were used as implant systems.

Table 1. Baseline characteristics of the participating patients at the time of augmentation procedure with autogenous dentin.

Study Group Sign
Baseline Data of Participants Total ETT NETT p-Value
Age (years)
Mean (SD) 61.7 (10.5) 62.6 (8.6) 60.8 (12.4) ns.
Range 28-80 49-80 28-76
Gender (male)
n (%) 15 of 34 (44) 6 of 17 (35) 90f17 (52) n.s.
ETT: Endodontically treated teeth; NETT: Non-endodontically treated teeth.
Table 2. Clinical complications at the patient, region, and implant level.
Study Group Fisher’s Exact Test (2-Sided)
Clinical Complication Total ETT NETT p-Value
Total severe complications
n (%) on PL 0 of 34 (0) 0 of 17 (0) 0 of 17 (0) ns.
n (%) on RL 0 of 40 (0) 0 of 18 (0) 0 of 22 (0) n.s.
n (%) on IL 0 of 45 (0) 0 of 21 (0) 0 of 24 (0) ns.
Wound dehiscence
n (%) on PL 2 of 34 (6) 10f 17 (6) 10f 17 (6) 1.000
n (%) on RL 2 of 40 (8) 1 0f 18 (6) 1 0f22 (5) 0.884
n (%) on IL 2 of 45 (4) 1 0f 21 (5) 10f 24 (4) 0.923
Inflammation (pus)
n (%) on PL 0 of 34 (0) 0 of 17 (0) 0 of 17 (0) ns.
n (%) on RL 0 of 40 (0) 0 of 18 (0) 0 of 22 (0) n.s.
n (%) on IL 0 of 45 (0) 0 of 21 (0) 0 of 24 (0) n.s.
Total complications at all
n (%) on PL 3 of 34 (9) 10f 17 (6) 20f17 (12) 0.545
n (%) on RL 3 0f 40 (8) 1 0f 18 (6) 2 0f 22 (9) 0.673
n (%) on IL 3 of 45 (9) 10f21 (5) 2 0f 24 (8) 0.632

ETT: Endodontically treated teeth; NETT: Non-endodontically treated teeth; PL: Patient level; RL: Region level; IL: Implant level.

3.1. Severe Clinical Complications

During the whole follow-up period, no severe complication occurred (Table 2).

3.2. Non-Severe Clinical Complications

During the whole follow-up period, there were three non-severe complications (Table 2).
One dehiscence occurred in each of the two study groups. One case in the NETT group
exhibited a localized three-walled defect of 5 mm.

3.3. Radiographic Evaluation

At T1 and T2, evaluation of the CBCT images showed no cases with bone loss at the
mesial or distal implant shoulder. Additionally, there was no vertical loss of the buccal
lamella (Figure 4a—d). All the implants were completely covered with hard tissue.
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Figure 4. CBCTs after lateral ridge augmentation with simultaneous implantation and after implant exposure. (a) A CBCT
in the sagittal plane shows an implant region 12 with TST at the time of lateral ridge augmentation. The buccal tooth shell is
clearly visible. Dotted lines trace the outline of the alveolar ridge. The measurement of the bucco-oral alveolar ridge width
was performed at level L2. In this case, the ridge width was 9.3 mm. (b) The same procedure of the measurement of the
bucco-oral alveolar ridge width was performed at the time of implant exposure. The tooth shell shows some resorption only
at LO. (c) Measurements of the thickness of the buccal bone lamella at three different levels (L0, L2, and L4) at the time of
lateral ridge augmentation. (d) Measurements of the thickness of the buccal bone lamella at three different levels (LO, L2,
and L4) at the time of implant exposure.

All the measurements of the alveolar ridge width and resorption of the buccal lamella
on the implants are summarized in Tables 3 and 4 (measurement sites as shown in
Figure 3a,b). The alveolar ridge width (at the patient level) at the time of bone graft
was, on average, 9.3 mm for ETT and 8.7 mm for NETT at level L2. At the time of follow-up
(3 months after augmentation), the alveolar ridge width was 9 mm for ETT and 8.2 mm for
NETT at level L2. This means the resorption was 0.3 mm for ETT and 0.5 mm for NETT on
average (Table 4). At time T2, the mean buccal lamella width at L4 was significantly lower
for NETT than for ETT at the implant, region, and patient level.

Table 3. Mean alveolar ridge bone measurements directly after grafting (T1) and at time of follow up (T2).

Study Group Two-Sample t-Test
Time of Measurement Mean ETT NETT (p-Value)
T1
Mean bucco-palatal alveolar ridge width (mm)
PL, n =34 (SD) 9.1 (1.5) 9.4 (1.7) 8.7 (1.2) 0.146
RL, n =40 (SD) 9.0 (1.5) 9.3 (1.8) 8.7 (1.1) 0.205
IL, n =45 (SD) 9.0 (1.5) 9.3 (1.8) 8.8 (1.3) 0.229
Mean buccal lamella width LO (mm)
PL, n =34 (SD) 2.7(0.9) 2.6 (1.0) 2.7(0.8) 0.917
RL, n =40 (SD) 2.6 (0.9) 2.6 (1.0) 2.7 (0.8) 0.742
IL, n =45 (SD) 2.6 (0.9) 2.6 (1.0) 2.7(0.9) 0.702
Mean buccal lamella width L2 (mm)
PL, n =34 (SD) 3.2(0.9) 3.4(1.0) 3.0(0.8) 0.187
RL, n =40 (SD) 3.1(0.9) 3.3(1.1) 3.0(0.8) 0.314
IL,n =45 (SD) 3.2(0.9) 3.3 (1.0 3.0 (0.8) 0.391
Mean buccal lamella width L4 (mm)
PL, n =34 (SD) 3.5(1.3) 3.9 (1.5) 3.1(1.0) 0.079
RL, n =40 (SD) 3.4(0.9) 3.8(1.5) 3.1(1.0) 0.096
IL, n =45 (SD) 3.4(1.3) 3.8(1.5) 3.2(1.1) 0.118
T2
Mean bucco-palatal alveolar ridge width (mm)
PL, n =34 (SD) 8.7 (1.4) 9.1(1.7) 8.2 (1.0 0.073
RL, n =40 (SD) 8.6 (1.4) 9.0 (1.7) 8.2 (1.0) 0.101

IL, n = 45 (SD) 8.6 (1.4) 9.0 (1.7) 8.3 (1.0) 0.077
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Table 3. Cont.

Study Group Two-Sample ¢-Test

Time of Measurement Mean ETT NETT (p-Value)
Mean buccal lamella width LO (mm)

PL, n = 34 (SD)
RL, = 40 (SD)
IL, n = 45 (SD)

Mean buccal lamella width L2 (mm)

PL, n = 34 (SD)
RL, 1 = 40 (SD)
IL, n = 45 (SD)

Mean buccal lamella width L4 (mm)

PL, n = 34 (SD)
RL, 1 = 40 (SD)
IL, n = 45 (SD)

2.2 (1.0) 2.2 (1.1) 2.2(0.9) 0.904
2.2 (1.0) 2.2 (1.0) 2.1 (0.9) 0.810
2.2 (1.0) 2.3 (1) 2.2 (0.9) 0.798
3.0 (1.0) 3.2 (1.0) 2.7 (0.8) 0.093
2.9 (1.0) 3.2 (1.0) 2.6 (0.9) 0.093
2.9 (1.0) 3.2 (1.0) 2.7 (0.9) 0.093
3.2(1.3) 3.7 (1.4) 2.8 (1.0) 0.029
3.2(1.3) 3.6 (1.5) 2.8 (1.0) 0.038
3.2(1.3) 3.6 (1.4) 2.8 (1.0) 0.035

N: Number; SD: Standard deviation; ETT: Endodontically treated teeth; NETT: Non-endodontically treated teeth; PL: Patient level; RL:

Region level; IL: Implant level.

Table 4. Mean resorption of bucco-oral alveolar ridge bone width and buccal lamella bone plate from
T1 to T2.

Study Group Two-Sample

t-Test
Mean Resorption in mm Mean ETT NETT (p-Value)
bucco-oral alveolar ridge
PL, n =34 (SD) 0.39 (0.68) 0.34 (0.35) 0.45 (0.90) 0.637
RL, n =40 (SD) 0.40 (0.66) 0.33 (0.36) 0.45 (0.83) 0.551
IL, n =45 (SD) 0.40 (0.67) 0.30 (0.35) 0.49 (0.85) 0.340
LO
PL, n =34 (SD) 0.45 (0.72) 0.41 (0.68) 0.49 (0.77) 0.770
RL, n =40 (SD) 0.47 (0.72) 0.38 (0.68) 0.54 (0.75) 0.467
IL, n =45 (SD) 0.42 (0.70) 0.33 (0.64) 0.51 (0.76) 0.398
L2
PL, n =34 (SD) 0.24 (0.56) 0.17 (0.43) 0.31 (0.68) 0.483
RL, n =40 (SD) 0.26 (0.58) 0.14 (0.44) 0.36 (0.67) 0.247
IL, n =45 (SD) 0.25 (0.55) 0.12 (0.41) 0.36 (0.64) 0.149
L4
PL, n =34 (SD) 0.28 (0.61) 0.19 (0.55) 0.37 (0.69) 0.416
RL, n =40 (SD) 0.26 (0.60) 0.18 (0.54) 0.32 (0.65) 0.473
IL, n = 45 (SD) 0.26 (0.58) 0.16 (0.50) 0.34 (0.63) 0.302

N: Number; SD: Standard deviation; ETT: Endodontically treated teeth; NETT: Non-endodontically
treated teeth; PL: Patient level; RL: Region level; IL: Implant level.

The mean thickness (at the patient level) of the buccal lamella was, at the time of bone
graft T1/L0, 2.6 mm in the ETT group and 2.7 mm in the NETT group; at T1/L2, 3.4 mm
for ETT and 3.0 mm for NETT, and at T1/L4, 3.9 mm for ETT and 3.1 mm for NETT; and at
the time of follow-up T2/L0, 2.2 mm in ETT and 2.2 mm in NETT; at T2/L2, 3.2 mm in ETT
and 2.7 mm in NETT; and at T2/L4, 3.7 mm in ETT and 2.8 mm in NETT. The resorption
of the buccal lamella was, at T1-2/L0, 0.4 mm in ETT and 0.5 mm in NETT; at T1-2/1L2,
0.2 mm in ETT and 0.3 mm in NETT, and at T1-2/14, 0.2 mm in ETT and 0.3 mm in NETT
(Table 4). Since 0.3 mm in ETT and 0.5 mm in NETT resorption of the alveolar ridge width
occurred in T1-2/L2, the oral lamella must also have resorption of 0.1 mm ETT and 0.2 mm
in NETT. In all cases with TST, the dentin shell was clearly visible.

The ratio of the bucco-oral alveolar crest width (at patient level) between T1 and T2
was 0.97 for ETT and 0.96 for NETT. For the thickness buccal lamella the ratio between T1
and T2 was at L0 0.85 for ETT and 0.84 for NETT, at L2 0.96 for ETT and 0.91 for NETT and
at L4 0.97 for ETT and 0.90 for NETT (Table 5).
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Table 5. Ratio of residual ridge width of bucco-oral alveolar ridge and buccal lamella from T1 to T2.

Study Group TWO-Samp]e

t-Test
Ratio from T1 to T2 Mean ETT NETT (p-Value)
bucco-oral alveolar ridge

PL, n =34 (SD) 0.96 (0.08) 0.97 (0.04) 0.96 (0.10) 0.680

RL, n =40 (SD) 0.96 (0.07) 0.97 (0.04) 0.95 (0.09) 0.568

IL, n = 45 (SD) 0.96 (0.07) 0.97 (0.04) 0.95 (0.09) 0.402
LO

PL, n =34 (SD) 0.85 (0.29) 0.85 (0.26) 0.84 (0.33) 0.917

RL, n = 40 (SD) 0.84 (0.29) 0.87 (0.26) 0.81 (0.31) 0.521

IL, n = 45 (SD) 0.86 (0.30) 0.88 (0.25) 0.84 (0.34) 0.588
L2

PL, n =34 (SD) 0.93 (0.18) 0.96 (0.13) 0.91 (0.22) 0.457

RL, n =40 (SD) 0.93 (0.19) 0.97 (0.15) 0.89 (0.22) 0.199

IL, n =45 (SD) 0.93 (0.18) 0.98 (0.14) 0.89 (0.21) 0.125
L4

PL, n =34 (SD) 0.93 (0.19) 0.97 (0.17) 0.90 (0.20) 0.286

RL, n =40 (SD) 0.94 (0.19) 0.97 (0.17) 0.91 (0.20) 0.363

IL, n =45 (SD) 0.94 (0.18) 0.97 (0.16) 0.91 (0.19) 0.239

N: Number; SD: Standard deviation; ETT: Endodontically treated teeth; NETT: Non-endodontically treated teeth;
PL: Patient level; RL: Region level; IL: Implant level.

3.4. Peri-Implant Tissue Probing

With one exception, the probing depth did not exceed 0.5 mm. This case is the
aforementioned complication, with a three-walled local bone defect of 5 mm.

3.5. Implant Stability

The ISQ value was over 60 for all the implants and was in the range of 61-88. The
mean ISQ value for the ETT group was 74 and for NETT group 75. There were no significant
differences between the groups.

3.6. Osseointegration

Since there was no increased probing depth, except for one case in which augmentation
was carried out afterwards, the ISQ values were over 60, and all the implant surfaces were
covered with hard tissue. All the implants were, by definition, completely osseointegrated.

3.7. Prosthetic Restoration

All the implants could be prosthetically restored with a fixed denture. No complica-
tions occurred with any of the implants in the period between implant exposure and final
prosthetic restoration, except for the one case in which a re-augmentation was performed.
This implant could be restored with a fixed denture, 3 months later.

4. Discussion

The aim of the present retrospective study was to assess the feasibility of using recon-
ditioned dentin from endodontically treated teeth for lateral ridge augmentation by means
of the tooth shell technique. A total of 34 patients, in which the grafting procedures accord-
ing to the TST (endodontically and non-endodontically treated teeth) with simultaneous
implant placement were performed, were followed up with focus on clinical complications
and short-term dimensional changes of the crestal width and the buccal lamella.

One of the major concerns of using reconditioned dentin from endodontically treated
teeth for grafting procedures was the potential risk of compromised healing with premature
graft exposure or even the loss of the graft and/or the implant due to inflammatory
processes which increases the patient’s impairments by discomfort or necessary second
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interventions. This would be in contrast with the advantage of the considerably lower
invasiveness of the tooth shell technique compared to autogenous bone block grafts.

The low incidence of non-severe clinical complications observed in our study (n = 3) is
comparable with the results reported for autogenous bone grafts [3]. Soft tissue dehiscence
with partial graft exposure occurred on two grafted sites (NETT n = 1; ETT n = 1) during
the early recovery stage. At re-entry after 3 months, one implant in the NETT group
exhibited a localized three-walled defect, which could be solved by re-augmentation.
Severe complications such as loss of implant or massive resorption of the graft were not
observed. The noted incidence of clinical complications corresponds to those reported in
previous studies on this technique and bone shell technique [22,31].

Preclinical animal studies have revealed slightly higher graft exposure rates for en-
dodontically treated teeth compared to uncompromised teeth [20]. In the present study,
this could not be observed. However, these grafts were only mechanically processed and
not subjected to decontamination. The dentin preparation and decontamination procedure
used in the present study is a commercially available method for preparing particulate
dentin for grafting procedures, using sodium hydroxide in a 0.5 M solution and 70% ethanol
for cleansing. However, there is a lack of basic research data regarding the bactericidal
efficacy of this method, especially against bacterial infections in endodontic niches such
as dentinal tubules. A potential drawback of these decontamination procedures is their
possible adverse effect on biological properties. The effectiveness of sodium hydroxide as a
disinfectant, for example, is based primarily on its ability to cleave protein bonds and disin-
tegrate the tertiary structure of proteins. This denaturation of proteins may hypothetically
also affect structural proteins of the organic matrix and osteoinductive growth factors such
as BMPs, IGF-II, and TGF-f3. Thermal treatment such as autoclavation as an alternative
for the decontamination of the dentin material prior to grafting may also result in protein
denaturation. A preclinical animal study reported a significant decreased level of osseoin-
tegration (bone-implant contact) if the dentin was pretreated by autoclavation compared
to untreated dentin [18]. In contrast, other animal models provided some evidence that in
autoclaved dentin matrix dental pulp stem cells were preserved and kept the capability to
promote new tissue formation [32].

Since the present study was a clinical study, there was no possibility to analyze bone—
implant contact as a measure for osseointegration. In this study, osseointegration was
evaluated by the resonance frequency analysis, as well as the clinical and radiographic
evaluation of the hard tissues covering the implant. The resonance frequency analysis is a
reproducible and validated method for assessing the implant stability quotient (ISQ) as a
surrogate parameter for osseointegration [33,34]. By definition, implants with an ISQ level
exceeding 60 are considered to be sufficiently stable for being loaded. The high levels of
implant stability (ISQ) observed in both groups (NETT: 75, ETT: 74) suggest a sufficient
and equivalent level of osseointegration, which were comparable with the ISQ levels of
implants placed simultaneously with the bone shell technique according to Khoury [31].
This is underlined by the clinical finding that, except for one case, no vertical peri-implant
bone loss exceeding 0.5 mm could be detected.

Traditionally, the radiographic analysis of osseointegration and crestal bone level
is performed by two-dimensional radiographs [35]. This allows the assessment of the
peri-implant bone level in the approximal aspect, but not of the bucco-oral dimension, in
particular the buccal lamella which consists of grafted hard tissue only. In the present study,
the radiographic evaluation was therefore performed by small-volume CBCT scans after
augmentation and at re-entry after 3 months for implant exposure. The peri-implant bone
level measured in the mesial and distal aspect of the implant shoulder, did not reveal any
vertical bone loss. At time T2, the mean buccal lamella width at L4 was significantly lower
for NETT than for ETT at the implant, region, and patient level. However, these values only
show the comparison of the widths at a certain point in time and not the resorption over
time. The mean resorption of the bucco-oral dimension of alveolar crest width between
grafting and re-entry at 3 months amounted to 0.3 mm in the EET group and 0.5 mm in the
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NETT group and did not show any significant differences between the two groups. The
major part of the resorption can be found with 0.2 mm in the ETT and 0.3 mm at the buccal
lamella. However, at 30-40% of the dimensional change, a not inconsiderable proportion
of this is accounted for the oral lamella, i.e., the native bone. The mean resorption of the
buccal plate noted in this study suggests the stability of the dentin graft in the short-term
aspect and underlines the findings that dentin grafts show a less pronounced resorption
compared to bone [20]. This evaluation is limited by a relatively short observation period
of 3 months. The effect of graft and bone remodeling on long-term dimensional changes
needs to be addressed in future studies.

A further limitation of this study is the lack of histological investigation. As grafting
with the simultaneous implant placement was performed in the present study, no biopsies
(e.g., bone cores in context of implant bed preparation) could be obtained. An additional
biopsy was not considered due to ethical concerns. Based on CBCT data, it is not possible
to determine whether the dentin shell and particulate has been remodeled by osseous
replacement or if unaltered dentin is present, especially since the dentin shell remains
clearly delineable. However, there is histological evidence that dentin undergoes gradual
replacement resorption and promotes new bone formation [14,16,23,36,37].

It has been proven that autogenous dentin is a safe alternative to autogenous bone for
the lateral alveolar ridge, providing predictable grafting results. The tooth shell technique
that was applied in the present study was able to broaden the spectrum of indications, as a
larger volume can be augmented than with a solid tooth root and simultaneous implant
placement can be performed [22]. The feasibility of using reconditioned dentin from
endodontically treated teeth for this application is a further advantage since root fractures
of endodontically treated teeth represent a common reason for tooth extraction and alveolar
bone defects.

5. Conclusions

Within its limitations, this retrospective study was able to show that the use of recon-
ditioned dentin from endodontically treated teeth for grafting procedures according to the
tooth shell technique leads to results equivalent to those for non-endodontically treated
teeth. The possible use of reconditioned dentin from endodontically treated teeth for the
TST broadens the scope of the application of this technique.
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