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General Introduction, Aims and Hypotheses



1.1 Innervation of natural teeth

From a microscopic point of view, the nerve fibres innervated in teeth generally come from
two parts: pulp and periodontal ligament (PDL) (Figure 1.1). First of all, pulp is one only soft
tissue in tooth surrounded by dentine and cementum and highly vascularized and innervated'.
Dental pulp contains pain-related sensation and is innervated by one branch of trigeminal
nerves through apical foramen. Two types of fibres were present in the pulp. One is myelinated
A-fibres, subclassified by A-delta fibres (90%) and A-beta fibres (10%), which can transmit
the low-threshold sensory signals to the brainstem and then to the contralateral thalamus and
evoke a sharp pain in the terminate**. While another is the unmyelinated C-fibres which only
can be activated by high threshold stimulation and evoke the slow pain®. These sensory
functions would disappear following teeth extraction. However, some study reported that
nearly a same amount of fibres as natural teeth remains in the inferior alveolar nerve at the
bottom of the fresh extraction sockets and vanishes over time®.

The periodontal ligament (PDL) is a bundle of specialized connective tissue fibres surrounding
the tooth root and attaches to the alveolar bone. The nerve fibres which supply the PDL can be
classified based on their functionality as either sensory or autonomic. The sensory nerve fibres
are responsible for mechanoreception and nociception, whereas, the autonomic nerve fibres are
associated with the vasculature of the periodontal blood vessels.®’. The innervation of PDL has
been recorded to be most densely at the apex of tooth but sparse toward the cervical margin®®.
Both myelinated and unmyelinated nerve fibres are detected in PDL and the large unmyelinated
axons are proved as the mechanoreceptive pre-terminals of isolated myelinated axons which
have similar location and frequency®!°. Afterwards, myelinated axons have also been observed
to appear to branch off from the main axon bundles, change direction, and terminate in the
cemental portion of ligament. The diameter of myelinated axons is greatest in the apical zone
(2-15 um) and smaller near to the cervical margin of teeth®.

In addition, normal function of stomatognathic system requires perfect anatomic and
physiological integration among the jaw bones, teeth, periodontium, and temporomandibular
joint through reflex arcs controlled by the neuromuscular system. Proprioceptive feedback
plays a significant role in tuning fine motor control and modulating complex mandibular

movements, sensory discriminative capabilities, and masticatory protective reflex. In dentate



individuals, this sensory input might be provided by the following two groups of
mechanoreceptors. Remote fibres which originate in the temporomandibular joint, oral mucosa,
masticatory muscles, periosteum, and even dental pulp, correspond only to discriminating
larger particles; whereas, proprioceptors in periodontal ligament can respond to finer stimuli,
contributing to specification of direction, magnitude, and the point of attack of the occlusal

forces. Removal of proprioceptor fibres in the PDL after tooth extraction might undermine this

precision.

Enamel

Dentine

e i . External
Alveolar bone——, A\ ) sy —_
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ligament fascicles Int‘ernalh
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. nerve fibre nerve fibre
Artery, nerve, vein &
Figure 1.1. Structure of tooth and its microscopic innervation and blood supply. Shows

typical anatomy of tooth and periodontal tissues.

1.2 Osseoperception

1.2.1 Evolution of osseoperception

Natural teeth consist of numerous refined tactile sensors known as periodontal
mechanoreceptors, and these receptors are responsible for regulation of oral motor function
such as chewing and biting based on a sensory feedback pathway signaling to the motor cortex.
Following tooth extraction, the PDL may be damaged leading to irreversible damage of the
functional mechanoreceptors, thereby affecting the transmission of oral tactile information.
This may deteriorate the sensory feedback pathway and sensory-motor interactions, leading to
impairment of oral motor function. While oral implants may typically help to replace missing

teeth, their role in reactivating the sensory feedback pathway and restoring oral function



remains a matter of debate!!"!*. In general, when comparing conventional fixed and removable
prostheses, dental implant and implant-supported prostheses acquire a longer survival rate!>!8
with some improvement but not a complete restoration of oral function, such as tactile function
and mastication!!:!3:14:19:20,

Previous studies suggested that bone-anchored prostheses might be capable to improve the
(re)innervation pattern in peri-implant region by transmitting mechanical stimuli directly to the
bone?!?2. However, multiple factors, such as low density of nerve fibres, lack of periodontal
ligaments and higher tactile threshold levels of implants compared to natural teeth make it
difficult for patients to perceive chewing forces and passive occlusal loading. Nevertheless,
high chewing force loaded on the implant might cause overload leading to bone resorption and
eventual implant failure?!?>?*. Thus, a proper function is required to maintain the implant
longevity and global physiological integration of implant in the human body.

Osseoperception is denoted as the sensory response following mechanical loading evoked by
peri-implant mechanoreceptors in absence of functional periodontal ligament
mechanoreceptive inputs®. The (osseo)mechanoreceptive function should not necessarily
come from the bone, yet may also be derived from joint, muscle, mucosa and periosteal tissue
which provide mechanosensory information in relation to jaw function and occlusal contact of
artificial teeth (Figure 1.2)''2*". The concept of osseoperception initially originated from the
studies focusing on restoration of tactile perception in patients with osseointegrated orthopedic
artificial limbs following amputation®®. The first mention on oral function with implants and
functional integration of implants dates back to the seventies and eighties when Haraldson and
his colleagues pioneered on this problem, after having observed that patients could function
quite well with implant supported prostheses despite of the absence of periodontal ligament
receptors. They concluded that bite force, masticatory function and tactile function of implant-
supported prostheses are somewhat deteriorated yet still within acceptable limits as compared

to patients with natural teeth, with considerable improvement over time 2%,

1.2.2 Evidences of osseoperception

1.2.2.1 Histological findings of innervation following dental implant treatment

To discover the mechanism of osseoperception, histological studies were performed to
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Figure 1.2. Sensory pathway for tooth/implant stimuli. Once a stimulus exerted on a tooth, it
would activate periodontal sensory endings. This functional mechanoreceptive input might be
derived from temporomandibular joint, periosteum, gingiva, periodontal ligaments (PDLs),
mucosa, and alveolar bone receptors (red stars), through the trigeminal neurons located at
trigeminal ganglion, the signals would be sent to ventral posterior nucleus of thalamus. Lastly,
these signals would be replayed to sensory cortex and received by organisms, which eventually
forms the complete neurosensory pathway feedback, whereas for implants, some of the

mechanoreceptors do no longer play a role.

investigate the pattern of nerve fibres innervated surrounding the implants and the function of
mechanoreceptors or axons in the peri-implant tissue. Following the observation of myelinated
nerve fibres in the healed extraction sockets®®, both myelinated and unmyelinated nerve fibres
have been observed in the peri-implant bone within a range of 200 um - 1000 um from the
implant surface in human and animal studies?'***>. The presence of Ruffini mechanoreceptive

terminals in peri-implant bone and/orepithelium demonstrate a link with neurosensory



myelinated nerve fibre content?!*®. Previous animal studies exhibited dense peri-implant bone
innervation around loaded implants, whereas a sparsity in innervation was detected in the bone
around unloaded implants due to ankylosis with the surrounding bone.?"*>7. Within a 200~500
um peri-implant bone perimeter, the density of myelinated nerve fibres was larger in the loaded
implant compared to unloaded ones. It was then suggested that immediate implant placement
and loading protocol had a positive effect on peri-implant bone innervation®. Besides, the
greater pattern of nerve fibres mostly observed in the apical region of the endosseous dental
implant reinforced this evidence. In addition, the human study quantified nerve fibres in the
peri-implant bone, in which the authors collected 12 failed implants from 10 patients and
counted both unmyelinated and myelinated nerve fibres. The results added more convincing
evidence with regard to the presence of functional nerve fibres in peri-implant bone®>. Details
can be found in Table 1.1. While tooth extraction may lead to damage of the myelinated nerve
fibres, remaining functional nerve fibres and their endings in PDL residue might be able to
regenerate and recover the sensory feedback. As is common knowledge, axons in the proximal
stump randomly produce a large number of collateral and terminal sprouts that advance distally
within the initial days or weeks following transection of the nerve trunk®®. Afterwards, some
of these sprouts will approach the proliferation of Schwann Cells in the distal segment or grow
into connective tissue in the nerve trunk or some of them will disappear. Thus, it can be
assumed that some interference during the process of sprouting plays a critical role in
regeneration of nerve fibres in the defect regions’®.

Literature demonstrates that periodontal mechanoreceptors may remain within the bone after
tooth extraction and are successfully stimulated in the healed extraction sockets*®. The potential
to improve this sensory function by boosting the restoration or regeneration of nerve fibres
following implant placement has received growing attention. Various methods have been used
to reach out this goal, such as changing the type of implant placement and loading®'*° and
modifying implant surface structure®!.

While assessing different protocols of implant placement and loading, some evidences seemed
to support immediate implant placement with immediate loading as hypothetically this concept
could allow to leave the damaged nerves to be stimulated and activated by immediate loading,

preventing retrograde degeneration of nerve tissue after tooth extraction®’. Indeed, some



preventing retrograde degeneration of nerve tissue after tooth extraction®’. Indeed, some
evidences revealed that stimulation of functional implants accelerated proliferation of adjacent
Schwann cells and detected that loading pressure on regenerated nerve fibres surrounding the
implants could conduct axons differentiation and guide sprouting to connect with Schwann
cells allowing to reorganise bony innervation***°. However, and even then, it remains unclear
whether restored nerve fibres have a sensory function. Besides, there is not enough evidence
proving that modification of implant surface structure and application of growth factors
increase the amount of nerve fibres. Histological evidence associated with the peri-implant
innervation is scarce. Further studies are required with a standardized methodology for
evaluating osseoperception within the peri-implant region. In addition, techniques for
enhancing regeneration of nerve fibres following implant placement need to be developed and

thus improve osseoperception.

1.2.2.2 Psychophysical findings in assessment of tactile sensibility following dental
implant treatment

Psychophysical evidence mainly derived from the evaluation on active tactile sensibility (ATS)
and passive tactile sensibility (PTS). Various thin foils with different materials, such as steel,
copper, aluminium, and gold, were employed in assessment of the threshold of ATS!**4,
Technically, the foils would be fixed on the occlusal surface of natural teeth or implant-
supported prostheses, and then, patients were required to bite onto the foils. The thickness of
foil was recorded when patients had given a positive response. The ascending and descending
test order for the thickness of foils was adopted and 50% value were commonly recorded as
ATS threshold*#*4¢, In contrast, the pressure exerted by a custom-made stimulator manually
or semi-automatically on the natural teeth, implant-supported prostheses, or on the mucosa
adjacent to the implant and natural teeth, was detected as PTS threshold'#?%47-°_ All current
outcomes could prove that ATS and PTS have a higher threshold for implant-supported
prostheses than for natural teeth, while being considerably lower than the non-implant-
supported prostheses. Details are shown in Table 1.2. Specifically, the ATS threshold is 4 to 5

times higher than natural teeth but the PTS threshold is more than 50 times higher than natural

teeth. The different receptors activated by active tactile force and passive tactile force can



explain this large discrepancy. Indeed, for ATS some remote mechanoreceptors from the
temporomandibular joint (TMJ), muscles, mucosa and periosteum may contribute to ATS,
while PTS electively activate periodontal ligament receptors. Nevertheless, all edentulous
patients seem to function well after rehabilitation with a bone-anchored prosthesis.

Considering the investigated factors in these studies, such as age, gender, implant surface
structure, implant geometry (implant length and diameter), type of implant surface and position
of the implant, none of these factors could be convincingly linked to have any positive or
negative impact on tactile function!3!441:43:44.4647.49-53 = AJthough the threshold of tactile
sensibility was significantly higher in posterior than that in anterior in natural teeth, which
might be understood by the larger number of PDLs and thicker nerve bundles in the posterior
region*’, one study was unable to prove that the position of implants would influence the tactile
sensibility. Another study'* showed some differences in implant surface, albeit not significant.
A variety of study designs with a wide range of force intensity, uncontrollable experimental
design, unsubstantial sample sizes and a critical influence of the psychophysical set-up are

reasons for such inconsistent findings.

1.2.2.3 Neurophysiological findings in activation of neurosensory pathway following
dental implant treatment

The analysis of trigeminal somatosensory-evoked potentials (TSEP) was performed in 2
studies with a constant-current stimulator for delivering bipolar electrical square-wave stimuli
onto the abutment of endosseous implants®*>. In contrast to mechanical stimuli, the electrical
stimulus led to direct stimulation of primary afferent axons which bypassed the receptors. The
TSEP showed variability in polarity, latency and number of waves. Both researches showed
the presence of trigeminal waves and activation of other neural structures in the peri-implant
region.

The integrated sensory feedback pathway of the stomatognathic system is constituted of
mechanoreceptors, neurons, and primary sensitive cortex. The damage of periodontal ligament
after tooth extraction and implant placement induces the loss of the mechanoreceptors and free
nerve endings, which results in disruption of the sensory feedback pathway. Evidence for

motivation of TSEP in the cortex by electrical stimulation of oral implants makes it acceptable



that the sensory feedback pathway remain function in the patients with osseointegrated implant

treatment. Since the healthy periodontal mechanoreceptors were proved to have projections on

cortical somatosensory areas, fMRI analysis demonstrated activated areas of primary and

secondary sensory-motor cortex in patients with implant-supported prostheses. Though
activation was found less than natural teeth but fairly higher than non-implant-supported
complete denture®®>’ (Table 1.3). The activated function in patients with single implant-
supported prosthesis were closer to those of natural teeth. It could thus be hypothesized that
after tooth extraction and implant placement there may be some cortical plasticity involved,
often inducing bilateral sensory activations (Table 1.4). Furthermore, the discrepancy in brain
cortical plasticity areas in the different groups with various number of implant-supported
prostheses could have resulted from the different amount of the adjacent receptors and remote
receptors, which possibly exist in the peri-implant bone and the TMJ, mucosa, muscles and
periodontium, that were activated by the stimulation during the projection of fMRI. Due to the
limited number of studies and the limited sample size, the current findings were not able to
provide more convincing evidence regarding the functional mechanoreceptors in the peri-

implant bone.
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Table 1.3. Function brain area with natural dentition (ND), single-implant-supported prosthesis (SISP), implant-fixed denture
(IFD), implant-supported overdenture (IOD) and conventional complete denture (CD).

Brain area BA ND SISP IFD 10D CD
Postcentral gyrus 1 \
Primary
somatosensory cortex 3 \ \
Primary motor cortex 4 \ \ \
Precentral gyrus 6 \ \ \
Parietal gyrus 7 \ \
9 v v
Prefrontal cortex 10 \
11 V ol
Insula 13 \ \
Middle temporal 21 \ \
gyrus 22 \ \
37 v
39 v
Supramarginal gyrus 40 \ \
Broca’s area 44 \ \
45 v v V ol
Prefrontal cortex 46 \ \ \
a7 J J J
Basal ganglion BG \ \
Parietal operculum OP1 \ \
OP2 v
OP3 v
OP4 v

Abbreviation: BA: Brodmann’s area (blood oxygen level dependent signals)

1.3 Alveolar bone biology

Alveolar bone is part of maxilla and mandible which supports the teeth by forming the ‘other’ attachment for fibres of
the periodontal ligament. It consists of two plates of cortical bone separated by spongy bone (Figure 1.3). In some areas,
the alveolar bone is thin with no spongy bone. The alveolar bone and cortical plates are thickest in the mandible while
thinner in the maxilla bone.

The cortical bone was also termed as compact bone, which is a hard-outer layer of bone, composing of compact bone
tissue with minimal gaps and spaces. Cortical bone porosity is 5-30% and account for 80% of the total bone mass of an
adult skeleton. The spongy bone is termed as the trabecular bone as well, which is composed of an open cell porous
network, which makes the overall organ lighter and offers room for blood vessels and marrow. Trabecular bone accounts

for the remaining 20% of total bone mass but has nearly ten times of the surface area of compact bone. In comparison
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network, which makes the overall organ lighter and offers room for blood vessels and marrow. Trabecular bone accounts
for the remaining 20% of total bone mass but has nearly ten times of the surface area of compact bone. In comparison
to the other type of osseous tissue, it is softer, weaker, less dense and less stiff with a porosity range of 30-90%. Alveolar
bone is constantly being remodeled to adapt to changes in occlusal load. Alterations in resorption or restoration and the
interplay of these two phenomena are known as remodeling®®. Bone remodeling is an active and dynamic process
potentiated by the processes of bone deposition by osteoblasts and bone resorption by osteoclasts in a sound balance.
There is constant remodeling in all bones of body in response to various stimuli. Undoubtedly, a critical change is going
to happen in the alveolar bone following the tooth extraction and implant placement. The loss of tooth can result in the
resorption of bone while the loading transmitted by the implants can enhance the regeneration of bone. Unlike the
connection between the teeth and bone, the surface of load-carry implant is directly connected to the ordered, living
bone, which is termed as implant osseointegration. It has been described that the simultaneous contact and distant

osteogenesis at the implant surface and osteotomy wall lead to new bone synthesis and a direct bone to implant contact

without inter vening connective tissue’’.
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Figure 1.3. Microscopic compact and spongy bone.
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1.4 Aims and Hypotheses

The phenomenon of osseoperception following oral implant placement has been previously
confirmed by various psychophysical, neurophysiological, and histological studies. However, lack of
evidence exists related to the application of different methodologies for enhancing the
osseoperception. Therefore, the overall objective of this PhD project was to assess the neural and
bony changes following oral implant placement and to investigate a potential method to improve the
osseoperception in the peri-implant bone region. The general hypothesis was that different implant
placement and loading protocols and the application of autologous plasma would influence the
peri-implant bone innervation and alveolar bone remodeling at the interface of the bone-to-
implant contact. Subobjectives are divided into five chapters, mentioning the respective hypotheses:
Chapter 2:

Occlusal loading plays a vital role in jaw function with periodontal innervation around the teeth
having a crucial role in load transmission and sensory cortex stimulation. However, studies
unraveling the potential links between true mechanoreceptive function and their histological
presence remains rare. Furthermore, evidence is lacking on how nerve fibers in the peri-implant bone
region would be affected by the various loading protocol following dental implant placement.
Objective: To study the differential effect of various implant placement and loading protocols on
peri-implant innervation.

Hypothesis: Immediate implant placement and loading would enhance the peri-implant innervation.
Chapter 3:

Autologous plasma fractions, such as platelet-rich plasma (PRP) and platelet-poor plasma (PPP) have
been employed for stimulating new bone formation, angiogenesis, and peripheral nerve regeneration.
It has been revealed that PRP could benefit for the restoration of nerve defect. Nevertheless, studies
on the effect of PRP and PPP on the (re)innervation in the peri-implant bone region is rare.
Objective: To study the potential effect of adding PRP and PPP to implant placement on peri-implant
innervation.

Hypothesis: Local application of PRP during implant placement could improve the peri-implant (re)
innervation while PPP has no effect.

Chapter 4:

Various parameters have been reported to influence the BIC levels, such as, implant type and size,

implant surface treatment, bone quality and quantity, implant loading conditions, and forces exerted
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on implant. Recently, multiple growth factors, most commonly, platelet-derived growth factors have
been utilized for enhancing BIC. It is suggested to improve implant stability and earlier osteogenesis
with plasma containing higher concentration of platelets. However, there is lack of evidence related
to the influence of different platelet-derived plasma concentrations on the 3D BIC at follow-up.
Objective: To study the potential effect of adding PRP and PPP to implant placement on peri-implant
bone apposition.

Hypothesis: Local application PRP during implant placement might enhance the 3D BIC% while
PPP has no effect.

Chapter 5:

Since intraoral imaging has certain limitations such as 2D representation of three-dimensional (3D)
anatomical structures, geometric distortion, lower spatial resolution, and image magnification which
underestimates the defect. Furthermore, their inability to diagnose and distinguish buccally and
lingually located defects may lead to an inaccurate representation of the bone defect. Cone beam
computed tomography (CBCT) has been proposed and recommended by various studies as a
modality of choice for assessment of periodontal bone defects. Nevertheless, only a few studies are
available assessing the superiority of CBCT over 2D imaging for the assessment of peri-implant bone
defects.

Objective: To study the feasibility of using of 3D CBCT imaging for in vivo follow-up of bony
changes following implant placement in animals.

Hypothesis: 3D CBCT imaging has higher accuracy in the detection of peri-implant bone defect
than 2D intraoral (I0) imaging.

Chapter 6:

The potential of utilizing co-registered intermodal imaging for accessing bone structure and micro-
vascularization at follow-up remains unclear. Besides, the studies related to bone remodeling
assessment and blood flow velocity at follow-up are lacking. Even if histomorphometric analysis is
usually considered as gold standard, it prevents assessing the evolution of bone changes over time
unless applying a multifold sample size of the animals.

Objective: To study co-registration of micro-CT and HR-MRI imaging for in vivo follow-up of bony
changes following implant placement in animals.

Hypothesis: 3D imaging tools micro-CT and HR-MRI may allow to combine to detect early bony

change signs and depict vascular changes.
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Abstract

Background and Objective: While osseointegration following various dental implant place-
ment protocols has been extensively investigated, the neurohistological integration has re-
ceived little attention. The primary aim of this study was to compare the myelinated nerve
fibers density in peri-implant bone tissue following various implant placement protocols.
The secondary aim assessed the effect of follow-up on peri-implant nerve fibers density.
Methods: Ten beagle dogs randomly received 68 commercially pure titanium implants
in the mandibular premolar or molar region bilaterally following extraction utilizing one
of the six treatment protocols: (a) immediate implant placement (IIP) and immediate
loading (IL); (b) IIP and delayed loading (DL); (c) IIP and left unloaded (UL); (d) delayed
implant placement (DIP) and IL; (€) DIP and DL; and (f) DIP and UL. Histomorphometric
analysis of the peri-implant myelinated nerve fibers was performed in a 300 pm peri-
implant zone at the cervical, middle, and apical level following implant placement. The
follow-up assessment involved longitudinal observation at 3 months following each
implant treatment protocol and at 6 months for IIP+IL and [IP+DL protocols.

Results: The influence of different treatment protocols, including the fixed effects of
implant groups (IIP+IL, IIP+DL, [IP+UL, DIP+IL, DIP+DL, DIP+UL) and regions (cervical,
middle, apical), was examined via a linear mixed model. The IIP+IL group showed a sig-
nificantly higher myelinated nerve density compared to the IIP+UL and DIP+UL group.
Peri-implant nerve re-innervation was significantly higher (P = .002) in the apical re-
gion compared to the cervical region. After immediate implant placement, the IL group
showed a significantly (P = .03) higher density of myelinated nerve fibers compared to
DL. No significant (P = .19) effect of follow-up on nerve density was observed.
Conclusion: The immediate implant placement and loading protocol showed most ben-
eficial effect on peri-implant innervation with highest myelinated nerve density in the

apical region. A longer loading time had no influence on the peri-implant nerve density.

KEYWORDS

dental implants, histology, immediate dental implant loading, myelinated, nerve fibers
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1 | INTRODUCTION

The periodontal mechanoreceptors are somatosensory receptors
which provide an essential tactile information to refine oral motor
behavior.2? While tooth extraction results in the loss of these re-
ceptors causing disruption in the sensory-motor interaction,® dental
implant rehabilitation allows partial restoration of the oral neuro-
sensory function. Edentulous patients rehabilitated with bone-an-
chored oral prosthesis have been shown to have an improved tactile
sensation. This phenomenon of partial tactile function recovery
with improved sensory awareness is denoted as “osseoperception”.*
While psychophysical evidence confirms tactile threshold recovery

t,>7 there is still a lack of evidence

following dental implant treatmen
concentrating on the source of origin of these receptors.’®

Several histological studies evaluating the bone healing process
following dental implant placement have verified the presence of
mechanoreceptors and their associated nerve fibers in the gingiva,
mucosa, muscle, and periosteum.""11 Nevertheless, nerve fibers
found in the peri-implant region play the most vital role in resto-
ration of the sensory function. The nerve density in peri-implant
bone is less than that of the alveolar bone around natural teeth.'?
Previous animal experiments and clinical studies have shown that
different implant placement and loading protocols exert a differen-
tial effect on the peri-implant nerve fiber regeneration.13*14 Some
histological studies have indicated that the immediate implant place-
ment and loading protocol shows a higher myelinated nerve fiber
density compared to delayed and unloaded implants,** while others
have found no significant difference.’® Evidence also suggests in-
consistent findings in relation to follow-up time after loading. Some
studies indicated an increased nerve density following longer fol-
low-up periods, whereas others suggested decreased number and
density of nerve fiber following loading.*>*¢

To address the ambiguity related to previous findings, the pri-
mary aim of this study was to histomorphometrically evaluate the
impact of different implant placement and loading protocols on the
myelinated nerve fibers density in peri-implant trabecular bone tis-
sue. The secondary aim was to assess the effect of follow-up on
peri-implant nerve density. The null hypothesis was that the nerve
fibers density would be similar, regardless of the implant placement
and loading protocol, and a longer follow-up period would show no

difference in nerve density.

2 | MATERIAL AND METHODS

The study protocol was approved by the ethical committee of Dalian
Medical University (Protocol No. 211003700000896). A randomized
design using six dental implant treatment protocols in 10 healthy
adult male beagle dogs was used (Figure 1). Randomization was per-
formed using the Rand function in Microsoft Excel (Microsoft Excel
2016, Microsoft Corp.) To reduce the number of animals used in the
experiment, a sample size calculation was carried out based on a pre-

vious study on dogs with similar design.**” A priori power analysis

in G*power 3.1 suggested a minimum sample size of 4 specimens per
treatment protocol when assuming 80% power and a significance
level of 5% (a = .05). All dogs (weight: 10.0-14.0 kg) were individu-
ally housed and were free of any oral lesion or systemic disease.
The dogs were fed according to the general feeding program at the

Experiment Animal Center of Dalian Medical University, China.

2.1 | Surgical procedure

The dogs received 1 week of intramuscular prophylactic antibiotic
(gentamicin sulfate 1 600 000 U/d, Lingrui Pharmaceutical Co., Ltd.).
A 12-hour fasting period was applied to prevent possible vomiting
during surgery. All surgical procedures were performed under gen-
eral anesthesia with application of xylazine hydrochloride (Lumianlin
0.1 mL/kg, Changchun Military Academy of Medical Sciences,
Changchun, China) and local anesthesia (2-4 mL lidocaine 2% with
epinephrine 1:100 000, Tianjin Pharmaceutical Co., Ltd) at the sur-
gical site. Following tooth extraction and implant placement, all
animals were administered with intramuscular (IM) antibiotics (gen-
tamycin sulfate 1 600 000 U/d, Tianjin Pharmaceutical) and ibupro-
fen (IM, 5-8 mg/kg, Tianjin Pharmaceutical) for a period of 3 days to
control post-operative infection and pain.

Following anesthesia, bilateral extraction of mandibular 2nd,
3rd, and 4th premolar and 1st molar was performed with closure of
the extraction site using a 5.0 resorbable suture under sterile con-
ditions. Periapical radiographs were taken before tooth extraction
to observe the root shape, after tooth extraction to ensure that
no roots tips were left behind and following implant placement to
confirm correct positioning of dental implant. Sixty-eight titanium
implants (3.8 mm x 8 mm for 2nd premolars, 3.8 mm x 10 mm for
3rd and 4th premolars, 4.5 mm x 12 mm for 1st molars, DIO im-
plant system, Dong Seo Ltd. company) were randomly assigned to
one of the six treatment protocols (Figure 1): (a) immediate implant
placement and immediate loading (IIP+IL); (b) immediate implant
placement and delayed loading (3 months after implant placement)
(IP+DL); (c) immediate implant placement and unloaded (IIP+UL); (d)
delayed implant placement (3 months after extraction) and immedi-
ate loading (DIP+IL); (e) delayed implant placement (3 months after
extraction) and delayed loading (DIP+DL); and (f) delayed implant
placement (3 months after extraction) and unloaded (DIP+UL). Table
S1 describes the random allocation of treatment protocol for each
site in individual dogs.

One experienced surgeon (HZ) performed the surgical proce-
dure. All implant sites were prepared with a starter drill followed by
drill depths of 2.5 mm x 8 mm and 3 mm x 8 mm. The final prepa-
ration was made with 3.5 mm and 4.2 mm width increasing drills.
Implants were placed using a low-speed protocol (800 rpm) while
being cooled with sterilized saline. A torque of 45-50 N/cm was ap-
plied to ensure a good primary stability with an implant shoulder at
the marginal bone level. Nickel-titanium (NiTi) alloy-based crowns
were placed on the loading site using resin cement (RelyX, Unicem,
RX, 3M ESPE). The crowns involved in the immediate loading
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[ 1
1IP+IL6 (n=9) IIP+IL3 (n=17) IIP+DL6 (n = 9) 1IP+DL3 (n = 13) 1IP+UL (n=8) DIP+IL3 (n=4)  DIP+DL3 (n=4) DIP+UL (n=4)
TO TE +1IP TE
13 TE+I1IP+IL DL TE + 1IP TE DIP TE
T6 TE+1IP + IL DL TE + IIP DIP + IL DL DIP
T9 Euthanasia

FIGURE 1 Flowchart of the implant placement and loading protocols. DIP, delayed implant placement; DL, delayed loading; DL3 or IL3,
3 mo loading protocol; DL6 or IL6, 6 mo loading protocols; IIP, immediate implant placement; IL, immediate loading; TO, basement; T3, 3 mo;

T6, 6 mo; T9, 9 mo; TE, tooth extraction; UL,: unloaded

protocols were set within 2 hours and for the delayed loading pro-
tocols 3 months after implant placement. For the dogs having a de-
layed loading treatment protocol, the restoration procedure was
performed under general anesthesia with the application of xylazine
hydrochloride (Lumianlin 0.1 mL/kg, Changchun Military Academy
of Medical Sciences) 3 months after implant placement.

In the group IIP+IL3 and DIP+IL3, the implant was placed and
loaded at 6 months. The IIP+DL3 and DIP+DL3 treatment proto-
cols involved implant placement at the third month and loading at
sixth month. In group IIP+UL and DIP+UL, the implant was placed at
the sixth month without loading. In group IIP+IL6, the implant was
placed and loaded at the third month, whereas, in group [IP+DL6,
the implant was placed at the baseline time point and loaded at
third month. All animals were euthanized at the same time point
of 9 months. The aforementioned treatment strategies at various
time points before euthanization allowed the follow-up assessment
at a 3-months period for six treatment protocols (IIP+IL3, IIP+DL3,
IIP+UL, DIP+IL3 DIP+DL3, DIP+UL) and 6-months only for two
treatment protocols (IIP+IL6 and IIP+DL6é).

2.2 | Histological preparation

All animals were euthanized with an excess amount of xylazine hy-
drochloride intramuscularly and immediately perfused with 4% para-
formaldehyde and 0.0125% glutaraldehyde in 0.1 mol/L phosphate
buffer (pH 7.4) through the external carotid arteries. The jawbones
were removed, defleshed, and trimmed into bone blocks with a bone
width of 3-5 mm from the dental implant surface in the mesial and
distal regions. Samples were decalcified in 0.5 mol/L ethylenediami-
netetraacetic acid (EDTA) and phosphate-buffered saline (pH 7.4)

for 10 months at 4°C; thereafter, the implants were easily removed

using surgical forceps. The specimens were neutralized with 5% so-
dium sulfate, dehydrated by a graded series of increasing ethanol
concentration, and were then embedded in paraffin. Tissue blocks
were serially cut into 4-6 pum thick sections using a microtome in a
vertical plane perpendicular to the long axis of the implant-removed
socket. Sections were stained with hematoxylin and eosin staining
(H&E staining).

2.3 | Histomorphometric analysis

Each bone block was separated into three parts (cervical, middle,
apical), and three serial sections from each sample were digitized
using MiraxScan (Carl Zeiss) at x100 magnification. All digital slide
files were viewed on a 17-inch LCD monitor (Dell) using an image
software package (Panoramic Viewer) at three root levels (1, 5, and
9 mm from the apex, respectively). One experienced observer, who
was blinded to treatment protocol allocation, analyzed the myeli-
nated nerve fibers density (N/mm? number of myelinated nerve
fibers per area) with an automated digital image analysis system
linked to histomorphometry software (Leco Instruments) following
the protocol based on a previous study.18 This system displayed the
microscopic image on a video monitor calibrated to 0.125 mm/pixel.
Each section was measured three times at an interval of 1 week be-
tween measurements, and a mean value was generated for minimiz-
ing the intra-observer variability. The histomorphometric analysis of
myelinated nerve density was based on a protocol previously de-

scribed by Huang et al,*

which involved assessment of a 300 um
wide peri-implant zone at 2 mm height for three regions of interests
(ROls), that is, cervical, middle, and apical levels (Figure 2). A 300 um
wide peri-implant zone was selected as this region is most widely

influenced by the dental implant's loading transmission.'? The single
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FIGURE 2 |lllustration of comparative
histological analysis for three treatment
protocols. The histological slices present
myelinated nerve fibers magnified (x20) in
the circle (black). The Bar is 500 um
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FIGURE 3 Chart showing myelinated nerve fiber density of treatment protocols in relation to region of interest. *P < .05 shows the

significant difference

myelinated nerve fibers were measured, which always existed indi-
vidually and were situated mostly in the peri-implant bone. A single
myelinated nerve axon was defined as the nerve axon around which
there was no more than one axon in a 20 um range. The partial fib-
ers at the borderline of an ROl were excluded. An interleaved gap
of 1 mm for the 8 mm implants and 2 mm for the 10 mm implants

between the 3 ROIs was set.

2.4 | Statistical analysis

Two separate linear mixed models were defined to fully consider the
effect of the randomized design. The first model was applied to ex-
amine the influence of the different treatment protocols, including the
fixed effects of implant groups (IIP+IL, IP+DL, lIP+UL, DIP+IL, DIP+DL,

DIP+UL), regions (cervical, middle, apical), their two-way interaction

27



SONG ET AL.

Journal of

FIGURE 4 Mean density of myelinated 20
nerve fibers at 3- and 6-month follow-up
in lIP+IL and IIP+DL groups. DL: delayed _ 18
loading; IIP: immediate implant placement; NE
IL: immediate loading. c 16
g
=3
- 14
2
2
e 12
©
4
o 10
2
4=
(] 8
c
9]
< 6
ho]
3
© 4
=
2,
=
0

effect, and the random effects of dogs. The second model evaluated
the effect of follow-up, including group (lIP+IL, IIP+DL), follow-up time
(3 months, 6 months), their two-way interaction effect, and the ran-
dom effect of dogs. Bonferroni-corrected post hoc t tests were used to
examine significant main and interaction effects. All statistical testing
was performed in SPSS (IBM) at a significant level of a = .05.

3 | RESULTS

All animals remained in good health throughout the whole experi-
mental period. Six implants failed due to local peri-implantitis (4 im-
plants: IIP+DL3 group, 1 implant: [IP+DL6 group, 1 implant: IIP+IL3

group) and were excluded from further analysis.

3.1 | Effect of implant placement and
loading protocols

There was a main effect of treatment protocol (F = 4.1; P = .01) and
region (F = 6.9; P = .002; Figure 3). Post hoc test showed signifi-
cant differences between the [IP+IL3 group and IIP+UL (P = .02), and
DIP+UL (P = .010; Figure 3). Myelinated nerve fiber density was sig-
nificantly higher in the apical region compared to the cervical region
(P =.002; Figures 2 and 3). There was no interaction between treat-

ment protocol and region (P = .77).

3.2 | Effect of follow-up after lIP+IL and IIP+DL

Myelinated nerve density after immediate loading was significantly
higher compared to delayed loading (F = 5.0; P = .03; Figure 4). The
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immediate loading group showed a 53% higher amount of myeli-
nated nerve fibers compared to delayed loading after immediate im-
plant placement. While there was a tendency that the myelinated
nerve fibers density increased slightly over time in both IIP+IL group
and IIP+DL group (Figure 4), no significant different was found be-
tween 3 and 6 months of follow-up (F = 1.7; P = .19).

4 | DISCUSSION

The present study was carried out to assess the effect of differ-
ent implant placement protocols on nerve density at the cervical,
middle, and apical peri-implant region. In addition, the influence
of follow-up period after loading was also investigated in a ran-
domized controlled animal experiment. These findings might be
of importance for further understanding the underlying mecha-
nism of osseoperception and for guiding a treatment design. In our
study, immediate implant placement and loading protocols showed
increased peri-implant re-innervation with highest nerve density
in the apical region, and a longer follow-up led to an increase in
density of myelinated nerves. Therefore, the null hypothesis was
rejected.

In order to minimize the potential bias related to implant posi-
tion and dynamic loading forces among experimental animals, a
randomized design was applied. Each of the six treatment protocols
was randomly distributed in both anterior and posterior mandibular
region. Following 10 months of complete decalcification process, the
presence of myelinated nerve fibers in peri-implant bone was con-
firmed. The myelinated nerve fibers were histologically observed as
rounded structures with dark-blue color at the periphery and light
blue at the center, concentrated under the screw thread, bone mar-

row, and haversian canals in the ROls.
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In the present study, density of myelinated nerve fibers at a re-
gion of 300 pm from the implant interface was found to be high-
est in the IIP+IL group, while lowest in DIP+UL group. These results
suggested that the immediate implant placement and immediate
loading were more beneficial in relation to improved regeneration
of nerve fibers compared to delayed implant placement and delayed
loading. Our findings were in accordance with Huang et al's study,
which also showed increased mean nerve density of myelinated
axons in the IIP+IL group compared to DIP+DL and DIP+IL proto-
cols.* The loaded group showed increase in nerve fibers compared
to the unloaded group which was also consistent with the previous
findings.13*19 Our findings suggested that the ability of the nerve fi-
bers regeneration is linked to the time point of when the implant is
inserted and the prothesis is loaded.

Previous studies showed high concentration of nerve fibers in
the apical region of natural teeth, as the periodontal ligament in
this region receives the most loading.*®?° Based on this fact, our
findings suggested increased nerve fiber density in the apical re-

gion of dental implant. Wada et al*®

also found proliferation of the
neurofilament protein (NFP)-positive nerve fibers in apical region
of implant.

The present study indicated no beneficial effect of longer
post-experimental loading time on the density of nerve fibers.
Although the density of nerve fibers increased slightly at 6-month
follow-up, there was no significant difference when compared with
3-month follow-up. The re-innervation in the peri-implant bone after
3 months tended to be stable. This outcome was consistent with the
findings of Zhu and Lin,?* which also showed an improvement of
nerve fiber regeneration within 3-month post-loading. This evidence
proved that early implant stimulation was beneficial for peri-implant
nerve fibers regeneration. Upon implant loading, the signals from ac-
tivated nerves and/or dedifferentiated Schwann cells might promote
the regeneration of peri-implant nerve fibers.

The limitations of the present study included failure of six den-
tal implants due to peri-implantitis and non-osseointegration during
the healing period. The most susceptible site for implant failure was
second premolar region potentially related to a thin cortex. However,
based on a randomized design with implant recipient site and protocol
allocation, implant failure did not exert a negative effect on the results.

It should also be mentioned that the present study assessed neu-
rohistology, but this does not enable us to link the current histological
findings to the function and origin of the nerve fibers. Further stud-
ies should focus on discovering the origin of the regenerating nerve
fibers and combining the accumulated neurophysiological, psycho-
physical, clinical, and histological evidence to better understand the
neurosensory function as a keystone in osseoperception, oral func-
tion, and neurophysiological integration of the implant in the bone.

In conclusion, while immediate implant placement resulted in in-
creased nerve fiber density, immediate loading contributed to a further
increase as compared to delayed implant loading. Also, peri-implant
innervation had the highest myelinated nerve density in the apical re-
gion. No significant difference was observed between nerve densities

and between 3- and 6-month follow-up of implant loading.
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Abstract

implants.

Innervation

Background: Autologous plasma fractions, such as platelet-rich plasma (PRP) and platelet-poor plasma (PPP), contain
growth factors that can enhance neural cell survival and are therefore likely to have the ability to promote nerve
regeneration. The present study compared the effect of PRP and PPP application on myelinated nerve density and
diameter in the peri-implant bone region. In addition, the effect of healing time on nerve regeneration was assessed.

Materials and methods: Nine beagle dogs randomly received 54 dental implants in the bilateral mandible according
to a split-mouth design. Each implant was randomly assigned to one of three implant protocols: delayed implant
placement with delayed loading (DIP + DL) with local application of PRP, DIP + DL with local application of PPP and
DIP + DL without any plasma additive. The animals were euthanized at 1, 3, and 6 months after loading (3 dogs per
time point). Block biopsies were prepared for histomorphometry in the peri-implant bone within 500 um around the

Results: Myelinated nerve fibers were identified in the trabecular bone and in the osteons near the implants surface.
The nerve fibers in the PRP group (median + IQR; 2.88 + 1.55 um) had a significantly (p < 0.05) greater diameter
compared to the PPP (240 + 091 um) and control (2.11 + 1.16 um) group. The nerve diameter after 6 months healing
(3.18 + 1.58 pm) was significantly (p < 0.05) greater compared to 1 (2.08 + 0.89 um) and 3 (249 + 1.22 um) months. No
significant difference was found for myelinated nerve density between groups and healing time.

Conclusions: The present study showed that the healing time significantly influenced the diameter of the myelinated
nerve fibers in peri-implant bone. PRP exerted a significant effect on the diameter of the myelinated nerve fibers as
compared to PPP. Large-scale animal studies and longer follow-up periods are needed to confirm these findings and
to verify whether platelet plasma can facilitate nerve regeneration process.

Keywords: Platelet-rich plasma, Platelet-poor plasma, Dental implant, Histomorphometry, Myelinated nerve fibers,

Background

Dental implant surgery is one of the most widely ac-
cepted procedures for replacing missing dentition with-
out harming the neighboring healthy teeth. The survival
of the dental implant is dependent on successful
osseointegration, defined as the direct structural and
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functional connection between vital bone and dental
implant surface under a functional load. If optimal
osseointegration is not achieved, biological failure and
consequent implant loss can occur [1]. The residual al-
veolar ridge constantly undergoes modeling and remod-
eling following tooth extraction [2].

Maxillary and mandibular alveolar bone contains mul-
tiple nerve fibers, which are responsible for detecting
mechanical loading-induced signals through the mechano-
sensitive cells knows as mechanoreceptors [3, 4]. These
receptors are responsible for transmitting information

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
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32


http://crossmark.crossref.org/dialog/?doi=10.1186/s40729-019-0193-3&domain=pdf
http://orcid.org/0000-0001-5394-6746
http://creativecommons.org/licenses/by/4.0/
mailto:dandansong9015@gmail.com

Song et al. International Journal of Implant Dentistry (2019) 5:40

from nerve endings on the magnitude, direction, and rate
of occlusal load for sensory perception and neuromotor
control. The mechanism of such receptors involves the
transmission of sensitivity and pain when natural teeth are
in hyperocclusion. Degeneration of the alveolar structure
or periodontal ligaments (PDLs) can lead to the impair-
ment of these receptors, hence effecting the neurosensory
pathway [5]. As osseointegrated dental implants are highly
susceptible to occlusal overload, the damaged receptors
can directly result in the loss of fine exteroception [6].
The existing mechanoreceptors in the bone and perios-
teum play a significant role in tactile function following
implant loading. The threshold level of active tactile force
in implant-supported prostheses has been suggested to be
lower than the complete denture but similar to that of the
natural tooth [7-10].

Previous studies reported a partial restoration of
peripheral sensory feedback pathway following implant
placement. However, the underlying mechanism of this
phenomenon remains unknown [11, 12]. Furthermore,
neurophysiological and psychophysical evidence con-
firms peripheral receptor activation after active or pas-
sive loading of the implant. It is assumed that the latter
could cause activation of endosseous and/or periosteal
receptors in the peri-implant tissue [13]. In addition, his-
tomorphological studies showed the presence of func-
tional mechanoreceptors in the peri-implant region
which might have been originally located in the peri-
odontal ligament and neighboring periosteum [14, 15].

Myelinated nerve fibers are the most effective sensory
signal transporters responsible for carrying these mecha-
noreceptors [16]. Several treatment strategies have been
utilized for the regeneration of mechanoreceptors around
osseointegrated dental implant which include, reconstruc-
tion of the peri-implant ligament [17], transplantation of
Schwann cells (SCs) [18], injection of neuropeptides (e.g.,
calcitonin gene-related peptide-a) [19], and application of
various implant placement and loading protocols [20].
Nevertheless, the clinical application of these therapies in
implant surgery remains ambiguous.

Autologous plasma fractions, such as platelet-rich
plasma (PRP) and platelet-poor plasma (PPP) have been
utilized in dental implantology for stimulating new bone
formation [21], angiogenesis [22], and peripheral nerve
regeneration [23]. PRP is obtained by differential centri-
fugation of peripheral blood which divides the plasma,
platelets, and leukocytes from red blood cells to form an
upper plasma layer and intermediate buffy coat. The
upper layer and superficial buffy coat are centrifuged for
a second time to form the final PRP product, whereas,
PPP is the residual plasma once the PRP is extracted
[24]. The clinical potential of platelet concentrates de-
pends on the number of platelets and the concentration
of growth factors. Various growth factors, such as

transforming growth factor-p (TGEF-B), platelet-derived
growth factor (PDGF), transforming growth factor
(TGEF), platelet factor interleukin (IL), vascular endothe-
lial growth factor (VEGEF), insulin-like growth factor
(IGF), and basic fibroblast growth factor (bFGF), con-
tained in the alpha-granules of platelets have been
known be responsible for PRP-related effects. Although
recent studies showed that PRP and PPP have compar-
able effects on bone [21] and blood vessel formation
[22], no evidence is available comparing the effect of
these two fractions on nerve innervation in the peri-
implant bone. Therefore, the purpose of this study was
to assess the effect of PRP and PPP on myelinated nerve
density and diameter following delayed implant place-
ment and delayed loading. In addition, the effect of heal-
ing time on peri-bone innervation was evaluated
following 1, 3, and 6 months after loading.

Materials and methods

Study design

The study was approved by the Bioethics Committee of
Sichuan University (reference number: WCCSIRB-D-
2014-010). A split-mouth randomized study was de-
signed in nine healthy male beagle dogs. The housing
and feeding condition for all experimental dogs strictly
followed the general program at Experimental Animal
Center of Laboratory of Biotherapy.

Sample size calculation

The minimum required sample size was calculated using
the discrepancy in myelinated nerve diameter for de-
layed implant placement with delayed loading (1.07 +
0.18 um) and natural socket healing (1.23 + 0.19 pm)
obtained from a study with similar design [25]. An a
priori power analysis in G*power 3.1 recommended
minimum sample size of 18 peri-implant bone samples
when assuming 80% power and o of 0.05 [26].

Surgical procedure

All animals (average weight 15.3 kg) received 1 week of
prophylactic antibiotic therapy prior to and after surgery
(Gentamycin Sulphate 300 mh, Tianjin Pharmaceutical,
Tianjin, China). Bilateral extraction of mandibular third
premolar, fourth premolar, and first molar was carried
out. All surgeries were performed by the same oral and
maxillofacial surgeon. After 1 month of natural healing,
six dental implants without surface spiral burr (Beijing
Leiden Biomaterial implant system, diameter 3.3 mm/
length 8 mm) obtained from Leiden Biomaterial Limited
Company, (Beijing, China) were placed bilaterally in the
mandible of each dog. The surgical procedures were
performed under general anesthesia with Sumianxin (0.1
ml/kg xylazine hydrochloride, Changchun Military
Academy of Medical Sciences, Changchun, China) and
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local anesthesia (2—4 ml lidocaine 2% epinephrine, Tian-
jin Pharmaceutical Co. Ltd, Tianjin, China) was used at
the surgical sites. The implant body part which was bur-
ied into alveolar bone was coated with a thin layer of
plasma-sprayed hydroxyapatite (HA). Each implant was
randomly assigned to one of the three implant protocols:
delayed implant placement with delayed loading (DIP +
DL) with a local application of PRP, DIP + DL with local
application of PPP and DIP + DL without any plasma
additive (Fig. 1). The surgeon was blinded to the alloca-
tion process during tooth extraction but aware of the
exact position of implant placements. A crown was fab-
ricated and attached to each implant at one month fol-
lowing surgery.

Preparation and application of PPP and PRP

A double-centrifugation protocol was followed as sug-
gested by Lee et al. [27]. Five milliliters of fresh whole
blood was withdrawn from the foreleg vein of each dog
and transferred into a sterile syringe, containing 1 ml of
sodium citrate anticoagulant solution. The whole blood
was first centrifuged (Allegra X 30R centrifuge, CA,
USA) at 700 g for 8 min and then separated into four
layers. Thereafter, supernatant plasma with a buffy coat
was separated and transferred to a new centrifugation

tube. It underwent a second centrifugation at 1600 g for
8 min. Finally, 1 ml of PPP and PRP were obtained sep-
arately and each implant in test groups was dipped in
PPP and PRP solution prior to insertion in the alveolus.

Occlusion restoration

The surgical condition and occlusion restoration were
kept similar for all groups. All tissue-level implants were
placed with their shoulders parallel to the level of mar-
ginal bone. Customized posts with resin crown (flowable
resin composite under halogen light-curing unit for 20
s) were prepared with a resin cement (RelyX, Unicem,
RX, 3M ESPE, St. Paul, USA). Occlusal contacts were
kept edge-to-edge between implants and opposing nat-
ural teeth. The contacts were checked with an articulat-
ing paper (20 pm thick, Accufilm II, RX, 3M ESPE, St.
Paul, USA).

Animal sacrifice and histology

All dogs were healthy with clinically stable implants and
normal surrounding soft tissue before sacrifice. Three
dogs were randomly chosen utilizing a direct sam-
pling technique at 1, 3, and 6 months’ time points
(T1, T3, and T6). They were sacrificed using an over-
dose of xylazine hydrochloride (intravenous injection)

Total number of experimental dogs (n=9)

Randomized split mouth design l

Implant recipient sites(n=54)

|

Control group (n=18) [~ PPP group (n=18) — PRP group (n=18)
’ ¥ f
Tooth extraction
DIP+DL DIP+DL+PPP DIP+DL+PRP

i

f

Tl ‘

Samples from 3 dogs (n=18)

s L

Samples from 3 dogs (n=18)

16 L 4

Samples from 3 dogs (n=18)

Fig. 1 Flow chart of study design. DIP+DL, delayed implant placement and delayed loading. PPP, platelet-poor plasma; PRP, platelet-rich plasma;
T1, 1 month healing time; T3, 3 months healing time; T6 6 months healing time
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and immediate perfusion of 4% paraformaldehyde and
0.0125% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). Specimen blocks were immersed in 0.5 mol/
L ethylenediaminetetraacetic acid (EDTA) phosphate-
buffered saline (pH 7.4) at 4 °C for 10 months, enab-
ling easy removal of the implants using surgical
forceps without damaging the samples. After dehy-
drated and fully infiltrated by paraffin, thin serial sec-
tions (~6 pum) were obtained by cutting in a buccal-
lingual direction. All collected sections were then
stained with Masson trichrome stain for histological
analysis and detection of myelinated nerve fibers.

Immunohistochemistry

The presence of myelinated nerve structures was con-
firmed with immunohistochemistry (IHC) by applying a
labeled avidin-biotin method [28]. Sections were depar-
affinized and microwaved using a 10-mm citrate buffer
(pH 6.0). Thereafter, 0.5% H,O, was applied to suppress
endogenous peroxidase activity for reducing background
staining. The unoccupied binding sites were blocked
with 10% normal goat serum. Staining of the sections
was carried out with primary antibody mouse monoclo-
nal anti-neuropeptide Y (NPY, Santa Cruz Biotechnol-
ogy, CA, USA, 1:50) followed by pretreatment with
citrate (pH 6.0).

Histomorphometric analysis

Digitization and evaluation of three serial sections from
every sample was performed with MiraxScan (Carl Zeiss,
Gottingen, Germany). A single observer (DS), who was
blinded to implant groups, evaluated the density (num-
ber of myelinated nerves/mm?® and outer diameter of
myelinated fibers (um) on a x 100 magnified image using
Fiji software (LOCI in Madison, WI, USA). A region of
interest (ROI) with a distance of 500 pm away from the
implant surface was selected (Fig. 2), which is most likely
to be influenced by the pressure from dental implant
[29]. The partial fibers at borders of selected ROIs, mye-
linated nerve bundles and isolated axons in inferior al-
veolar nerve canal were excluded from evaluation.

Statistical analysis

Normality in the distribution of data was assessed graph-
ically and with the Shapiro-Wilk test. Non-parametric
statistical tests were chosen by means of small sample
size and non-linear data distribution. The descriptive
analysis expressed data as median and interquartile
range. The Kruskal-Wallis test was used to compare
nerve density and shortest diameter values between im-
plant protocols (control, PPP and PRP group) and time
points (T1, T3, and T6). Dunn-Bonferroni corrected
post hoc tests were used to explore significant inter-
action effects. A significance level a of 5% was

microscope at x 10 (upper row) or x 40 magnification (bottom row)

Fig. 2 Region of interest selection 500 um away from the implant surface on histological sections stained with Masson's trichrome stain for
control (a, d), platelet-poor plasma (b, e), platelet-rich plasma (c, f) group. All sections were after 6 months healing time and taken with a light

~
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considered for all tests. Statistical analysis was per-
formed in SPSS (IBM, NY, USA).

Results

All animals recovered well after implant placement
and loading procedures without any clinical signs of
infection or inflammation. All implants were clinically
stable until euthanasia. Histological observation
showed myelinated nerve fibers in the osteons near
the implant surface and trabecular bone around the
implant (Fig. 2). Nerve fibers were primarily dispersed
perivascular and oriented according to the axis of the
blood vessels. No difference was observed in the mye-
linated nerve density between the three groups (p =
0.58) and time points (p = 0.29) (Figs. 3 and 5). How-
ever, there was a significant (p < 0.001) difference
between the three implant groups related to nerve
diameter (Figs. 3 and 5). The nerve fiber diameter in
the PRP group was greater than in the PPP (p =
0.02) and control (p < 0.001) group (Fig. 5). Overall,
healing time significantly (p < 0.001) influenced mye-
linated nerve fiber diameter (Figs. 4 and 5). An in-
crease in nerve diameter was observed at 6 months
healing time compared to 1 (p < 0.001) and 3 (p =
0.002) months (Fig. 5).

Discussion

The periodontal mechanoreceptors are an important
component of the stomatognathic system. Tooth extrac-
tion leads to impairment of osseoperception by dam-
aging these receptors [30]. The application of PRP has
been demonstrated and proven to be beneficial for
repairing damaged nerve fibers and receptors [31, 32].
Evidence suggests successful application of PRP for in-
ducing nerve regeneration when the traumatic gaps of
nerve structures are less than 3 cm long [33]. While the
fact that the defects around dental implants are normally
not as large as peripheral nerve defects might make the
regeneration of peri-implant nerve fibers more feasible.
Based on this fact, the present study was conducted to
quantify the density and diameter of myelinated nerve fi-
bers in peri-implant bone following local application of
PRP and PPP. Moreover, the study focused on the clin-
ical hypothesis that PRP contains numerous growth fac-
tors for promoting nerve growth.

The amount of growth factors in platelet plasma vary
widely amongst different species. Van den Dolder et al.
demonstrated in a comparative study that humans had a
higher concentration of growth factors compared to
other animal models [34]. Considering these differences
amongst species, we applied regular double centrifugated
protocol and separately transferred both the low

Control

Nerve density

»
3
2
15}
g
8
o
4
2
2

Fig. 3 Histological sections stained with Massons's trichrome stain for control (a, d), platelet-poor plasma (b, e), platelet-rich plasma (¢, f) group
near the implant surface. No difference was observed in the myelinated nerve density between the three groups (upper row). The nerve fiber
diameter in the PRP group was greater than in the control and PPP group (see arrows, bottom row). All sections derive from 6 months healing
time and taken with a light microscope at x 20 (upper row) or x 40 magnification (bottom row). |, implant; B, bone
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Fig. 4 Histological sections stained with Massons's trichrome stain for platelet-poor and platelet-rich plasma after 1 (T1), 3 (T3), and 6 months (T6)
healing time. The myelinated nerve fibers diameter (see arrows) increased with longer healing times for PPP (d—f) and PRP (j-I), but no effect was
seen on nerve density (@a—c and g-i). All sections were acquired with a light microscope at x 20 or x 40 magnification

concentration of PRP from the top layer and high con-
centration of PRP from the bottom layer into the im-
plant bed.

In this study, the density and diameter of myelinated
nerve fibers were examined in the region of 500 pm
away from implant because the mechanoreceptors in this
zone are considered to be easily activated by the loading
pressure [29]. For minimizing the potential bias between
experimental animals, a split-mouth design was applied
with identical implant placement and the platelet plasma
treatment protocols. The results showed a significant in-
crease in diameter of myelinated nerve fibers after 3 and
6 months healing time. Furthermore, PRP exhibited a
significant effect on the diameter of the myelinated
nerve fibers as compared to PPP, with bigger diameter
fibers observed in the PRP group. Wada et al. [35] re-
ported an increase in the number of neurofilament pro-
tein (NFP)-positive nerve fibers after 4 months loading
time.

When comparing myelinated nerve density amongst
all three groups, a tendency was observed that PPP or
PRP might help to improve regeneration of nerve

fibers in peri-implant bone, more specifically 6
months after healing. Yet, this observation did not
reach significance. This outcome could be explained
based on short life of platelets (approximately 5-7
days) [36] and method of platelet plasma preparation
and application. Literature reported that the concen-
tration of PRP is dependent on its preparation
process which can consecutively result in broad vari-
ability of growth factors [37, 38]. Graziani et. al re-
ported that lower concentration of platelet plasma
was better for enhancing cellular proliferation [38].
Cho et.al [39]. also found that PRPs’ biological effect
on nerve fibers was dependent on its frequency of ap-
plication and concentration which was not considered
in our study. For further experiments, it could be ad-
vised to optimize the animal model and application
protocol for PRP and use a larger subject sample to
verify the present results.

Various surgical options have been applied for
repairing injured peripheral nerves [40-42]; however,
these strategies fail to provide a suitable regenerative
micro-environment at a cellular and molecular level.
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To overcome this limitation, PRP has been applied as
an adjuvant therapeutic strategy for promoting nerve
regeneration and repair [43]. Recent evidence suggests
a desirable effect of PRP related to regeneration of in-
jured peripheral nerves and it has been successfully
applied clinically for sensory and motor fibers repair
of neuromuscular units [44]. In the same instance,
PRP-coated dental implants have also shown to pro-
mote bone regeneration and accelerate soft tissue
healing [40]. However, there is lack of evidence dem-
onstrating the effect of PRP using inferior alveolar
nerve and lingual nerve models. Based on our find-
ings, we believe that local application of PRP in cases
of iatrogenic inferior alveolar and lingual nerve dam-
age during routine implant surgery may provide accel-
erated healing and regeneration of nerve fibers,
thereby improving neurosensory recovery.

Despite the current study limitations, the present
report provides for the first time an animal model to
evaluate regeneration of injured nerve fibers in the
proximity of dental implants. It is considered a step
forward in understanding PRPs’ influence on implant
rehabilitation surgery. Further studies should be per-
formed to develop a standardized protocol for PRP
preparation and application in the peri-implant region
and assessing its effect on osseoperception.

Conclusions

The present study showed that the healing time signifi-
cantly influenced the diameter of the myelinated nerve
fibers in the peri-implant bone. PRP exerted a significant
effect on the diameter of the myelinated nerve fibers as
compared to PPP. Large-scale animal studies and longer
follow-up periods are needed to confirm these findings
and to verify whether platelet plasma can facilitate nerve
regeneration process.
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Abstract

Background: Bone-to-implant contact ratio (BIC%) plays a critical role in secondary stability of osseointegrated
dental implants. The aim of this study was to identify the correlation of 2D/3D micro-CT images with
histology as a gold standard for evaluating BIC% and to investigate the influence of the platelet-rich plasma
(PRP) and platelet-poor plasma (PPP) on 3D BIC% following delayed implant placement with delayed loading
(DIP+DL).

Methods: Nine beagle dogs were recruited. Following bilateral extraction of mandibular 3rd premolar, 4th
premolar, and Tst molar, 54 screw-type titanium implants were inserted and randomly divided into one
control and two test groups based on a split-mouth design. The control group involved DIP+DL (n =18) and
both test groups included DIP+DL with local application of PRP (n =18) and PPP (n = 18). A BIC analysis was
performed utilizing 2D histomorphometry and 2D/3D micro-CT. Following identification of correlation between
histology and 2D/3D micro-CT images, a 3D micro-CT assessment of the 3D BIC% at three follow-up time-
points (1, 3, and 6 months) was carried out for observing the influence of PRP and PPP on BIC.

Results: The 2D micro-CT BIC% values revealed a strong positive correlation with histology (r=0.98, p <0.001)
and a moderate correlation existed with 3D micro-CT (r=0. 67, p=0.005). BIC levels at 1 month and
combined influence of PPP and PRP irrespective of time-points revealed significantly higher 3D BIC%
compared to the control. However, a reduction in 3D BIC% was observed at the 3rd and 6th month. No
significant difference was observed between both PRP and PPP.

Conclusions: Both 2D and 3D micro-CT demonstrated a potential to be utilized as a complimentary method
for assessing BIC compared to the histological gold standard. Overall, both PRP and PPP significantly
facilitated bone healing and osseointegration with a higher 3D BIC at follow-up. However, their influence was
reduced as the observation period was increased.
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Background

Implant osseointegration has been described as the sim-
ultaneous contact and distant osteogenesis at the im-
plant surface and osteotomy wall leading to new bone
synthesis and a direct bone-to-implant contact (BIC)
without intervening connective tissue [1]. The amount
of BIC is an important determinant for achieving opti-
mal secondary implant stability [2]. Amongst different
methods proposed in literature for evaluating BIC, the
BIC ratio (BIC%) is one of the most commonly utilized
objective methods for quantifying the extent of osseoin-
tegration following implant placement [3]. It measures
the bone in-growth in the transitional region and is de-
fined as the percentage of the bone in contact with the
implant surface. The success of implant is ensured when
the BIC% is maintained at a minimum of 50-65% [4, 5].
Thereby, the fundamental goal of implant therapy is to
obtain a favorable BIC to prevent implant micro-
mobility and for maximizing the implant survival rate.

The two most commonly utilized imaging modalities
for evaluating BIC% in animal models include histomor-
phometry and micro-computed tomography (micro-CT)
[6, 7]. Although histomorphometry is a reliable method
and has been utilized as a gold standard for measuring
2D BIC%, information acquired through two-
dimensional (2D) slices is deemed insufficient for repre-
senting the three-dimensional (3D) bone structure [8].
To overcome the limitations associated with histomor-
phometry, micro-CT has been recommended for asses-
sing BIC% based on its rapidity, reproducibility, and
non-destructiveness [9]. Most of the evidence focusing
on micro-CT assessment of BIC% are pseudo three-
dimensional (3D) in nature, as instead of analyzing the
true reconstructed 3D image, the measurements are per-
formed on 2D cross-sectional images [10, 11]. Although,
cross-sectional images are pseudo 3D, still they form a
basis for validating the accuracy of micro-CT cross-
sectional measurements compared to a histological
reference.

In literature, various parameters have been reported to
influence the BIC levels, such as, implant type and size
[12, 13], implant surface treatment [14], bone quality
and quantity [15], implant loading conditions [16, 17],
and forces exerted on implant [18, 19]. Attempts have
been made for enhancing the BIC values by modifying
the roughness, composition, and surface treatment of
the dental implants. Recently, multiple growth factors,
most commonly, platelet-derived growth factors have
been utilized for enhancing the BIC [20]. Some studies
have shown improved implant stability and earlier osteo-
genesis with plasma containing higher concentration of
platelets [21, 22]. However, there is lack of evidence re-
lated to the influence of different platelet-derived plasma
concentrations on the 3D BIC at follow-up.

Therefore, the following animal study was conducted
to address two aims. The first aim was to identify the
correlation of 2D/3D micro-CT images with histology as
a gold standard for evaluating BIC%. The second aim in-
vestigated the influence of the platelet-rich plasma (PRP)
and platelet-poor plasma (PPP) on 3D BIC% following
delayed implant placement with delayed loading (DIP+
DL) utilizing micro-CT.

Methods

Animal model and sample size

The protocol for this study was approved by the Bioeth-
ics Committee of Sichuan University (reference No.
WCCSIRB-D-2014-010) and complied with the ARRIVE
guideline for preclinical studies [23]. Nine beagle dogs
(weight 14-17 kg, age 12—14 months) were recruited. An
identical housing and feeding condition were executed
for all the animals at the Experimental Animal Center of
Laboratory of Biotherapy. The sample size was in ac-
cordance with the previous studies [24-26] and also
based on a priori power analysis in G*power 3.1 at a
power of 80% and 0.05 level of significance [27].

PRP and PPP preparation

A volume of 5ml venous blood was collected from the
cephalic vein of one of the forelegs of each experimental
dog. The samples were transferred into sterile tube con-
taining 1 ml of sodium citrate which acted as an anti-
coagulant and placed into a centrifuge (Allegra X 30R
centrifuge, CA, USA). A previously optimized double-
centrifugation protocol was applied for the preparation
of PRP and PPP [28]. The first centrifugation involved a
relative centrifugal force (RCF) of 700 g for 8 min and a
second one at a RCF of 1600 g for 8 min. Following sep-
aration, 1 ml of each PRP and PPP were extracted from
the sample. Both PRP and PPP were stored at room
temperature in a conventional shaker until use.

Surgical procedure

Each dog was administered with a 1-week prophylactic
antibiotic therapy (gentamycin sulphate 300 mg) both
before and after surgery for preventing infection. All sur-
geries were performed under general (0.1 ml/kg xylazine
hydrochloride) and local anesthesia (2—4 ml lidocaine 2%
epinephrine). A bilateral extraction of mandibular 3rd
premolar, 4th premolar, and 1st molar was performed.
After 1-month healing time, 54 screw-type titanium den-
tal implant with plasma-sprayed hydroxyapatite (HA)
coating (3.3 mm @ x 8 mm, cylindrical, non-submerged
healing, BLB, China) were inserted at the healed extrac-
tion sites (n = 6 per dog). The implants were randomly
divided into one control and two test groups (n = 18 per
group) based on a split-mouth design. The control group
involved DIP+DL (n = 18) and the two test groups
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included DIP+DL with local application of PRP (n = 18)
and PPP (n = 18). Each implant in the test groups was
dipped in PPP or PRP solution prior to insertion in the
alveolus. Implants were inserted with a controlled inser-
tion torque ranging between 30 and 35N cm. All surgi-
cal procedures were performed by an experienced oral
and maxillofacial surgeon who was blinded to the alloca-
tion process. A resin crown was fabricated and placed
onto each implant following 1 month of treatment with
a resin cement (RelyX, Unicem, RX, 3M ESPE, St. Paul,
USA) under halogen light-curing unit for 20s. After-
wards, an articulating paper (20-pm thick, Accufilm II,
RX, 3M ESPE, St. Paul, USA) was used to check the con-
tacts and make occlusal adjustments of the prosthetic
crown to prevent possible overloading with the opposing
natural teeth.

Three-dimensional micro-CT assessment

A high-resolution micro-CT (Quantum FX Caliper, Life
Sciences, Perkin Elmer) was utilized for acquiring radio-
graphic images of the mandibular bone blocks with im-
plants from each animal and analyzing BIC% follow-up
changes at 1- (T1), 3- (T3), and 6-month (T6) time-
points. The acquisition protocol included 20-pm pixel
size, 360° rotation, 90-kVp tube voltage, 160-pA tube
current, 180-s scanning time, and a 20-mm? field of view
(FOV). All the images were manually reoriented along
the long axis of the implant in axial, coronal, and sagittal
plane utilizing Dataviewer software (Ver. 1.5.1.2; Bruker-

CT; Kontich, Belgium). Thereafter, image processing
was performed with CT Analyser software (version
1.16.1.0, Skyscan1272, Bruker Microct, Kontich,
Belgium). The whole implant body was included in the
volume of interest (VOI).

The implant shoulder was set as the reference for the
superior limit of the VOI and the apex of the implant as
the inferior limit (Fig. 1). The height of all the VOIs
were kept constant for standardizing its vertical limit.
Following determination of a circular region of interest
(ROI) and binarization, a segmentation algorithm with
separate histogram thresholding was applied for creating
a distinction between implant (minimum, 43; maximum,
100) and bone (minimum, 110; maximum, 255) and cal-
culating 3D BIC [29]. The BIC at a distance of 5 pixels
from the implant surface was selected and BIC% was
automatically calculated and represented by the percent
intersection surface (I.S/TS) (Fig. 1).

Histological assessment

Based on a random direct sampling technique, the dogs
from each group were randomly euthanized at T1, T3,
and T6 with an overdose of an intravenous injection of
xylazine hydrochloride. Thereafter, bone blocks were
prepared and decalcified with ethylenediaminetetraacetic
acid (EDTA, 0.5mol/L) and phosphate-buffered saline
(pH 7.4) at 4°C for 10 months. Care was taken to avoid
damage to the samples while removing implants with
surgical forceps. The bone blocks were dehydrated and

coronal region

Fig. 1 Automatic micro-CT-based evaluation of bone-to-implant contact (BIC) around the implant. a 3D surface reconstruction indicating the
superior (implant shoulder) and inferior (implant apex) limit of volume of interest. b Binary images of BIC surface based on a custom processing
with CTAn (version 1.16.1.0, Skyscan1272, Bruker Microct, Kontich, Belgium). Orange arrows indicate the series of slices from the implant apex to
the shoulder level. Blue lines indicate the position of the images in b which show the amount of peri-implant bone descends from apex to
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fully infiltrated with paraffin and sliced into thin ser-
ial sections (~ 6 um) in a bucco-lingual direction. All
slices were stained with Masson’s trichrome stain.
The BIC% was calculated based on a previously vali-
dated protocol [29].

Following selection of the matching histology slices
and 2D micro-CT images, they were spatially aligned
and registered for evaluating the same region as sug-
gested by Soares et al. [30]. The BIC% was calculated by
assessing the entire implant surface and contact areas
between bone and implant using AxioVision software
(Version 4.7.1; Carl Zeiss Microlmaging GmbH, Jena,
Germany) (Fig. 2).

Statistical analysis

The data analysis was performed using the SPSS software
(Version 22, IBM, NY, USA). Normality of data distribution
was assessed with the Shapiro-Wilk test. All the data
showed normal distribution, thereby, parametric tests were
utilized for assessing significance. The correlation between
the 2D/3D micro-CT and histological BIC% was performed
with the Pearson correlation coefficient. Afterwards, mean
and standard deviation of the 3D micro-CT BIC% was
calculated. Analysis of variance (ANOVA) and post hoc
Bonferroni tests were employed for calculating the signifi-
cance of difference between groups, different times points,
and combined effect independent of time-points (@ = 0.05).

Fig. 2 Matching sections of histology and micro-CT image and BIC% measurement. a, ¢ Matching bucco-lingual images of histology and micro-
CT. b, d Magnification of the orange rectangle in a and ¢ (x 40). Orange line is the bone-to-implant contact; green line is the implant thread
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Results

All dogs remained in good health during the experiment.
The implants in all groups were clinically stable till eu-
thanasia with no sign of infection or any complication.
The 2D BIC% values obtained from matching micro-CT
and histology images revealed a strong positive signifi-
cant correlation, regardless of the group or time-point
(r=0.98, p<0.001). However, a moderate correlation
existed between 3D micro-CT and histology images (r =
0. 67, p = 0.005).

Table 1 describes the 3D BIC% of the control and test
groups at the 1st, 3rd and 6th month observation time-
points. At the 1st month of healing time, PPP (p = 0.09)
and PRP (p =0.039) test groups showed the highest 3D
BIC% with a significant increase compared to the control
group. However, no significant increase was observed at
the 3rd and 6th month. Both test groups showed a de-
cline in 3D BIC% at the 3rd and 6th month compared to
the 1st month, and the 6th month time-point showed a
further decrease in 3D BIC% compared to the 3rd
month without any significant difference. At the 6th
month time-point, the PPP test group showed higher 3D
BIC% (55.3 = 8.7%) compared to PRP (52.9 + 7.5%) and
the control group (51.5 + 4.7%) without any significant
difference.

Overall, the 3D BIC% was found to be significantly
high in PRP (63.8 + 4.4%, p =0.024) compared to the
control (51.5 + 4.7%) irrespective of the time-point
(Fig. 3), with PRP group showing the most increase in
3D BIC%. No significant difference was observed be-
tween PPP and PRP group.

Discussion

In our study, a strong correlation existed between 2D
micro-CT and histology images, whereas with the
utilization of 3D micro-CT, a moderate correlation was
observed with a significant difference in BIC% of up to
4.9%. This minimal bias could be attributed to the ab-
sence of 3D BIC information in histology which varies
depending on the implant surface being evaluated. Add-
itionally, as the histological slices are taken at certain in-
tervals at pre-selected locations which have a risk of
misrepresenting, the entire osseous situation. Thereby,
both 2D micro-CT and histological slices are unable to

represent the true 3D bone structure around the im-
plant. Our findings were consistent with prior studies
which also indicated a strong correlation between 2D
micro-CT and histology and a moderate correlation
between 3D micro-CT and histology [11, 31]. For
overcoming the limitations of 2D histological and
pseudo 3D micro-CT images, we utilized a high-
resolution 3D micro-CT-based methodology for calcu-
lating the 3D BIC% by excluding four pixels closest
to the implant. These steps ensured standardized
BIC% assessment without under- and over-estimation
and overcame the influence of partial volume effect
around the trabecular edges and beam hardening near
the implant surface.

The 3D BIC% was assessed at different follow-up
time-points following application of PRP and PPP com-
pared to the control group. Our findings suggested a sig-
nificant increase in BIC% at the 1st month following
both PRP and PPP application, thereafter a slight de-
crease was observed at follow-up. Studies have shown
significantly higher BIC% at an early healing phase fol-
lowing PRP application, which was in accordance with
our findings [32]. This might be explained based on the
short life-span of platelets (approximately 5-10 days)
[33]. A high concentration of platelet growth factors is
initially secreted within the first 10 min following blood
clotting and within the first hour, over 95% of the pre-
synthesized growth factors contained in the alpha-
granules complete their secretion [34]. Following initial
burst release of PRP-derived growth factors, they con-
tinue to synthesize and secrete additional growth factors
during their remaining life-span [35, 36]. These growth
factors promote and accelerate tissue healing and regen-
eration [37, 38]. Additionally, the centrifugated platelets
in the form of PRP also accelerate cell proliferation and
bone healing. However, no studies were found assessing
the influence of PPP which requires further investiga-
tions. The long-term influence of plasma leading to sig-
nificant enhancement of bone formation in intra-bony
periodontal defects and sinus augmentation has been
well-documented [39-41]. However, it remains unclear
and controversial whether long-term effect of PRP and
PPP can be regarded as clinically favorable or not in im-
plant therapy.

Table 1 3D bone-implant contact ratio of control (DIP+DL) and test groups (DIP+DL+PPP, and DIP+DL+PRP) at different follow-up

time-points using micro-CT (*p < 0.05)

Observation period Group Bone-implant contact, mean + SD (%) p value; (1) vs (2), (1) vs (3),
(2)vs (3)

1 month (1) DIP+DL, (2) DIP+DL+PPP, (3) DIP+DL+PRP 522 +32,69.5 £ 2.6% 73.4 £ 5.6* 0.09%, 0.039%, 1

3 months (1) DIP+DL, (2) DIP+DL+PPP, (3) DIP+DL+PRP 473+ 112,590+ 27,652 £ 40 1,0.513,0819

6 months (1) DIP+DL, (2) DIP+DL+PPP, (3) DIP+DL+PRP 549+ 77,553 +£9.1,529+ 7.1 1,11

Overall (1) DIP+DL, (2) DIP+DL+PPP, (3) DIP+DL+PRP 515+47,613+48 63.8 + 4.4* 0.078, 0.024*%, 1
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Fig. 3 Impact of PRP and PPP on 3-demension bone-implant-contact ratio (3D BIC%) at individual time-points and overall influence irrespective
of time. PPP, platelet-poor plasma; PRP, platelet-rich plasma; T1, T month; T3, 3 months; T6, 6 months. *p < 0.05 statistically significant

Overall

When considering the overall combined impact of PPP
and PRP irrespective of the time interval, an obvious in-
crease in BIC% was observed with more than 60% in
both test groups. Our findings were in an agreement
with some studies [32, 42, 43]; at the same instance, in-
consistencies were observed with other studies suggest-
ing no influence of PPP or PRP on new bone formation
[44—-46]. The possible explanation for the inconsistent
findings could be due to the different centrifugation
techniques which can lead to substantial difference in
platelet, leucocyte, and growth factors level. This re-
quires further research to find an optimal standardized
method for preparing plasma and later on studying
which factors can lead to higher implant stability. The
concentration of platelet in PRP (776.2 + 144.0 x 10°/L)
is almost 2000 times higher than that in PPP (4.8 + 1.8
x 10°/L) [22]. However, in our study, both PRP and PPP
have positive effect on promoting bone regeneration in-
dependent of the amount of platelet concentration. As
the number of fibrin fibers is greater in PPP compared
to PRP [47], which could explain the final biological
bone healing effect of PPP during which lower platelet
count is compensated by the fibrin fibers. The potential
of these fibers acting to provide a scaffold for supporting
cells and releasing growth factors should not be ignored.
In some studies, PPP was discarded based on its low
platelet nature [48, 49]. We believe, based on its poten-
tial in speeding up the bone regeneration regardless of
the platelet concentration, future studies should also
focus on the long-term impact of PPP on BIC.

The study had certain limitations. Firstly, primary im-
plant stability was not evaluated. Secondly, the bone

blocks underwent decalcification prior to histological
preparation which might have impacted the BIC calcula-
tion, yet researchers carefully removed the implant after
decalcification ensuring no further harm to the peri-
implant bony surface. Thirdly, the small sample size
could have led to bias within our findings. Future pre-
clinical studies with a larger sample size should focus on
quantifying the combined impact of different plasma
preparation techniques, implant treatment protocols,
bone density, and other modified implant surfaces on
long-term 3D BIC%. Additionally, further animal re-
search should be carried out assessing the influence of
PRP and PPP following implant placement in compro-
mised bone defects. Later on, the results of this analysis
could then be applied and tested in patients with poor
wound healing.

Conclusions

Both 2D and 3D micro-CT demonstrated a potential
to be utilized as a complimentary method for asses-
sing BIC compared to the histological gold standard.
However, further studies should be considered for im-
proving the correlation of 3D micro-CT with histo-
logical images. Overall, both PRP and PPP were able
to contribute towards a significantly higher BIC fol-
lowing implant treatment. However, their influence
was reduced as the observation period was increased,
with BIC having the highest ratio at the 1st month
and lowest at 6 months. It can be assumed that the
plasma-fibrin may facilitate and speed up bone heal-
ing and osseointegration.
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Abstract

Background: Early detection of marginal bone loss is vital for treatment planning and prognosis of teeth and
implant. This study was conducted to assess diagnostic accuracy of CBCT compared to intra-oral (I0) radiography for
detection, classification, and measurement of peri-implant bone defects in an animal model.

Methods: Fifty-four mandible blocks with implants were harvested from nine male health adult beagle dogs with
acquisition of 10, CBCT and micro-CT images from all samples. Peri-implant bone defects from 16 samples were diag-
nosed using micro-CT and classified into 3 defect categories: dehiscence (n=5), infrabony defect (n=3) and crater-
like defect (n =8). Following training and calibration of the observers, they asked to detect location (mesial, distal,
buccal, lingual) and shape of the defect (dehiscence, horizontal defect, vertical defect, carter-like defect) utilizing both
IO and CBCT images. Both observers assessed defect depth and width on IO, CBCT and micro-CT images at each side
of peri-implant bone defect via CT-analyzer software. Data were analyzed using SPSS software and a p value of <0.05
was considered as statistically significant.

Results: Overall, there was a high diagnostic accuracy for detection of bone defects with CBCT images (sensitivity:
100%/100%), while 10 images showed a reduction in accuracy (sensitivity: 69%/639%). Similarly, diagnostic accuracy for
defect classification was significantly higher for CBCT, whereas |0 images were unable to correctly identify vestibular
dehiscence, with incorrect assessment of half of the infrabony defects. For accuracy of measuring defect depth and
width, a higher correlation was observed between CBCT and gold standard micro-CT (r=0.91, 95% Cl 0.86-0.94),
whereas a lower correlation was seen for IO images (r=0.82, 95% Cl 0.67-0.91).

Conclusions: The diagnostic accuracy and reliability of CBCT was found to be superior to 10 imaging for the detec-
tion, classification, and measurement of peri-implant bone defects. The application of CBCT adds substantial informa-
tion related to the peri-implant bone defect diagnosis and decision-making which cannot be achieved with conven-
tional 10 imaging.

Keywords: Alveolar bone loss, Peri-implantitis, CBCT, Dental radiography
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defects [3—5]. An accurate radiographic assessment of
the morphology and size of the peri-implantitis bone
defect is of vital clinical importance as it directly influ-
ences the implant survival and therapeutic outcome of
both surgical and non-surgical defect treatment [6—8].

Two-dimensional (2D) imaging modalities such as
intraoral (I0) and panoramic radiography are the most
commonly utilized radiographic methods for defect
detection in a clinical practice based on their low radi-
ation exposure and cost-effectiveness [9-13]. However,
they have certain limitations such as, 2D representa-
tion of three-dimensional (3D) anatomical structures,
geometric distortion, lower spatial resolution, and
image magnification which underestimates the defect
[14-17]. Furthermore, their inability to diagnose and
distinguish buccally and lingually located defects may
lead to an inaccurate representation of the bone defect
[18, 19]. To overcome the limitations associated with
2D radiography, cone beam computed tomography
(CBCT) has been proposed and recommended by vari-
ous studies as a modality of choice for assessment of
periodontal bone defects [20—23]. Undoubtedly, CBCT
offers higher accuracy compared to its 2D counter-
parts for an earlier bone defect detection, thereby
allowing immediate application of interventions for
controlling further bone loss. Nevertheless, only a few
studies are available assessing the superiority of CBCT
over 2D imaging for the assessment of peri-implant
bone defects [23, 24].

Furthermore, micro-computed tomography
(micro-CT), one of the most versatile non-invasive
investigative techniques has been regarded as a stand-
ard tool for quantifying the density and architecture
of bone in preclinical investigations. Micro-CT func-
tions by illuminating a rotated object with x-rays and
collects the magnified projection images via planar
x-ray detector. Thereafter, multiple angular images
are obtained and stacked together to form the 3D
image. Henceforth, micro-CT not only has the ability
of imaging the internal biological structures without
the need for sample preparation but also provides with
3D representation of the anatomical structures. Previ-
ous studies have widely reported on the feasibility and
reliability of using micro-CT to evaluate morphologic
characteristics of cortical and trabecular bone in both
animal and human models [25-28].

Therefore, the current study was conducted to assess
the diagnostic accuracy of CBCT compared to IO radi-
ography using the micro-CT as the standard for the
detection, classification, and measurement of peri-
implant bone defects in an animal model.

Methods

Following ethical approval from the Bioethics Com-
mittee of Sichuan University (Reference No: WCCSIRB-
D-2014-010), nine health male adult beagle dogs (weight
14-17 kg, age 12—14 months) with completely sound oral
condition were recruited by following the ARRIVE guide-
lines [29] for preclinical animal studies (Supplementary
file). All animals were provided by Laboratory Animal
Center of Sichuan University. An identical housing and
feeding condition was required for all the animals at the
Experimental Animal Center of Laboratory of Biother-
apy. With injecting general anesthesia with Sumianxin
(0.1 ml/kg xylazine hydrochloride, Changchun Mili-
tary Academy of Medical Sciences, Changchun, China)
and local anesthesia (2—4 ml lidocaine 2% epinephrine,
Tianjin Pharmaceutical Co. Ltd, Tianjin, China) at the
surgical sites, a total of 54 screw-type titanium dental
implants with plasma-sprayed hydroxyapatite (HA) coat-
ing (3.3 mm @ x 8 mm, cylindrical, non-submerged heal-
ing, BLB, China) were inserted in the mandibular region

of each dog (n=6 per dog). The sample size was calcu-
lated based on a prior power analysis in G*power 3.1 at

a power of 80% [30]. Following crown preparation and
attachment, each implant was followed-up for a period
of at least 1 months. The surgical procedure has been
explained in a prior publication [31, 32]. Thereafter, all
animals were euthanized using an overdose of xylazine
hydrochloride (intravenous injection) and immediate
perfusion of 4% paraformaldehyde and 0.0125% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4). All dogs
were healthy with clinically stable implants before sacri-
fice. The mandible blocks with implants were harvested
and IO, CBCT and micro-CT images were acquired for
each sample, where micro-CT acted as the gold standard.
Table 1 describes the details of the acquisition devices
and scanning parameters. Following image acquisition,
16 samples were found to have bone defects and were
included in the study. The marginal bone level around
the implant lower than the first screw loop of the implant
from the top was judged as the bone defect; otherwise,
the others were excluded. All the images were manually
reoriented along with implants long axis with
DataViewer (ver. 1.5.1.2, Bruker). Following orientation,
three types of bone defects were recognized and
diagnosed using

micro-CT, which included dehiscence (n=5), infrabony

defect (n=3) and crater-like defect (n=28) (Fig. 1). The
diagnosis was carried out by a consultant oral and max-

illofacial radiologist with an experience of over 20 years.
Later, two dentists were recruited as observers with an
experience of at least 5 years in dental imaging. Follow-
ing training and calibration of the observers, all the sam-
ples marked by the implant site were renumbered and
randomized by the method of random sort in Excel. The
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Table 1 Details of the protocols for each acquisition device and scanning parameters

Intraoral radiography Cone-beam computed tomography  Micro-CT
Product name Heliodent Plus 3D Accuitomo 170® Quantum FX
Company Sirona Dental Systems GmbH J.Morita PerkinElmer, Inc.
Bensheim, Germany Kyoto, Japan Waltham, USA
Tube current (mA) 7 5 0.16
Tube voltage (kV) 60 90 90
Voxel size (mm) - 0.08 0.02
Field of view (cm) 33x%x43 10x5 0.01 x 0.01
Exposure time (s) 0.12 175 180

Dehiscence

Infrabony
defect

Crater-like
defect

Sagittal Coronal

Axial

Sagittal

Reconstructed

Coronal Axial

Fig. 1 Shapes of peri-implant bone defects which were demonstrated in 10, CBCT and reconstructed imaging
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observers were asked to detect the location of the defect
(mesial, distal, buccal, lingual) and the shape of the defect
(dehiscence, horizontal defect, vertical defect, crater-like
defect). All evaluations were performed with both 10 and
CBCT images.

Following diagnosis, both observers measured the
defect depth and width on IO, CBCT and micro-CT
images at each side of peri-implant bone defect via CT-
analyzer software (version 1.16.1.0, Skyscan1272, Bruker
MicroCT, Kontich, Belgium). The slices in 3D images
were standardized to that of 2D image. A mesio-distal and
bucco-lingual slice was selected from the sagittal and
coronal view individually on the 3D images and were ori-
ented parallel to the long axis of implant. The width and
depth of the defects were measured as shown in Fig. 2.
The o bservers p erformed b oth d iagnosis a nd m easure-
ment tasks at a two weak interval with randomization of
the data for assessing the observer reliability.

Statistical analysis

Data were analyzed using SPSS software (Version 22,
IBM, New York, USA). The diagnostic accuracy of 10
and CBCT images for the defect detection and classifica-
tion was assessed by calculating the sensitivity and intra-
and inter-rater reliability (Cohen’s and Fleiss’s Kappa) of
each method and observer. The interpretation of Kappa
values was carried out as suggested by Landis and Koch
[33]. Intra-class correlation coefficient (ICC) was utilized
for calculating the absolute inter-protocol, intra-rater,

and inter-rater agreement for defects depth and width
measurements. Kruskal-Wallis one-way ANOVA test
was performed to compare the depth and width of the
infrabony defect with that of the crater-like defect. A p
value of <0.05 was considered as statistically significant.

Results

Overall, a high agreement (Kappa: 0.92; 95% CI 0.88—
0.96) and reliability (ICC: 0.97; 95% CI 0.96-0.97) was
observed for the detection and classification of the defect
on IO and CBCT images. Intra- and inter-rater agree-
ment for the diagnosis with CBCT was found to be
almost perfect for each observer. The reliability of CBCT
images was also considerably high when compared with
the micro-CT for the detection and classification of
the bone defect (ICC: 0.93 and 0.96, 95% CI 0.9-0.95 &
0.95-0.98). Additionally, the intra-rater and inter-rater
agreement between both observers was higher with
CBCT compared to IO images (Table 2). Both observers
showed a high diagnostic accuracy for detection of the
bone defect with CBCT images (sensitivity: 100%/100%),
whereas, 10 images showed a reduction in the accuracy
(sensitivity: 69%/63%). Similarly, the diagnostic accuracy
for the classification of the defect was also higher for
CBCT when compared with IO images (Table 3).

For the accuracy of measuring depth and width of the
defect, the ICC and agreement with the gold-standard
micro-CT was found to be approximately 1 (ICC: 0.99,
95% CI 0.996-0.998; Kappa: 0.91). A higher correlation

defect (from implant shoulder to bone crest)

Fig. 2 Method of depth and width measurement in intra-oral radiography (I0), cone-beam CT (CBCT) and micro-CT imaging. White arrow, implant
shoulder as reference; Yellow arrow, depth of bone defect (from implant shoulder to the most apical of bone defect); Green arrow, width of bone

Micro-CT
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Table 2 Reliability and agreement in detection of the bone lesion and morphology classification

Detection parameters Methods Observer effect
Reliability Agreement
ICC 95% Cl Weighted Kappa 95% Cl
Bone defect presence IO 0.96 0.94-0.97 0.84 0.72-0.96
CBCT 097 0.96-0.98 087 0.74-0.99
Total 0.90 0.86-0.92 0.78 0.68-0.88
Shape classification (¢} 0.96 0.94-0.97 0.84 0.72-0.94
CBCT 1 - 094 0.97-1
Total 0.92 0.90-0.94 0.82 0.74-0.90
Total 097 0.96-0.97 092 0.88-0.96

Reliability, intra-class correlation coefficient; Agreement, inter-rater agreement; 10, intra-oral radiography; CBCT, cone beam computer tomography

Table 3 Sensitivity of the diagnosis of bone defect
presence and shape

Observers Methods Bone Bone defect shape
defect -
presence Dehiscence Infrabony Crater-
(%) defect like
(%) defect
(%)
1 (o] 69 0 50 78
CBCT 100 100% 100 90
2 (@) 63 0 50 78
CBCT 100 100% 100 89

10, intra-oral radiography, CBCT, cone beam computer tomography

was observed when CBCT was compared with micro-
CT (r=0.91, 95% CI 0.86-0.94), whereas slightly lower
correlation was seen with 10 images (r=0.82, 95% CI
0.67-0.91).

The relationship between the bone defect morphology
and size is demonstrated in Fig. 3. The depth for crater-
like defect was larger than infrabony defect at all sides
in both IO and CBCT images. The distal (»p=0.003) and
buccal side (p =0.002) showed a significantly larger depth
in crater-like defects. Similarly, a larger defect width was
observed for crater-like defects in both I0 and CBCT
images, except mesial side on CBCT images which
showed a larger width in infrabony defect. Whereas, 10
images showed a significantly larger width on the mesial
side of the crater-like defect.

Discussion

Evidence suggests multiple studies underlining the
importance of the accurate detection and classification
of bone defect which can influence the treatment plan-
ning and prognosis of dental implant [34-36]. Therefore,
the present study was conducted to assess the diagnos-
tic accuracy of CBCT and IO imaging for the detection,

classification, and measurement of peri-implant bone
defects.

Our findings suggested a higher reliability and diag-
nostic accuracy for the detection and classification of
peri-implant defects with CBCT compared to IO images.
Based on the 2D nature of IO radiographs, it only allowed
accurate diagnosis of the horizontal and 1-wall vertical
bone defects in a mesiodistal direction [5]. This could
have led to a higher sensitivity of CBCT which offers
3D visualization of the bone. These findings were con-
sistent with previous studies, which suggested CBCT
to have a significantly higher diagnostic accuracy com-
pared to digital periapical radiography for the detection
of fenestration, dehiscence and three-walled periodontal
defects [23, 24, 37]. In a study by Noujeim, et al. [22], a
high sensitivity was recorded for the detection of large
bone defects by both 10 and CBCT imaging and they
suggested CBCT imaging only for small bone defects
of <1mm where IO radiography was considered insuf-
ficient for an accurate diagnosis. However, their study
has limited clinical value as they observed defects only
in the mesiodistal direction, and buccolingual aspect of
the defect was not included in the evaluation. Whereas,
in our study five bone defects were with dehiscence on
the lingual side which could not be detected or classified
accurately on IO radiographs, thereby leading to a fur-
ther reduction in its diagnostic accuracy [5]. Similarly,
inconsistency was observed with a study by Kiihl, et al.
[16]. where authors found that IO radiography offered
improved accuracy compared to CT-based images for
the detection of peri-implant bone defect. The main rea-
son for decreased accuracy of CT-based images in their
study was based on the presence metal artefacts resulting
in lower quality images. On the other hand, we acquired
images with a high-resolution CBCT protocol and the
CBCT device had an inbuilt metal artefact reduction
algorithm resulting in high quality images.

56



Song et al. BMC Med Imaging (2021) 21:23

0

Mesio-Depth Disto-Depth

-1

radiography; CBCT: cone beam computer tomography

CBCT

3 £
2

1

° | 1 + |

Mesio-Depth Disto-Depth Bucco-Depth Linguo-Depth Mesio-Width Disto-Width Bucco-Width Linguo-Width

Fig. 3 Graph of bone defect size (depth and width) for different shapes of peri-implant bone lesion in 10 and CBCT imaging. *p < 0.05. 10: Intra-oral

H Infrabony defect Crater-like defect

'

Mesio-Width Disto-Width

In relation to the mesiodistal depth and width measure-
ments of the bone defect, a high correlation was found
for both IO (r=0.82) and CBCT (r=0.92) images when
compared with the micro-CT. The slightly lower correla-
tion value with IO could have resulted due to the over-
lapping effect and blurring of the peri-implant region.
We found the size of defect to be significantly larger in
crater-like defect compared to infrabony defect. A pre-
vious study observed peri-implant bone defects to be
larger on buccal side compared to other walls in patients

with peri-implantitis [38]. In contrast, we found defects
to be larger mesiodistally followed by lingual and buc-
cal wall. The difference in study design where we utilized
an animal model and location of the implant placement
could have resulted in these inconsistent findings. The
detection, classification and accurate measurements of
the defect are all critical parameters as they might influ-
ence the success of an implant or regenerative therapy if
required [39]. Although CBCT carries the risk of higher
radiation dose compared to IO radiography, it can be
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argued whether the benefit of an accurate diagnosis with
CBCT outweighs the risks involved with a higher radia-
tion dose. We believe that a clinician should not hesi-
tate to order a CBCT for the diagnosis and follow-up of
a peri-implant defect, as IO radiography is insufficient
for an accurate diagnosis [40]. At the same instance, the
scanning parameters should be optimized accordingly for
reducing the radiation exposure to the patient.

Our study had certain limitations. Firstly, the sample
size was not sufficient for drawing a meaningful conclu-
sion related to the relationship between the bone defect
type and size. Secondly, the setup for the high resolution
CBCT was obviously diverting from that of a normal
patient acquisition. We realise that this may cause some
deviation when transferring the present imaging data
and outcome to the clinic situation. However, the high-
dose allowed accurate investigation of infra-bony defects
which might get impeded due to the presence of implant-
related artefacts if a lower dose is applied. Further studies
are required to assess the diagnostic accuracy of low-
dose CBCT protocols in patients for detecting and clas-
sifying peri-implant bone defects. In the midst of these
limitations, we provided evidence related to the detection
of bone defects which might not be visible on IO radio-
graphs, thereby leading to an inaccurate diagnosis and
treatment planning. Although IO radiography is con-
sidered as a clinical standard for assessing peri-implant
bone defects [41], the importance of CBCT imaging
for diagnosis and follow-up should not be ignored for
employing timely management of the defect [42, 43]. Fur-
ther studies should be carried out with patient specific
low-dose CBCT protocols to assess their accuracy for
peri-implant bone defect diagnosis. Also, future studies
should pay attention to the implant blooming artefacts
that are impacting peri-implant visibility and are influ-
enced by CBCT device and protocol characteristics as
well as by implant material and design [44, 45].

Conclusions

The d iagnostic a ccuracy a nd r eliability o f C BCT w as
found to be superior to IO imaging for the detection,
classification, and measurement of peri-implant bone
defects. The application of CBCT adds substantial infor-
mation related to the peri-implant bone defect diagno-
sis and decision-making which cannot be achieved with
conventional IO imaging. However, benefit-risk ratio
should be kept in mind and CBCT should be acquired for
cases where a peri-implant bone defect might influence
the implant survival rate.
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ABSTRACT

Purpose: This study was performed to introduce an in vivo hybrid multimodality technique involving the co-
registration of micro-computed tomography (micro-CT) and high-resolution magnetic resonance imaging (HR-MRI) to
concomitantly visualize and quantify mineralization and vascularization at follow-up in a rat model.

Materials and Methods: Three adult female rats were randomly assigned as test subjects, with 1 rat serving as a
control subject. For 20 weeks, the test rats received a weekly intravenous injection of 30 pug/kg zoledronic acid, and the
control rat was administered a similar dose of normal saline. Bilateral extraction of the lower first and second molars
was performed after 10 weeks. All rats were scanned once every 4 weeks with both micro-CT and HR-MRI. Micro-CT
and HR-MRI images were registered and fused in the same 3-dimensional region to quantify blood flow velocity and
trabecular bone thickness at TO (baseline), T4 (4 weeks), T8 (8 weeks), T12 (12 weeks), T16 (16 weeks), and T20 (20
weeks). Histological assessment was the gold standard with which the findings were compared.

Results: The histomorphometric images at T20 aligned with the HR-MRI findings, with both test and control rats
demonstrating reduced trabecular bone vasculature and blood vessel density. The micro-CT findings were also
consistent with the histomorphometric changes, which revealed that the test rats had thicker trabecular bone and
smaller marrow spaces than the control rat.

Conclusion: The combination of micro-CT and HR-MRI may be considered a powerful non-invasive novel
technique for the longitudinal quantification of localized mineralization and vascularization. (Imaging Sci Dent
2020; 50: 199-208)

KEY WORDS: Vascular Remodeling; Radiology; Jaw; Rats
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Bone is a highly vascularized feedback-controlled com-
posite organ that fulfills several interconnected functions,
including locomotion, phosphate and calcium metabolism,
the synthesis of endocrine molecules, and hematopoiesis."
It is a dynamic tissue that is continuously being modeled
and remodeled to maintain the integrity of skeletal
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structure via the regulated activity of osteoblast and osteo-
clast cells.*®

The preferred method for assessment of bone and
vascular microstructure includes 2-dimensional histolog-
ical sections,” micro-computed tomography (micro-CT)
imaging with or without contrast agents, and laser Dop-
pler  flowmetry.*'®  Histomorphology ~has  been
considered as a gold standard for identifying and
visualizing the microstructure of bone and blood
vessels; however, it is an invasive and time-consuming
procedure and is associated with random sampling
errors.'! Similarly, micro-CT with or without contrast
agents is a powerful non-invasive technique for the
visualization of bone and vascular microstructure in 3
dimensions, but it cannot be used for hemodynamic
analysis.'z’I3 Jia et al." and Roche et al.” have suggested
the application of micro-CT with a barium sulfate
contrast agent to characterize and quantify bone
remodeling and blood vessel structure. However, this
technique can only be used to easily view large vascular
and cannot
trabecular bone.'®"”
resonance imaging (HR-MRI) has been proposed for the

structures visualize vascularity ~within

Recently, high-resolution magnetic

quantification of vascularity at the micro-anatomical
level, but this technique cannot be used to quantify the
bone microstructure.'®"?

To overcome the aforementioned limitations of individ-
ual imaging modalities, various co-registered hybrid mul-
timodal imaging techniques have been suggested to
offer more accurate and detailed insight into the
physiology of bone and its associated vasculature
compared to the assessment of separate images. Methods
such as the co-registration of micro-CT/micro-positron

. 2021
emission 0,

tomography,
emission computed tomography,” micro-CT/MRI,”> CT/
MRI,24 dynamic contrast-enhanced CT/MRI,25 and
micro-digital subtraction angiography/MRI26 have
been proposed better
physiological processes of bone remodeling, angiogenesis,

the potential

micro-CT/single-photon

to offer insight into the

and blood flow. However, of co-
registered intermodal imaging for the assessment of
bone structure and microvascularization at follow-up
remains unclear, and few studies have been conducted
on bone remodeling and blood flow velocity (BFV) at
follow-up. Although histomorphometric analysis is
usually considered the gold standard, it cannot be used to
assess the evolution of bone changes over time unless a
multifold sample of animals is utilized. We hypothesized
that a combination of micro-CT and HR-MRI could
provide a better understanding of the follow-up
interaction between angiogenic and osteogenic pathways

within a region of interest. As such, the purpose

of this study was to introduce an in vivo hybrid multimodal
technique with co-registered micro-CT/HR-MRI data to
concomitantly visualize and quantify bone remodeling and
vascularization at follow-up in a rat model.

Materials and Methods

The experimental protocol was approved by the Ethical
Committee for Animal Experimentation of KU Leuven in
Leuven, Belgium (reference no. P264/2015) and was car-
ried out in accordance with the UK Animals (Scientific
Procedures) Act of 1986 and the EU Directive 2010/63/EU
for animal experiments.

A sample of 4 female Wistar rats (200-250 g; aged 12
weeks) was obtained. Three adult female rats were ran-
domly assigned as test subjects, and 1 rat was assigned as
a control subject. For 20 weeks, the test rats received an
intravenous injection of zoledronic acid (ZA; 30 pg/kg per
week), while the control rat was intravenously adminis-
tered normal saline (30 pg/kg per week). At the end of the
10th week, bilateral extraction of the lower first and second
molars was performed in each rat under general anesthesia
(1.5%-2% isoflurane in 100% oxygen) to simulate a bis-
phosphonate-related osteonecrosis of the jaw (BRONJ)-as-
sociated bone defect.”’® Based on the genetic differences
between humans and rodents, a 10-week ZA delivery peri-
od with the mentioned dosage frequency along with tooth
extraction is known to be capable of effectively replicating
a BRONJ-associated bone defect.” ZA was delivered for
an additional 10 weeks after tooth extraction so that fol-
low-up changes in the region of the bone defect could be
observed.

Micro-CT acquisition

The rats were anesthetized by placing them in an an-
esthesia induction chamber, to which isoflurane inhala-
tion anesthesia was delivered at a rate of 5 cc/minute for
3-5 minutes. Following anesthesia, each rat was scanned
by placing it on a stable platform with a gas mask on its
nose to avoid movement, and a cylindrical plastic holder
was applied to immobilize the head. The trabecular bone
changes were observed by scanning all rats once every 4
weeks (TO: baseline, T4: 4 weeks, T8: 8 weeks, T12: 12
weeks, T16: 16 weeks, T20: 20 weeks) with a dedicated in
vivo micro-CT scanner (SkyScan 1076; Bruker microCT,
Kontich, Belgium), operating at 80 kV and 120 pA with a
1-mm aluminum filter and a scanning time of approximate-
ly 11 minutes. Furthermore, an averaging frame of 6° was
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Fig. 1. Registered high-resolution magnetic resonance images and micro-computed tomography images allowing accurate projection of the
available blood vessels onto the jaw bone. A. Longitudinal view. B. Coronal view. C. Inferior view.

applied along with a 220° arc of rotation around the verti-
cal axis with a rotation step of 0.8°. With the same settings,
bone mineral density phantoms of 0.25 g/cm3 and 0.75 g/
cm’ were scanned to perform bone mineral density calibra-
tion with respect to the attenuation values. The rats were
scanned once every 4 weeks to keep the scanning protocol
timing consistent and to minimize the impact of radiation
on the bone tissue microstructure. Additionally, scanning
was carried out 2 weeks after tooth extraction rather than
immediately to allow for soft tissue healing over the sim-
ulated defect. Following image acquisition, 3-dimensional
(3D) datasets with an isotropic voxel size of 35 um3 were
reconstructed without smoothening and were processed us-
ing NRecon software (version 1.6.10.4; Bruker microCT).
A beam hardening correction of 30% was applied for im-
age conversion.

HR-MRI acquisition

HR-MRI scanning was performed at the same time
points as micro-CT imaging and under a similar anesthet-
ic protocol. To observe the vascular changes, T2-weight-
ed HR-MRI images were acquired utilizing a Biospec
9.4-T small-animal MRI scanner with high resolution
(59 %59 x59 um; HR-MRI) (Bruker Biospin, Ettlingen,
Germany) with a 20-cm horizontal bore and an actively
shielded gradient insert. A cross-coil setup was applied,
consisting of a horizontal radio-frequency coil (transmit/re-
ceive coil, 7.2-cm diameter; Bruker Biospin) and a rat head
surface receiving coil (Rapid Biomedical, Rimpar, Ger-
many). Magnetic resonance angiography (MRA) was per-
formed with a time-of-flight (TOF) 2-dimensional sequence
(echo time: 3.5 ms, repetition time: 18 ms, slice thickness:
1 mm, matrix size: 256 X 256, slices: 60, and FOV: 40 X 26
mm), resulting in in-plane resolution 3D T2-weighted ana-
tomical MRI and MRA.

Registration of HR-MRI and micro-CT images

The HR-MRI 3D reconstructed images were spatially
aligned with the micro-CT images in the same 3D space
using Amira software (version 6.3.0; Thermo Fisher Scien-
tific, Merignac, France). Manual registration was applied
to visualize the vascular and skeletal structures in longitu-
dinal (Fig. 1A), coronal (Fig. 1B), and inferior (Fig. 1C) 3D
views. Thereafter, the micro-CT and HR-MR images were
fused in Synapse 3D software (Fujifilm Medical, Tokyo,
Japan) (Fig. 2) for quantification of rat jawbone remodeling
and vascularization. For fusion, a suitable region of interest
(ROI) was defined to enable the calculation of vascularity
as close as possible to the affected bone. Fusion was car-
ried out separately for each rat at each time point.

Bone morphometric analysis

Following fusion, the micro-CT images were trans-
formed using CT—Analyzer® software (Bruker microCT)
for the calculation of morphometric parameters at all-time
points. No blurring of the images due to breathing were ob-
served. A volume of interest (VOI) was manually selected
to include mandibular alveolar bone bilaterally at the api-
cal region of the first and second molar of each rat while
excluding the root surface and mandibular canal (Figs. 3A
and B). Later, segmentation within the selected VOI was
performed using a global automatic threshold algorithm.
The trabecular thickness (Tb.Th; mm) was semi-automat-
ically calculated at all time points before (Figs. 3C and D)
and after (Figs. 3E and F) extraction.

BFV analysis

For the quantification of vascular changes, fused mi-
cro-CT images and TOF-MRA were used to estimate the
relative BFV in the rat mandible as suggested by Huang
et al.” The closest artery and its branch connected to the
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Fig. 2. Combination of micro-computed tomography and high-resolution magnetic resonance imaging (HR-MRI) scans. A. Three-dimen-
sional (3D) sagittal view. B. 3D coronal view (posterior). C. Sample of imaging fusion (c1) hard tissue from micro-CT imaging and (c2)
soft tissue from HR-MRI. (c3) Imaging fusion of c1 and c2.

Fig. 3. Example of trabecular bone thickness changes in a test rat. A. Volume of interest (VOI) at the periapical region of the first and sec-
ond molar. B. VOI following tooth extraction. C, D. Trabecular bone changes before tooth extraction (at 4 weeks). E, F. Trabecular bone
changes after tooth extraction (at 12 weeks). Bone is shown in light blue, while bone space is shown in red in B, C, E, and F.

extraction site were selected, and the BFV was measured placement of blood between 2 consecutive images and
using the MRA images in 3D Synapse software (Figs. 4A- determining the blood velocity using the fused images. An
C). BFV estimation was attained by calculating the dis- ROI consisting of the closest artery and its branch connect-
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Fig. 4. Calculation of relative blood flow velocity using dedicated 3-dimensional software. A. Superimposed time-of-flight magnetic reso-
nance angiography (TOF-MRA) and micro-computed tomography (micro-CT) images. The base image is a micro-CT scan, and the fused
image is a TOF-MRA scan. B, C. The arrows denote the artery and its part connected to the tooth extraction site, while arrowheads denote

the mandibular trabecular bone, coded in blue.

ed to the extraction site with dimensions of 1X 1 pixels
was selected to calculate the average velocity in the sagittal
and coronal sections. The gray-level image intensity values
of the artery’s interior, acquired from the TOF-MRA ROlIs,
were used to estimate the relative BFV. The relative veloc-
ity values were then linearly fitted to the reference values.
All measurements were converted to pixels/s. A single ex-
perienced observer performed the image registration and
evaluation at all time points (from TO to T20). The calculat-
ed BFV distribution was visualized using color-coding on
the fused images.

Histological analysis

Histological assessment was the gold standard with
which the findings were compared. All rats were sacrificed
immediately after the T20 micro-CT and HR-MRI scans.
Following euthanasia of all rats with an overdose of gen-
eral anesthesia (1.5%-2% isoflurane in 100% oxygen), the
mandibles were harvested, fixed in buffered formalin (pH
7.4), and embedded in paraffin blocks. The bone samples
were decalcified under controlled slow oscillations in a 1:1
solution of 4% formic acid and 10% neutral buffered form-
aldehyde at a pH of 7.4 for 4 days; following demineraliza-
tion, the samples were rinsed with distilled water. A single
6-um section of each sample parallel to the mandibular
body (Fig. 5A) was stained with hematoxylin solution (Gill
IIT; Leica Microsystems, Diegem, Belgium) and 1% aque-
ous eosin solution (Leica Microsystems). The histological
sections were manually registered and spatially aligned
with the corresponding reconstructed micro-CT and HR-
MRI images for evaluation of the same region of interest.”®
Thereafter, histological assessment of blood vessels was

performed using a light microscope (Axio Imager M2; Carl
Zeiss Microscopy, Jena, Germany).

The data obtained in this study were analyzed with IBM
SPSS Statistics version 22 (IBM Corp., Armonk, NY,
USA). The Mann-Whitney U test was applied to compare
the control and test rats, as the data were not normally dis-
tributed. When interpreting the results, 0.05 was utilized as
the level of significance.

Results

The rats in the study demonstrated good hemostasis fol-
lowing surgery and a normal recovery from anesthesia. In
all cases, micro-CT revealed broken apical root remnants
after extraction due to the presence of divergence and
broadening in the apical root portion. However, complete
and normal mucosal healing was observed at approxi-
mately 2 weeks in all rats without any visible infection.

The micro-CT component of the registered micro-CT/
HR-MRI data showed an increase in Tb.Th from baseline
to T20 in both the test and control rats (Fig. 5B). How-
ever, this difference lacked significance at all time points
(P>0.05). The micro-CT findings were consistent with the
histomorphometric analysis at T20, which revealed thicker
trabecular bone and smaller marrow spaces in the test rats
than in the control rat (Figs. 5C and D). Additionally, the
registered HR-MRI component and 3D reconstruction of
blood vessels showed a reduction in test-rat BFV (Fig. SE)
and bone vascularity (Figs. 5F and G) at the same region
of interest relative to the control rat at follow-up. Although
an increase in BFV was observed before tooth extraction,
both control and test rats showed a decrease in BFV at

66



In vivo quantification of mandibular bone remodeling and vascular changes in a Wistar rat model: A novel HR-MRI and micro-CT fusion technique

Tb.Th (mm)
B 25 =@ Test rats
Control rat
2 P
1.5
1
T0 T4 T8 T12 Ti6 T20

Control rat

B Test rats

Control rat

T0 T4 T8 T12 T16 T20

Control rat

Fig. 5. Vascular and trabecular changes. A. Three-dimensional (3D) representation of the cutting direction for histological sectioning (green
line: cutting plane). B. Graphical representation of changes in trabecular bone thickness in the test rats and control rat. C, D. Thicker tra-
becular bone and smaller marrow spaces in the micro-CT scan and histological section in a test rat compared to the control rat at T20. E.
Graphical representation of BFV changes in control and test rats. F. 3D vascular changes in the control rat. G. 3D vascular changes in a test
rat. BFV: blood flow velocity, Tb.Th: trabecular bone thickness, TO: baseline, T4: (4 weeks), T8: 8 weeks, T12: 12 weeks, T16: 16 weeks,
and T20: 20 weeks. Bar: 1000 pm.
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Fig. 6. Histomorphometric analysis of the blood vessels in the region of interest. A. Normal blood vessels observed in the control rat. B.
Magnification of the red square in A. C. Inflamed and defective blood vessel revealed in the test rat. D. Magnification of the red square in C.

Red arrow: blood vessel.

follow-up. The difference between the left and right man-
dibular BFV values in each rat was insignificant at all
time points (P>0.05). The histomorphometric images at
T20 were also in accordance with the HR-MRI findings,
as they demonstrated reduced trabecular bone vasculature
and blood vessel density in both test and control rats and
thereby confirmed the reduction in BFV. Histomorphomet-
ric analysis further revealed the presence of normal and
healthy blood vessels in the control rat (Figs. 6A and B),
whereas inflamed and smaller blood vessels were observed
in the test rats (Figs. 6C and D). These findings were also
consistent with the HR-MRI images, which revealed a
greater reduction in BFV in the test rats than in the control
rat based on the presence of less dense blood vessels.

Discussion

The high mineralization of human jaw bone is linked to
its local Vasculalrity.31 Furthermore, the skeletal vascula-

ture plays an important role in providing nutrients to bone,
and any alteration in vascularization can directly influence
skeletal metabolic activity and remodeling.”> Bone disor-
ders such as osteoporosis, theumatoid arthritis, BRONIJ,
and other skeletal disorders are known to create imbalance
in the remodeling process, thereby influencing the struc-
tural and functional integrity of bone and blood vessels™ .
Therefore, in the present study, a multimodal imaging tech-
nique involving a combination of micro-CT and HR-MRI
was utilized for the 3D visualization, quantification, and
longitudinal monitoring of bone remodeling and BFV in a
BRONI-like defect. To the best of our knowledge, a multi-
modal technique that can effectively and concomitantly as-
sess bone remodeling and vascularity at follow-up has not
yet been reported.

Previous studies have demonstrated the estimation of
vascularization via perfusion imaging involving HR-MRI
and dynamic contrast imaging techniques.?"l'36 However,
the disadvantages of perfusion imaging include the confu-
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sion or omission of microstructure resulting from low spa-
tial resolution. Additionally, numerous micro-CT protocols
involving vascular contrast agents have also been applied
to assess blood vessels, but they cannot be used to accu-
rately assess the microvasculature.'**® Therefore, in this
study, we utilized HR-MRI, which allows assessment of
vascular structures and BFV at the microscopic level with-
out the need for histological sectioning and staining.”” As
part of this technique, we evaluated the vascularity changes
utilizing TOF-MRA, which is a common method for clini-
cal blood vessel examination and blood flow imaging. The
utilization of HR-MRI for the microanatomical and neu-
rovascular assessment of the mandibular incisive canal,38
nasopalatine canal, and superior and inferior genial spinal
foramina®“ has been extensively reported. The combina-
tion of HR-MRI with micro-CT as a gold standard for bone
morphometry allowed for the accurate determination of
trabecular structural changes and BFV in the same region
of interest.

Batise et al.*' co-registered HR-MRI and micro-CT data-
sets in an ex vivo rabbit anterior cruciate ligament transec-
tion model and confirmed the successful application of this
method in accurately quantifying the localized changes in
both soft and hard tissue. However, the authors failed to
quantify changes at follow-up. Other studies have involved
the co-registration of micro-CT and MRI datasets for the
assessment of bone and vascular changes; however, the ap-
plication of MRI is limited based on low spatial resolution
and the inability to provide detailed information related to
microvascular structures in animal studies.”>?* In contrast,
our methodology allowed accurate quantification of both
bone microstructure and blood vessels in the test and con-
trol rats at follow-up, suggesting that a combination of HR-
MRI and micro-CT may provide a reasonable means to
monitor the localized progression of ONJ in a preclinical
rat model.

The combination of different imaging modalities pro-
vided localization and distinction of mineralization and
vascularization in the mandible. The changes in trabecular
bone and vascularity were assessed in the same ROI, and
our findings associated with bone remodeling were consis-
tent with the results of the histomorphometric analysis. We
observed localized mineralization and a reduction in vascu-
larization with smaller marrow spaces and narrow canals,
which were in accordance with the previous findings.%’“’43

It should be mentioned that based on the small sample
size, significant evidence regarding the interaction of bone
vascularization and remodeling could not be found. Further

prospective studies utilizing a similar methodology should
thus be carried out with a larger sample size to confirm our
findings. It is also recommended to explore the potential of
adding a contrast medium, so as to focus on possible ben-
eficial effects for co-registered imaging of vascularization
and bone remodeling.

In conclusion, the combination of micro-CT and HR-
MRI may be considered a powerful non-invasive tool for
the longitudinal concomitant quantification of bone remod-
eling and vascularization. The present protocol should be
further applied and validated with an integrated animal ex-
perimental design.

Conflicts of Interest: None

References

1.Maes C. Role and regulation of vascularization processes in
endochondral bones. Calcif Tissue Int 2013; 92: 307-23.

2. Driessens M. Circulatory aspects of reflex sympathetic dys-
trophy. In: Schoutens A, Gardeniers JW, Hughes SP. Bone
circulation and vascularization in normal and pathological
conditions. New York: Springer; 1993. p. 217-31.

3. Boerckel JD, Uhrig BA, Willett NJ, Huebsch N, Guldberg RE.
Mechanical regulation of vascular growth and tissue regenera-
tion in vivo. Proc Natl Acad Sci U S A 2011; 108: E674-80.

4. Eghbali-Fatourechi GZ, Modder UI, Charatcharoenwitthaya N,
Sanyal A, Undale AH, Clowes JA, et al. Characterization of
circulating osteoblast lineage cells in humans. Bone 2007; 40:
1370-7.

5.Ishii M, Egen JG, Klauschen F, Meier-Schellersheim M, Saeki
Y, Vacher J, et al. Sphingosine-1-phosphate mobilizes osteo-
clast precursors and regulates bone homeostasis. Nature 2009;
458: 524-8.

6. Thompson B, Towler DA. Arterial calcification and bone physi-
ology: role of the bone-vascular axis. Nat Rev Endocrinol 2012;
8:529-43.

7.Mark H, Penington A, Nannmark U, Morrison W, Messina A.
Microvascular invasion during endochondral ossification in
experimental fractures in rats. Bone 2004; 35: 535-42.

8. Deshpande SS, Donneys A, Farberg AS, Tchanque-Fossuo
CN, Felice PA, Buchman SR. Quantification and characteri-
zation of radiation-induced changes to mandibular vascularity
using micro-computed tomography. Ann Plast Surg 2014; 72:
100-3.

9. Prajapati SI, Keller C. Contrast enhanced vessel imaging us-
ing microCT. J Vis Exp 2011; 47: 2377.

10. Abma E, Stock E, De Spiegelaere W, Van Brantegem L, Van-
derperren K, Ni Y, et al. Power Doppler ultrasound and con-
trast-enhanced ultrasound demonstrate non-invasive tumour
vascular response to anti-vascular therapy in canine cancer
patients. Sci Rep 2019; 9: 9262.

11. Hillier ML, Bell LS. Differentiating human bone from animal
bone: a review of histological methods. J Forensic Sci 2007;

69



12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

52:249-63.

Jorgensen SM, Demirkaya O, Ritman EL. Three-dimensional
imaging of vasculature and parenchyma in intact rodent or-
gans with X-ray micro-CT. Am J Physiol 1998; 275: H1103-
14.

Yang J, Pham SM, Crabbe DL. High-resolution micro-CT
evaluation of mid-to long-term effects of estrogen deficiency
on rat trabecular bone. Acad Radiol 2003; 10: 1153-8.

Fei J, Peyrin F, Malaval L, Vico L, Lafage-Proust MH. Imag-
ing and quantitative assessment of long bone vascularization
in the adult rat using microcomputed tomography. Anat Rec
(Hoboken) 2010; 293: 215-24.

.Roche B, David V, Vanden-Bossche A, Peyrin F, Malaval L,

Vico L, et al. Structure and quantification of microvascular-
isation within mouse long bones: what and how should we
measure? Bone 2012; 50: 390-9.

Weinstein RS, Wan C, Liu Q, Wang Y, Almeida M, O’Brien
CA, et al. Endogenous glucocorticoids decrease skeletal an-
giogenesis, vascularity, hydration, and strength in aged mice.
Aging Cell 2010; 9: 147-61.

Ding WG, Wei ZX, Liu JB. Reduced local blood supply to
the tibial metaphysis is associated with ovariectomy-induced
osteoporosis in mice. Connect Tissue Res 2011; 52: 25-9.
Barentsz JO, Engelbrecht M, Jager GJ, Witjes JA, de LaRo-
sette J, van der Sanden BP, et al. Fast dynamic gadolinium-en-
hanced MR imaging of urinary bladder and prostate cancer. J
Magn Reson Imaging 1999; 10: 295-304.

Benjaminsen IC, Graff BA, Brurberg KG, Rofstad EK. Assess-
ment of tumor blood perfusion by high-resolution dynamic con-
trast-enhanced MRI: a preclinical study of human melanoma
xenografts. Magn Reson Med 2004; 52: 269-76.

Zagorchev L, Oses P, Zhuang ZW, Moodie K, Mulligan-Ke-
hoe MJ, Simons M, et al. Micro computed tomography for
vascular exploration. J Angiogenes Res 2010; 2: 7.

Liang H, Yang Y, Yang K, Wu Y, Boone JM, Cherry SR. A
microPET/CT system for in vivo small animal imaging. Phys
Med Biol 2007; 52: 3881-94.

Bernsen MR, Vaissier PE, Van Holen R, Booij J, Beekman FJ,
de Jong M. The role of preclinical SPECT in oncological and
neurological research in combination with either CT or MRI.
Eur J Nucl Med Mol Imaging 2014; 41 Suppl 1: S36-49.
Ktodowski K, Kaminski J, Nowicka K, Tarasiuk J, Wronski S,
Swietek M, et al. Micro-imaging of implanted scaffolds using
combined MRI and micro-CT. Comput Med Imaging Graph
2014; 38: 458-68.

.Basha MA, AlAzzazy MZ, Ahmed AF, Yousef HY, Shehata

SM, El Sammak DA, et al. Does a combined CT and MRI
protocol enhance the diagnostic efficacy of LI-RADS in the
categorization of hepatic observations? A prospective compar-
ative study. Eur Radiol 2018; 28: 2592-603.

Lin MT, Wang CC, Cheng YF, Eng HL, Yen YH, Tsai MC, et
al. Comprehensive comparison of multiple-detector computed
tomography and dynamic magnetic resonance imaging in the
diagnosis of hepatocellular carcinoma with varying degrees of
fibrosis. PLoS One 2016; 11: e0166157.

Badea CT, Hedlund LW, De Lin M, Boslego Mackel JF, John-
son GA. Tumor imaging in small animals with a combined

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Dandan Song et al

micro-CT/micro-DSA system using iodinated conventional
and blood pool contrast agents. Contrast Media Mol Imaging
2006; 1: 153-64.

Longo AB, Sacco SM, Ward WE. Proper positioning and re-
straint of a rat hind limb for focused high resolution imaging
of bone micro-architecture using in vivo micro-computed to-
mography. J Vis Exp 2017; 129: 56346.

Soares MQ, Van Dessel J, Jacobs R, da Silva Santos PS, Ce-
stari TM, Garlet GP, et al. Zoledronic acid induces site-spe-
cific structural changes and decreases vascular area in the
alveolar bone. J Oral Maxillofac Surg 2018; 76: 1893-901.
Sharma D, Hamlet S, Petcu E, Ivanovski S. Animal models
for bisphosphonate-related-osteonecrosis of the jaws - an ap-
praisal. Oral Dis 2013; 19: 747-54.

Huang TC, Chang CK, Liao CH, Ho YJ. Quantification of
blood flow in internal cerebral artery by optical flow method
on digital subtraction angiography in comparison with time-
of-flight magnetic resonance angiography. PLoS One 2013; 8:
e54678.

Faot F, Chatterjee M, de Camargos G, Duyck J, Vandamme K.
Micro-CT analysis of the rodent jaw bone micro-architecture:
a systematic review. Bone Rep 2015; 2: 14-24.

Siddiqui JA, Partridge NC. Physiological bone remodeling:
systemic regulation and growth factor involvement. Physiolo-
gy (Bethesda) 2016; 31: 233-45.

Bamias A, Kastritis E, Bamia C, Moulopoulos LA, Melako-
poulos I, Bozas G. Osteonecrosis of the jaw in cancer after
treatment with bisphosphonates: incidence and risk factors. J
Clin Oncol 2005; 23: 8580-7.

Principi M, Italiani M, Guiducci A, Aprile I, Muti M, Gi-
ulianelli G, et al. Perfusion MRI in the evaluation of the rela-
tionship between tumour growth, necrosis and angiogenesis
in glioblastomas and grade 1 meningiomas. Neuroradiology
2003; 45: 205-11.

Law M, Cha S, Knopp EA, Johnson G, Arnett J, Litt AW.
High-grade gliomas and solitary metastases: differentiation by
using perfusion and proton spectroscopic MR imaging. Ra-
diology 2002; 222: 715-21.

Lee SJ, Kim JH, Kim YM, Lee GK, Lee EJ, Park IS, et al.
Perfusion MR imaging in gliomas: comparison with histologic
tumor grade. Korean J Radiol 2001; 2: 1-7.

Vandersteen M, Beuls E, Gelan J, Adriaensens P, Vanormelin-
gen L, Palmers Y, et al. High field magnetic resonance imag-
ing of normal and pathologic human medulla oblongata. Anat
Rec 1994; 238: 277-86.

Jacobs R, Lambrichts I, Liang X, Martens W, Mraiwa N, Adri-
aensens P, et al. Neurovascularization of the anterior jaw bones
revisited using high-resolution magnetic resonance imaging.
Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2007; 103:
683-93.

Kress B, Gottschalk A, Anders L, Stippich C, Palm F, Bihren
W, et al. High-resolution dental magnetic resonance imaging
of inferior alveolar nerve responses to the extraction of third
molars. Eur Radiol 2004; 14: 1416-20.

Du Tolt DF, Nortjé C. The maxillae: integrated and applied
anatomy relevant to dentistry. SADJ 2003; 58: 325-30.
Batiste DL, Kirkley A, Laverty S, Thain LM, Spouge AR,

70



In vivo quantification of mandibular bone remodeling and vascular changes in a Wistar rat model: A novel HR-MRI and micro-CT fusion technique

Gati JS, et al. High-resolution MRI and micro-CT in an ex sphosphonate-related osteonecrosis of the jaw: an experimen-
vivo rabbit anterior cruciate ligament transection model of tal study in the rat. Clin Oral Investig 2018; 22: 2997-3006.
osteoarthritis. Osteoarthritis Cartilage 2004; 12: 614-26. 43.Bi Y, Gao Y, Ehirchiou D, Cao C, Kikuiri T, Le A, et al. Bis-

42. Kiin-Darbois JD, Libouban H, Mabilleau G, Pascaretti-Grizon phosphonates cause osteonecrosis of the jaw-like disease in
F, Chappard D. Bone mineralization and vascularization in bi- mice. Am J Pathol 2010; 177: 280-90.

71






General Discussion

Conclusions and Future perspectives



7.1 General discussion

Dental implant treatment has become a routine treatment option for prosthetic replacement of
missing teeth®. Yet and unfortunately, extraction of teeth will impact sensory-motor function
considering the loss of sensory feedback deriving from damage to the periodontal ligament.
Indeed periodontal mechanoreceptors are responsible for transmission of loading information
and send to the neurosensory pathway feedback within cerebral cortex®3. After tooth removal,
periodontal nerves endings have been stimulated successfully in the healed extracted sockets
with proven recovery of innervation in the peri-implant bone within 2 weeks after implant
placement*®. Some psychophysical and neurophysiological evidences suggested that part of
the sensory stability restored in the edentulous patients after wearing the prostheses supported
by osseointegrated implants®°. A small number of nerve fibres in the peri-implant bone region
has been detected in some preclinical studies'!*2. The initial purpose of this doctoral thesis was
to elaborate the effect of immediate and delayed implant placement and loading protocols,
local application of platelet-rich plasma (PRP) and platelet-poor plasma (PPP) on the neural
and bony changes following the dental implant placement. Therefore, two split-mouth dog
models were developed to study the myelinated nerve fibres in the peri-implant bone in
Chapters 2 & 3 of this thesis.

In this general discussion, an extensive summary is given to each chapter in this thesis. The
hypotheses proposed in the General Introduction (Chapter 1) were then discussed. Then, the
impact of the current results on the nerve fibres and bone-to-implant interface followed by
different implant protocols and local application of PRP and PPP were described. Finally, the

validation of the radiographic assessment including their primary limitations were clarified.

Chapter 2 investigated the recovery pattern and the morphological characteristics of
myelinated nerve fibres around dental implant used in immediate vs delayed implant placement
and followed by immediate, delayed, and unloaded protocols based on an animal model. To
ensure each treatment protocol was applied in all the positions in the arch, a split-mouth design
was used and at least four samples for each implant treatment protocol were inserted on the 2"
premolar to the 1% molar in the lower jaws. Since the density of nerve fibres varies among
anterior and posterior teeth, this design can help to remove the vast amounts of inter-individual
variability from the estimates of treatment effect. Quantification of peri-implant myelinated

nerve fibre was addressed and characterized histomorphologically.

The main findings in this study as a significantly higher nerve density around implants of the
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immediately placed and loaded group, which supported the hypothesis that early loading
promotes more favourable peri-implant innervation recovery. Although it should be noted that
a specific function of these regenerated nerve fibres could not be confirmed, it can be assumed
that immediate implant placement after extraction brings the nerves in place with activation of
peripheral regrowth signals preventing degeneration'®. Loading might lead to activation of
peri-implant nerve signals and promote further peri-implant nerve regeneration. We also found
that the density of nerve fibres increased slightly following the loaded implant at a longer
follow-up period. The nerve fibres were a bit densely innervated at 6-month follow-up than
that at 3-month follow-up. Another result found that the distribution of nerve fibres in the apical
region were obviously dense compared with the cervical region and middle region, which also
revealed that high stimuli could help with the improvement of the nerve restoration or
regeneration. Thus, it is reasonable to assume that the innervation pattern in the peri-implant
bone is not only affected by external loading protocol, but also depended on the location and
distribution of loadings. And this reinnervation after 3 months tended to be stable. Although
the investigation of the functional role of nerve fibres was not verified in this study due to the
limitation of the animal model study, the psychophysical and neurophysiological evidences of

osseoperception following dental implant treatment has been fully documented in Chapter 1.

The study described in Chapter 3 was designed to evaluate the effect of local application of
PRP and PPP on the myelinated nerve fibres in the peri-implant bone region. Autologous
plasma fractions have been applied for stimulating new bone formation'®>'’, angiogenesis'®-°,
and peripheral nerve regeneration?:??, The growth factors contained in the platelet including
transforming growth factor-p (TGF-B) and platelet-derived growth factor (PDGF) are
responsible for the proliferation of fibroblasts and smooth muscles cells, neovascularization,
and collagen synthesis?*?. Application of PRP has been demonstrated and proven to be
beneficial for repairing damaged nerve trucks and receptors?-2627, All implants underwent
delayed implant placement and delayed loading (DIP + DL) protocol and some implants were
dipped in the PRP or PPP which were regarded as the test groups. It has been confirmed that
placing the implant and loaded followed by a healing period in the preclinical study could
increase the implant initial stability?®?°. The myelinated nerve fibres in the region of 500 pm
away from implant were involved in the quantification because the mechanoreceptors in this
zone are easily activated by the loading pressure®. The main finding in this study showed that
the myelinated nerve fibres in the peri-implant bone region were more mature in the group

using PRP treatment than using PPP treatment. The implant sites with PRP treatment were
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innervated with larger diameter nerve fibres. The diameter of the myelinated nerve fibres was
significantly larger at 3-month and 6-month follow-up period. Due to some limitations of small
sample size of animal study, there was no powerful evidence showing the impact of the PRP
and PPP on density of the myelinated nerve fibres.

Based on the same animal model in Chapter 3, Chapter 4 was designed to study the bony
changes using the radiographic imaging. In the Chapter 4, we hypothesize that high
concentration of platelet can facilitate bone formation surrounding the implant. The amount of
bone-to-implant contact (BIC), as one indicator for quantifying the osseointegration, is an
important determinant for achieving optimal secondary implant stability®!. In the prior study,
histomorphometry and micro-computed tomography (micro-CT) were mostly utilized in
measurement of BIC ratio®>3, Histomorphometry has been considered as a gold standard for
the microstructure analysis for decades, but preparation procedure is not only a time-consuming
process, but it can also destroy the tissue structure343, Besides, it should not be ignored that
only 2-dimensional bone structure around the implant were measured by histomorphometry.
Even though it is a reliable method for elaborating BIC%, the bone information acquired
through the 2D slices is deemed insufficient for representing the three-dimensional (3D) bone
structure®. Thus recently, micro-CT as a non-destructive and reproducible radiographic
technique has been explored in pre-clinical research for assessment of bone architecture®’. A
lot of publications have reported high correlations in evaluating the BIC ratio on 2D cross-
sectional images using micro-CT and histology®*®. However, like the histomorphometry, 2D
BIC ratio is not sufficient for referring the condition of 3D bone structure around the implant.
The entire bone structure around the implant is manually selected and 3D BIC was measured
in binary images automatically using CT-analyzer software. Although it cannot be denied that
the cross-sectional images applied in this assessment are pseudo 3D, still they form the basis

of valuing the BIC more comprehensively than 2D slices of histomorphometry.

As a gold standard, the histology was employed to validate the accuracy of micro-CT in
measuring 2D BIC%. High correlation(r = 0.98) was found for both measurements on 2D
BIC%, while only moderate correlation (r = 0.67) for measuring 3D BIC% and 2D BIC%. The
findings in this study showed that compared to the control group, the 3D BIC% was
significantly higher in the PPP (p = 0.09) and PRP group (p = 0.039) at 1-month follow-up
period. The 3D BIC% also slightly reduced at the 3-month follow-up and 6-month follow-up.
The results help us confirmed the hypothesis that PRP is useful for improvement of the bone

formation following implant placement. Besides, PPP application was also showed a positive
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effect on the bone formation during the early healing time. Although, the concentration of
platelet in PRP (776.2 + 144.0 x 10%L) is almost 160-fold higher than in PPP (4.8 + 1.8 x
10%/L) in our study, high concentrate of fibrin fibres in PPP might compensate the lower platelet
and provide a scaffold for supporting cells and releasing growth factors. It has been well
documented that the application of PRP has outstanding effect on the improvement of the bone
healing and angiogenesis. The growth factors released from the PRP along with the blood clots
also played a critical role in the early stage of bone regeneration®®#!, The life of platelet is only
about 5-10 days, which might be one reason for the capability of PRP in promotion of bone
repair only in the early stage*?. The mechanism of PPP in bone healing, however, remains
unclear due to the relative rare research. The limitation of animal model lies in the small sample
size and complex condition in the post-operation management, which might lead to bias within
the findings.

The purpose of the study in Chapter 5 is to validate the diagnostic accuracy of CBCT versus
IO in detection, classification, and quantification of the peri-implant bone defect. Through
high-resolution micro-CT, 16 samples out of 54 were confirmed the presence of bone defect,
and the shapes of the defect were reconstructed using micro-CT, which included dehiscence (n
=5), infrabony defect (n = 3) and crater-like defect (n = 8). This evaluation was performed by
two experienced radiologists using the same images from CBCT and 10. Owing to the low-
dose and low-cost, 10 is widely accepted by patients in the regular examination following the
dental disease treatment, and even in the implantology, 10 is also the initial choice for the long-
term follow-up after dental implant treatment*3#*. However, the limitation of 2D imaging
representing the 3D structure would thus be the failure of bucco-lingual defect detection, and
the low-resolution and geometric distortion would also lead to the underestimation of bone
defect*>*, To overcome the limitations, CBCT was strongly recommended as the alternative
method in the regular examination following the dental implant treatment and other bone

disease.

High reliability (ICC: 0.97) and agreement (Kappa: 0.92) were acquired between the observers.
The findings in this study showed high sensitivity of CBCT in detecting and classifying the
peri-implant bone defect. The outcomes in previous study regarding the superiority of the
CBCT over 2D imaging remain in debate*’*°. In general, CBCT may have a higher diagnostic
accuracy in detection of fenestration, dehiscence, and three-walled periodontal defects due to
the 3D bone visualization*®4%®1 yet once dealing with implants, CT-based imaging might

hamper peri-implant bone defect detection because the presence of metal artifacts®’. However,
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with imaging advances, inbuilt metal artefact reduction algorithms and high quality CBCT

images may help to overcome this limitation in future clinic practice.

Chapter 6 is a pilot study in which only four rats were included. The objective of this pilot
study is to develop a new method for elaboration of local bone remodeling and vascular
changes longitudinally combining the micro-CT and high-resolution magnetic resonance
imaging (HR-MRI). In this study, weekly injection of zoledronic acid (ZA) for 20 weeks and
tooth extraction were performed on three rats to develop an animal model with bisphosphonate-
related osteonecrosis of the jaw (BRONJ)**°4, And one rat acting as control was administrated
with normal saline solution. All animals were scanned by micro-CT and HR-MRI every four
weeks for 20 weeks. As is in Chapter 4 and Chapter 5, micro-CT is one of the most versatile
non-invasive investigative techniques and has been regarded as a standard tool for quantifying
the density and architecture of bone in preclinical investigations. Previous studies have widely
reported on the feasibility and reliability of using micro-CT to evaluate morphologic
characteristics of cortical and trabecular bone in both animal and human models>>*®. HR-MRI
technique has been advocated recently for quantifying vascularity at a micro-anatomical
level®” 58, Therefore, we speculated that a combination of micro-CT and HR-MRI could provide
a better understanding of follow-up interaction between angiogenic and osteogenic pathways
at the same region of interest. The micro-CT findings in this study were consistent with
histomorphometric changes at 20-week which revealed thicker trabecular bone and smaller
marrow spaces in the test rats compared to the control. The registered HR-MRI component and
three-dimensional reconstruction of blood vessels showed a reduction in test rats blood flow
velocity (BFV) and bone vascularity in the same region of interest compared to the control rat
at various follow-up time points. Although, an increase in BFV was observed before tooth
extraction, both control and test rats showed a decrease in BFV following tooth extraction. The
histomorphometric images at 20-week were in accordance with the HR-MRI findings
demonstrating a reduced trabecular bone vasculature and blood vessels density in both test and
control rats, thereby confirming the reduction in BFV. Furthermore, combination of HR-MRI
with micro-CT as a gold standard for bone morphometry allowed accurate determination of
trabecular bone changes and BFV in the same region of interest. The approach of combining
different imaging modalities provided a predictable result of locally mineralization and
vascularization in the bone. The changes in trabecular bone pattern and vascularity were
assessed in the same ROI and our findings associated with bone remodelling were consistent

with that of histomorphometric analysis. However, a limitation of this study is that the
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technique of the combination of micro-CT and HR-MRI can only be applied in the pre-clinical

small animal model.

The studies presented in this doctoral thesis were able to assess the efficacy of different implant
placement protocols and autologous plasma on the peri-implant innervation and bone
remodelling. In relation to the implant placement protocols, the immediate implant placement
and immediate loading protocol maintained the integrity of the extraction socket with an
optimal soft tissue contour compared to the delayed implant placement and delayed loading
protocol®®®, The early loading has the ability to transmit the mechanical stimuli to the peri-
implant bone more effectively with an increased production of the nerve fibres at the bone-to-
implant interface, thereby offering a higher degree of osseoperception®?. These findings
confirmed the general hypothesis that the different implant placement protocols offered
variability in relation to osseoperception. PRP is widely applicated in nerve restoration and
bone formation owing to its high content of growth factors?3. Furthermore, the outcomes of the
thesis also suggested an improved bone-to-implant contact following the application of both
platelet-rich plasma and platelet-poor plasma compared to the control group. These findings
confirmed our hypothesis that the application of autologous plasma is beneficial for bone

formation.
7.2 Conclusions
From the studies mentioned in the previous chapters, the following conclusions can be drawn:

The presence of the neural structures within a range of 300-500 um in the peri-implant bone
region are confirmed in an histomorphometric analysis. And they are concentrated in the screw
thread, bone marrow, and haversian canals (Chapter 2 and Chapter 3). Myelinated nerve
fibres densely populated peri-implant apical bone region. In comparison with the unloaded
implant, the loaded implant showed higher innervation in the peri-implant bone region and the
immediate loaded group has contributed more to the density of myelinated nerve fibres in
Chapter 2. The nerve density and diameter also proved to be increasing along with the longer
follow-up healing time. Local application of PRP might have thereby enhanced the growth of
the nerve fibres while PPP had no effect (Chapter 3). However, no convincing impact of PRP
and PPP on the density of myelinated nerve fibres was shown. Large scale animal studies and
longer follow-up periods are needed to confirm these findings and to verify whether platelet
plasma can facilitate the nerve regeneration process. Besides, further functional measures on

the peri-implant nerve fibres are still required.
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Chapter 4 recommended that local application of PRP and PPP have a positive effect on the
3D BIC ratio following implant treatment. Their influence was reduced as the observation
period was increased, with BIC having the highest ratio at 1 month and lowest at 6 months. It
can be assumed that the plasma-fibrin may facilitate and speed up bone healing and

osseointegration.

Furthermore, Chapter 5 confirmed high-resolution CBCT is superior to 10 in diagnostic
accuracy and reliability in detection, classification, and measurement of per-implant bone
defect. The application of CBCT adds substantial information related to the peri-implant bone
defect diagnosis and decision-making which cannot be achieved with conventional intra-oral
imaging. However, benefit-risk ratio should be kept in mind and CBCT should be acquired for

cases where a peri-implant bone defect might influence implant survival rate.

Finally, the combination of micro-CT and HR-MRI might be considered as a powerful non-
invasive tool for longitudinal concomitant quantification of bone remodeling and

vascularization (Chapter 6).
7.3 Future perspectives

This thesis reported the impact of various implant placement and loading protocols, as well as
local application PRP and PPP, on the innervation in the peri-implant bone region in split-
mouth designed animal models, followed by detection of bone formation after dental implant
treatment with utilities of PRP and PPP. The main purposes of this project were to provide
randomized controlled evidence for the development of peri-implant nerve fibres and bone

formation in the jaw bones, and to radiographic assessment on bony and vascular changes.

The findings in this thesis provide solid evidence at a microscopic level for understanding
mechanisms of innervation recovery in the peri-implant bone under various implant placement
and loading protocols, and extra treatment of PRP and PPP, along with some limitations in the
implementation of the animal experiments. Specific interesting and valuable prospects for

future researches which could be addressed are:

Considering the psychophysical and neurophysiological evidences, it would be of interest to
clarify whether those differences we found in morphometric parameters can lead to the
restoration of neurosensory pathway feedback with clinical significance. It might be possible
to further explore osseoperception at a clinical level by collecting data or samples from patients

who can offer retrieved implants, to confirm the function and origin of the nerve fibres in the
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peri-implant bone, and even to reveal the potential factors for the improvement of

osseoperception.

In addition, well-designed randomized control trials (RCTs) and large sample size animal
model with strictly control on biological, psychological, and methodological factors, including
additional physiological testing to standardize the frequency and direction of loading, are
required to predict and investigate more potential controllable positive factors contributing to

improve the tactile sensibility and innervation pattern surrounding endosseous implants.

The morphological findings in this doctoral thesis promote related studies on peripheral
mechanisms and new hypotheses, such as PRP and PPP to improve the growth of peripheral
nerve fibers regeneration and bone formation following dental implant placement. Further
study should expand the sample size of the animal models to reveal the effect of PRP and PPP
on nerve fibres regeneration and to determine what platelet growth factors are responsible for
this positive function. Furthermore, the standardized protocol for centrifugation of whole blood

is needed to acquire more effective PRP.

To validate the CBCT technique as a clinical imaging modality in detecting peri-implant bone
defect, more research is needed to fully standardize imaging process, optimize reconstruction
and exposure factors, and minimize metal artefacts on detecting and classifying the bone defect
which could be applied in clinical practice. Given the rapid advances in CBCT, it might be very
helpful to further exam the influence of varying types of CBCT systems, different acquisition
protocols in comparison to micro-CT systems, before applying our observation as an accurate

clinical reference.

Lastly, the findings of this doctoral thesis might contribute to our understanding on peri-
implant nerve tissue healing mechanisms. We hope that the currently gathered knowledge, may
broaden our understanding of the osseoperception mechanism, thereby allowing to continue

striving towards global physiological integration of a dental implant in both bone and body.
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SUMMARY

Since the introduction of osseoperception, the assessment methodologies including
psychophysics, neurophysiology, and histology have been employed to unravel this
phenomenon by qualifying and quantifying tactile sensibility, activated cortex areas, and
mechanoreceptors in the peri-implant tissue. However, histomorphometric evidence on peri-
implant mechanoreceptors is still insufficient and the impact on promoting recovery of the
sensory sensibility remains unclear. Therefore, the initial purpose of this doctoral thesis was to
explore the innervation in the peri-implant bone in two split designed animal studies, with a
special focus on the effects of various implant placement and loading protocols and potential
impacts of utility of platelet-rich plasma (PRP) and platelet-poor plasma (PPP). Subsequently,
the effects of the PRP and PPP on the bone-to-implant contact using micro-CT. Then, based
on the same animal model, the accuracy and applicability of CBCT for the detection and
classification of the bone defect around the implant were evaluated by comparing intraoral
imaging. Finally, the combined effect of micro-CT and high resolution of MRI were studied to

measure the longitudinal mineralization and vascularization.

The thesis started with a general understanding of osseoperception from three prospects,
histological findings, psychophysical findings, and neurophysiological findings in Chapter 1.
Next, the overall aim and hypotheses of the whole thesis were presented.

In Chapter 2, a split-mouth designed animal study was performed to provide comprehensive
histomorphometric evidence of osseoperception at the site of implant placement subjected to
different implant placement and loading protocols, as well as the information of the distribution
of the peri-implant innervation in the osseous. Myelinated nerve fibres were mostly found in
peri-implant apical regions. The results also suggested that immediate implant placement and
immediate loading was preferred to allow optimized peri-implant reinnervation. This
exploration could add evidence to the understanding of the osseoperception mechanism and,
as a result, improve the success rate of global physiological integration next to osseointegration

in the human body.

Same as the Chapter 2, the goal of Chapter 3 was to quantify the myelinated nerve fibres in
the peri-implant bone region following dental implant treatment with local application of PRP
and PPP. The results found that PRP had a positive effect on nerve fibre maturation, with the
diameter of the nerve fibres in the PRP group being significantly larger compared to that in

PPP group. Longer healing time seemed to benefit the growth of the nerve fibres. However,
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due to the limitation of the animal model, this finding failed to reveal the effect PRP and PPP

on the innervation patter in the peri-implant bone.

In Chapter 4, we turned to exam the impact of PRP and PPP on the bone-to-implant contact
(BIC). The amount of BIC is a determinate of the secondary stability of osseointegrated
implant. It is interesting to find that both PRP and PPP showed positive effect on the BIC at
the first month after implant loaded., while there was a slight reduction at third month and sixth
month. Further study with a large sample size of animal models and more RCTs should be

carried out to discover the different impact of the PRP and PPP on the bone formation.

Chapter 5 aimed to validate the diagnostic accuracy of CBCT versus intraoral imaging in
detection, classification, and measurement of the peri-implant bone defect. This exploration
suggested that the CBCT had superiority over 2D imaging in detecting the bone defect in the
buccal-lingual sides, as well as the small defect. However, a proper acquisition protocol of

CBCT should be further developed for converting this finding to clinic practice.

A pilot study in Chapter 6 initially investigated the combined effect of micro-CT and HR MRI
in the assessment of the long-term bone and vascular changes in the jawbone based on a pre-
clinical study. The registration of micro-CT and MRI could provide the information of both
hard and soft tissue in the localization region. Owing to the limitation of this pilot study, the
results could only report that the vascular changes had the consistent tendency in MRI and
histomorphometry, and the concomitant bone changes showed by the micro-CT as well. This
exploration helped to develop a novel invasive radiographic technique to perform long-term
follow-up of bone (re)modelling and vascularization in the pre-clinical research by combining
the micro-CT and MRI.

Finally, the general discussion and conclusion of the above-mentioned studies and
recommendation for future research were presented in Chapter 7. To further uncover the
osseoperception phenomenon, this doctoral thesis was in an endeavour to elaborate the effects
of delayed and immediate implant placement and loading protocols, as well as the application
of PRP and PPP on the healing of nerve fibres and bone formation around oral implants.
Eventually, the current results broaden our knowledge on the neural and bony changes
following dental implant placement.
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SAMENVATTING

Sinds de introductie van osseoperceptie zijn diverse evaluatiemethodologieén met inbegrip van
psychofysica, neurofysiologie en histologie aangewend om dit fenomeen te ontrafelen door het
kwalificeren en kwantificeren van tactiele sensibiliteit, geactiveerde cortexgebieden en
mechanoreceptoren in het peri-implantaire weefsel. Histomorfometrisch bewijs van peri-
implantaire mechanoreceptoren is echter nog onvoldoende en de impact op het bevorderen van
het herstel van de zintuiglijke gevoeligheid blijft onduidelijk. Daarom was het initiéle doel van
deze doctoraatsthesis het onderzoeken van de innervatie in het peri-implantaire bot in twee
split-mouth dierstudies, met speciale aandacht voor de effecten van verschillende
implantaatplaatsings- en belastingsprotocollen en mogelijke effecten van het gebruik van
bloedplaatjesrijk plasma (PRP) en bloedplaatjes-arm plasma (PPP). Vervolgens werden de
effecten van PRP en PPP op het bot-op-implantaatcontact onderzocht met behulp van micro-
CT. Daarna werden, op basis van hetzelfde diermodel, de nauwkeurigheid en toepasbaarheid
van CBCT voor de detectie en classificatie van het botdefect rond het implantaat geévalueerd
door intraorale beeldvorming te vergelijken. Tenslotte werd het gecombineerde effect van
micro-CT en hoge resolutie van MRI bestudeerd om de longitudinale mineralisatie en
vascularisatie te meten.

Het proefschrift startte met een algemeen inleiding van osseoperceptie vanuit drie
perspectieven, histologische bevindingen, psychofysische bevindingen, en neurofysiologische
bevindingen in Hoofdstuk 1 Vervolgens werden het algemene doel en de hypothesen van het
gehele proefschrift gepresenteerd.

In hoofdstuk 2 werd een split-mouth dierstudie uitgevoerd om uitgebreid histomorfometrisch
bewijs te verkrijgen van de osseoperceptie op de plaats van implantaat plaatsing, onderworpen
aan verschillende implantatie- en belastingsprotocollen, evenals informatie over de distributie
van peri-implantaire innervatie in het bot. Gemyeliniseerde zenuwvezels werden vooral
aangetroffen in de apicale regio's van het peri-implantaat. De resultaten suggereerden ook dat
onmiddellijke plaatsing van het implantaat en onmiddellijke belasting de voorkeur verdienden
om een optimale peri-implantaire reinnervatie mogelijk te maken. Dit onderzoek kan bijdragen
aan het begrip van het osseoperceptiemechanisme en, als gevolg daarvan, het succespercentage
verbeteren van globale fysiologische integratie naast osseointegratie in het menselijk lichaam.
Net als in hoofdstuk 2, was het doel van hoofdstuk 3 het kwantificeren van de gemyeliniseerde
zenuwvezels in de peri-implantaire botregio na behandeling van dentale implantaten met lokale
toepassing van PRP en PPP. De resultaten toonden aan dat PRP een positief effect had op de

maturatie van de zenuwvezels, waarbij de diameter van de zenuwvezels in de PRP groep
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significant groter was, vergeleken met die in de PPP groep. Een langere genezingstijd leek de
groei van de zenuwvezels ten goede te komen. Echter, vanwege de beperking van het
diermodel, kon deze bevinding het effect van PRP en PPP op het innervatiepatroon in het peri-
implantaire bot niet aantonen.

In hoofdstuk 4 onderzochten we de invloed van PRP en PPP op het bot-implantaat contact
(BIC). De hoeveelheid BIC is een bepalende factor voor de secundaire stabiliteit van het
osseogeintegreerde implantaat. Het is interessant om vast te stellen dat zowel PRP als PPP een
positief effect hadden op de BIC tijdens de eerste maand na het plaatsen van het implantaat,
terwijl er een lichte vermindering was tijdens de derde en zesde maand. Verder onderzoek met
een grote steekproefgrootte van diermodellen en meer RCT's moeten worden uitgevoerd om de
verschillende effecten van PRP en PPP op de botvorming te ontdekken.

Hoofdstuk 5 richtte zich op het valideren van de diagnostische nauwkeurigheid van CBCT
versus intraorale beeldvorming in detectie, classificatie en meting van het peri-implantaire
botdefect. Dit onderzoek suggereerde dat de CBCT superieur was aan 2D beeldvorming in het
detecteren van het botdefect in de buccaal-linguale zijden, evenals het kleine defect. Echter, een
goed protocol voor het verkrijgen van CBCT beelden moet verder worden ontwikkeld om deze
bevinding om te zetten naar de klinische praktijk.

Een piloot studie in Hoofdstuk 6 onderzocht in eerste instantie het gecombineerde effect van
micro-CT en HR MRI bij de beoordeling van de lange termijn bot en vasculaire veranderingen
in het kaakbot op basis van een preklinische studie. De registratie van micro-CT en MRI kon
de informatie van zowel hard als zacht weefsel in het lokalisatiegebied verschaffen. Door de
beperking van deze pilootstudie, konden de resultaten enkel melden dat de vasculaire
veranderingen een consistente tendens vertoonden in MRI en histomorfometrie, en dat de
gelijktijdige botveranderingen ook door de micro-CT werden aangetoond. Dit onderzoek heeft
bijgedragen tot de ontwikkeling van een nieuwe invasieve radiografische techniek voor de
langetermijnopvolging van bot(re)modellering en vascularisatie in het preklinisch onderzoek
door de combinatie van micro-CT en MRI.

Tenslotte werden de algemene discussie en conclusie van de bovengenoemde studies en
aanbevelingen voor toekomstig onderzoek gepresenteerd in Hoofdstuk 7. Om het
osseoperceptie fenomeen verder bloot te leggen, werd in dit doctoraal proefschrift getracht de
effecten van vertraagde en onmiddellijke implantatie en belastingprotocols, alsook de
toepassing van PRP en PPP op de genezing van zenuwvezels en botvorming rond orale
implantaten uit te werken. Uiteindelijk verbreden de huidige resultaten onze kennis over de

neurale en benige veranderingen na het plaatsen van orale implantaten.
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