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Abstract
Objectives: To compare radiographic bone changes, following alveolar ridge preser-
vation (ARP) using Guided Bone Regeneration (GBR), a Socket Seal (SS) technique or 
unassisted socket healing (Control).
Material and methods: Patients requiring a single rooted tooth extraction in the ante-
rior maxilla, were randomly allocated into: GBR, SS and Control groups (n= 14/). Cone 
Beam Computed Tomography (CBCT) images were recorded post-extraction and at 
4 months, the mid-buccal and mid-palatal alveolar ridge heights (BARH/PARH) were 
measured. The alveolar ridge width, cross-sectional socket and alveolar-process area 
changes, implant placement feasibility, requirement for bone augmentation and post-
surgical complications were also recorded.
Results: BARH and PARH was found to increase with the SS (0.65 mm ± 1.1/0.65 mm 
±  1.42) techniques, stabilise with GBR (0.07  mm  ±  0.83/0.86  mm ±1.37) and de-
crease in the Control (−0.52 mm ± 0.8/−0.43 mm ± 0.83). Statistically significance was 
found when comparing the GBR and SS BARH (p = .04/.005) and GBR PARH (p = .02) 
against the Control. GBR recorded the smallest reduction in alveolar ridge width 
(−2.17 mm ± 0.84), when compared to the Control (−2.3 mm ± 1.11) (p = .89). A mid-socket 
cross-sectional area reduction of 4% (−2.27 mm2 ± 11.89), 1% (−0.88 mm2 ± 15.48) and 
13% (−6.93 mm2 ± 8.22) was found with GBR, SS and Control groups (GBR vs. Control 
p = .01). The equivalent alveolar process area reduction was 8% (−7.36 mm2 ± 10.45), 
6% (−7 mm2  ±  18.97) and 11% (−11.32 mm2  ±  10.92). All groups supported implant 
placement, with bone dehiscence noted in 57% (n = 4), 64%(n = 7) and 85%(n = 12) of 
GBR, SS and Control cases (GBR vs. Control p = .03). GBR had a higher risk of swell-
ing and mucosal colour change, with SS associated with graft sequestration and matrix 
breakdown.
Conclusion: GBR ARP was found to be more effective at reducing radiographic bone 
dimensional changes following tooth extraction.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1  |  INTRODUC TION

The clinical need for a prosthetically driven implant restorations, as 
well as the need for adequate bone dimensions at the implant site, 
has led to an increased interest in the physiological changes that 
occur during healing and remodelling of the extraction socket.

Healing of the extraction socket has been demonstrated to lead 
to extensive vertical and horizontal tissue resorption (Demircan 
& Demircan, 2015), with the risks associated with dimensional 
change particularly evident in the anterior maxilla (Araujo et al., 
2015). Alveolar Ridge Preservation (ARP) techniques have evolved 
as a clinically relevant protocol, under the assumption that their 
adoption promotes favourable tissue healing, whilst limiting bone 
and soft tissue dimensional change (Avila-Ortiz et al., 2019; Iocca 
et al., 2017; MacBeth et al., 2016; Mardas et al., 2015; Retzepi & 
Donos, 2010). This reduced tissue loss influences the requirement 
for future alveolar ridge augmentation at implant placement and 
simplifies the consequential implant surgical procedures (De Ris 
et al., 2013; Horváth et al., 2013; Vignoletti et al., 2014; Wang & 
Lang, 2012).

Although there was recognition that Guided Bone Regeneration 
(GBR) and Socket Seal (SS) ARP techniques (Avila-Ortiz et al., 2019; 
Darby et al., 2008; Horváth et al., 2013; Jonker et al., 2021; Sapata 
et al., 2020) can be used to better preserve ridge dimensions in com-
parison to unassisted socket healing, the recent Systematic Reviews 
by Atieh et al. (2021) and Couso-Queiruga et al. (2021) concluded 
that a lack of consensus was still present, when considering the im-
pact of ARP on tissue dimensional change. The clinical differences 
attributed to the use of different barrier materials and ARP tech-
niques remained unclear, particularly when considering the differ-
ences in the contour of the healed alveolar ridge (Jonker et al., 2021), 
the requirement for additional bone augmentation at implant place-
ment and the patient or surgical complications attributed to specific 
ARP procedures.

The requirement for additional longitudinal studies was also 
highlighted in the systematic review undertaken by Avila-Ortiz et al. 
(2020), indicated with a need for researchers to investigate the influ-
ence of the local gingival phenotype, volumetric bone dimensional 
changes and patient-reported outcome measures following ARP 
treatment.

The ability of various ARP techniques to preserve the dimensions 
of the alveolar ridge has been examined, using different intra-oral 
measurement techniques. These procedures have included direct 
examination of study casts (Pietrokovski & Massler, 1967), compari-
son of two dimensional (2-D) radiographs, linear examination of the 
osseous ridge following surgical exposure (Huynh-Ba et al., 2010), 
ultrasound assessment (Chan et al., 2017), direct intra-surgical 

measurement using a rulers or probe (Schropp et al., 2003; Spray 
et al., 2000) and cast measurement using digital callipers (Katranji 
et al., 2007). Cone Beam Computerised Tomography (CBCT) tech-
niques (Cavalcanti et al., 1999) have now been proposed as a supe-
rior method to detect dimensional and area (mm2) changes at the 
healed extraction socket, as they are accurate and easy to use, have 
high resolution and follow non-invasive procedures. They are also 
able to produce multi-planar images for dimensional analysis (Fickl 
et al., 2009; Jemt & Lekholm, 2003; Schneider et al., 2014; Thoma 
et al., 2010; Wälivaara et al., 2007).

The aim of this Randomised Controlled Trial (RCT) was to com-
pare the radiographic linear and cross-sectional bone area dimen-
sional changes, at a tooth extraction site, following ARP using SS or 
GBR ARP technique, when compared to unassisted healing.

1.1  |  Null hypothesis

There is no difference in the alveolar bone dimensions and healing 
characteristics, when unassisted healing is compared with ARP at a 
tooth extraction site.

2  |  MATERIAL S AND METHODOLOGY

2.1  |  Study population

This was a single-centre, prospective, randomised, controlled, sin-
gle blind clinical trial, that compared CBCT radiographic dimen-
sional changes, socket healing characteristics and pain experience, 
following SS or GBR ARP, with unassisted healing acting as the 
control. The study was conducted in full accordance with the ethi-
cal principles of the Declaration of Helsinki (version, 2008) and 
ISO 14,155, and was independently reviewed and approved by the 
Ministry of Defence Research Ethics Committee (MODREC). All 
procedures were performed between 2015 and 2019. CONSORT 
guidelines for reporting clinical trials were followed (http//:www.
conso​rt-state​ment.org/).

2.2  |  Inclusion criteria

Military patients attending a specialist secondary care referral 
practice, presenting with a terminal prognosis maxillary single 
rooted incisor, canine or premolar tooth, requiring extraction and 
prosthetic replacement using an implant supported restoration. 
Extraction could be precipitated due to trauma, periodontitis, 

K E Y W O R D S
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endodontic complication or unrestorable caries. Fifty-two pa-
tients were originally screened for eligibility, with 43 patients en-
rolled in the study.

The eligibility criteria included male or female military pa-
tients, aged 18 years to 55 years of age (mean 32 years, ± 9.6) who 
were systemically fit and well. Patients with a previous diagnosis 
of periodontitis were required to have successfully completed a 
course of periodontal treatment before enrolment, with disease 
stability demonstrated over a 6-month period. A moderate to thick 
gingival phenotype and a FMPS of below 15% and a FMBS below 
10% was also required at study baseline. The gingival phenotype 
was assessed using a probe as described by Jepsen et al. (2018). 
It was assumed that the periodontal probe (Hu-Frieddy, Chicago, 
IL, USA) would be visible when the phenotype was thin (gingival 
tissue ≤1 mm) and not visible when thick (gingival tissue >1 mm). 
The accepted characteristics for the extraction socket included, a 
buccal socket wall, with less than 3 mm or 25% of the coronal mid-
buccal vertical bone wall lost. The integrity of the buccal socket 
wall was assessed clinically and using the CBCT radiograph follow-
ing tooth extraction. Adequate mesio-distal space was required 
for implant placement.

2.3  |  Exclusion criteria

The exclusion criteria for the study included smokers, pregnant or 
lactating females and patients with uncontrolled diabetes, active 
systemic illness, infection or patient who had undergone recent peri-
odontal regenerative, access or gingival surgical treatment. Patients 
prescribed phenytoin, dihydropyridine, calcium antagonists, cy-
closporine and anticoagulant therapy, or with a history of a severe 
bruxing/clenching habit, alcoholism, chronic drug abuse and psycho-
logical disorders were also excluded.

Local exclusion factors included the presence of a clinically 
symptomatic periapical radiolucency, acute abscesses, chronic sinus 
tracts and a residual periodontal pocket depth of >5 mm, at the com-
pletion of the pre-treatment periodontal therapy.

2.4  |  Patient enrolment

On the patient's first visit, the medical history, dental status, full 
mouth PPD, FMBS, REC and MFPS scores were recorded. All clinical 
measurements were documented by a single, previously calibrated 
examiner, using a manual UNC-15 periodontal probe with light prob-
ing force (20 gr/N). Periodontal indices were recorded at six sites; 
mesio-buccal (MB), mid-buccal (MidB), disto-buccal (DB), mesio- 
palatal (MP), mid-palatal (Midp) and disto- palatal (DP) around the 
dentition.

An upper and lower alginate impression (Imprint., 3 M, UK) was 
taken to record the baseline morphology of the extraction site. The 
working cast was fabricated using Type IV stone (GC Corp., Tokyo, 
Japan).

2.5  |  Study outcomes

The primary Outcome evaluated was the change in the radiographic 
vertical dimension of the buccal alveolar ridge height (BARH), fol-
lowing ARP using a SS or GBR technique when compared with unas-
sisted healing. Dimensional changes were recorded at the baseline 
of tooth extraction and following 4 months healing.

The Secondary Outcomes measured included: (i) The vertical 
change in the mesial and distal BARH, (ii) The vertical change in 
the mesial, mid and distal palatal alveolar ridge height (PARH), (iii) 
The change in horizontal radiographic socket dimensions, (iv) The 
radiographic thickness of the buccal bone plate at a position 5 mm 
and 10 mm below the reference stent, (v) Radiographic socket and 
alveolus process cross-sectional area changes, (vi) The requirement 
for additional bone augmentation at implant placement (4 month), 
(vii) Healing complications at the extraction socket, (viii) Pain scores 
during initial healing and (viii) Intra-oral clinical parameters includ-
ing full-mouth bleeding (FMBS) and plaque scores (FMPS), probing 
pocket depths (PPD) and mucosal recession (REC).

2.6  |  Surgical and radiographic protocol

2.6.1  |  Minimally invasive tooth extraction

One hour prior to tooth extraction, patients were prescribed a 
course of 500 mg of Amoxicillin, which was continued three times 
daily for the following 5-day post-operative period. In the case of 
a reported allergy to penicillin, 500  mg of erythromycin was pre-
scribed one hour before treatment and a dose of 250 mg prescribed 
four times daily for 5 days as an alternative. A 0.2% chlorhexidine 
rinse was administered before treatment, with Paracetamol 500 mg 
(2 tablets) prescribed for post-operative pain control.

A circumferentially surgical incision was undertaken within the 
confines of the gingival sulcus, separating the periodontal attach-
ment apparatus from the root of the tooth. Extraction of the tooth 
was facilitated using a luxator periotome and extraction forceps 
(Mardas et al., 2010), with care taken to preserve the integrity of the 
socket bone and gingival tissue boundary. A piezosurgery bone cut-
ting insert was used, if ankylosis of the root was observed. Curettage 
of the socket was then performed to remove residual granulation 
tissue. If the integrity of the socket wall was noted to be fractured 
or displaced following visual or tactile assessment of the socket, or 
only a two walled socket configuration remained, predisposing to 
socket regeneration rather that ridge augmentation, then the patient 
was excluded.

The patient was then enrolled sequentially into the study, with 
the operative clinician provided with an envelope from an inde-
pendent administrator, detailing the treatment allocation of either 
SS, GBR or Control. The envelope sequence was created from a 
master randomisation list that was held at the Defence Centre for 
Rehabilitative Dentistry, with the operator blinded to the alloca-
tion prior to treatment. As premolar and canine teeth are known 
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covariates, which may influence bone dimensional changes, a sepa-
rate stratified block randomisation method (groups of two) was used 
to address this risk of bias. This methodology resulted in the SS and 
Control groups including two premolar teeth, with the GBR group 
containing one canine and one premolar. This equal distribution of 
non-incisor dentition reduced the risk of bias from an imbalanced 
distribution of dissimilar teeth. All subsequent CBCT and clinical as-
sessments were undertaken with the assessor blinded to the ARP 
treatment allocation.

2.6.2  |  ARP technique

In the GBR group, the extraction socket was filled with a xeno-
graft bone substitute (DBBM) (Bio-Oss®; Geistlich Biomaterials, 
Wollhusen, Switzerland) up to the pre-extraction level of the buc-
cal and lingual/palatal alveolus bone plate. A localised tissue flap 
was then raised circumpherentially around the socket rim, to allow 
placement of a collagen barrier membrane (Bio-Gide®, Geistlich 
Biomaterials, Wollhusen, Switzerland) 2–3  mm onto the adjacent 
alveolar bone surface. The extension of the flap in the mesial and 
distal interproximal areas was designed to avoid complete detach-
ment of the adjacent gingival papilla. The localised mucosal flap was 
then replaced without major coronal advancement and secured in 
place with Ethylon® 6(0) (Johnson & Johnson Medical N.V., Belgium) 
cross-mattress sutures. The sutures were placed in both the mesio-
distal and bucco-palatal direction, to allow maximum stabilisation of 
the exposed membrane (Figure 1).

In the SS group, de-epithelialization of the gingival tissue collar 
was undertaken using a high-speed, round, coarse diamond bur, with 
the extraction socket filled with the same xenograft bone substitute 

(Bio-Oss®) and the coronal aspect of the grafted socket covered 
with a cut to shape collagen matrix (Mucograft® Seal; Geistlich 
Biomaterials, Wollhusen, Switzerland) according to the manufac-
turer guidelines. The Mucograft® matrix was held in place, by su-
turing the top layer to the gingival tissue using single interrupted 
Ethylon® 6–0 sutures (Figure 2).

In the control group, haemostasis and clot stabilisation was 
achieved by the direct application of pressure to the extraction 
site for 5  min using a rolled sterile gauze pack, soaked in saline 
(Figure 3).

2.6.3  |  Post-Operative instructions

The patients were instructed not to wear the immediate tooth re-
placement for 24  h and to avoid strenuous physical activities for 
72  h, to prevent disruption or displacement of the primary clot. 
After 24 h, a 0.2% chlorhexidine-di-gluconate mouthwash was ini-
tiated, three time per day, with a modified brushing and oral care 
programme resumed in the upper maxilla at 72 h and respected for 
a further 11 days. Suture removal was scheduled for 14 days, with a 
dental hygienist visit providing tooth debridement and oral hygiene 
reinforcement at 2 weeks and again at 8 weeks.

2.6.4  |  Manufacture of the radiographic 
reference stent

On the pre-surgical models, a thermoplastic matrix was manu-
factured extending three teeth either side of the extraction site. 
The tooth planned for extraction was sectioned from the cast, 

F I G U R E  1  Photographs demonstrating Surgical Protocol for ARP using GBR technique (a) The incisor in position 21 prior to extraction. 
(b) Atraumatic tooth extraction following incision of the gingival tissue. (c) De-epithelialization of the gingival tissue collar and localised flap 
raised. (d) Socket filled with a xenograft bone substitute. (e) The collagen membrane was sutured in place to seal the socket aperture. (f) 
Graphical representation of ARP using GBR

(a) (b) (c) 

(d) (e) 

(f) 
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with the model trimmed to the buccal and palatal gingival con-
tour. The thermoplastic material was then adjusted to the out-
lined gingival contour and filled internally with a barium sulphate 
radiopaque filler. This stent was designed to be used as a stable 
radiographic reference, to enable the measurement and compari-
son of dimensional changes immediately after extraction and fol-
lowing 4 months of healing. Reference points were marked with 
a depressed vertical grove in the mesial (M), mid (MID) and distal 
(D) areas of the buccal and palatal aspects of the stent, to ensure 
consistence in the vertical orientation and measurement position 
(Figure 4).

The patients were asked to wear the stent during CBCT imaging, 
with radiographic images taken immediately after tooth extraction 
(primary) and at 4-months healing (secondary), prior to implant 
placement. The CBCT images were captured using a Carestream 
9300 x-ray unit, with the patient's inter-arch position stabilised with 
a local customised index. An image field size of 5 cm by 5 cm, at a 
voxel size of 200 μm, scanning time 12 s, tube voltage of 60–90 KV 
and a frequency 140 KHz was selected (Figure 5).

2.7  |  Primary outcome measurement

2.7.1  |  Buccal alveolar ridge height

Post extraction and 4-month CBCT DIACOM image files were 
imported into the OnDemand3D software suite (Version 
1.0.10.5385- Cybermed, USA). The Profile Measurement Tool was 
selected to measure the vertical distance between the crest of the 
alveolar ridge and the base of the radiographic stent. The Profile 
Measurement Tool assessed the variation in bone/tissue grey-
scale pixel density along a demarcated line, to aid in the detec-
tion of the edge of an anatomical surface, when partly mineralised 
bone was under investigation.

The BARH was determined by measuring the distance from the 
base of the radiographic stent to the uppermost point of the alve-
olar bone crest in the Mid-buccal aspect of the extraction socket. 
The primary outcome measure was assessed as the change in the ra-
diographic vertical BARH measurement in the ARP test groups and 
control group, following 4-months healing.

F I G U R E  2  Photographs demonstrating Surgical Protocol for ARP using SS technique (a) The incisor in position 11 prior to extraction. 
(b) Atraumatic tooth extraction with de-epithelialization of the gingival tissue collar. (c) Socket filled with a xenograft bone substitute. (d) 
A collagen matrix placed over the xenograft bone substitute (e) The collagen matrix was sutured in place to seal the socket aperture. (f) 
Graphical representation of ARP using SS

(a) (b) 

(d) 

(c) 

(e)

(f)

F I G U R E  3  Control patient demonstrating unassisted socket healing protocol. (a) and (b) Pictures of the incisor in position 21 prior to 
extraction. (c) Socket left to form primary clot, prior to application of sterile pack

(a) (b) (c) 
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2.8  |  Secondary outcome measures

2.8.1  |  Mesial and distal buccal alveolar ridge height 
dimensions (BARH)

The change in the radiographic alveolar bone height was assessed 
at the M, Mid and D positions of the radiographic stent at 4-months 
healing.

2.8.2  |  Palatal alveolar ridge height

The radiographic palatal alveolar ridge height (PARH) was again 
measured after 4-months socket healing. The PARH recorded the 
distance from the base of the radiographic stent to the uppermost 
point of the alveolar bone crest in the M, Mid and D positions, on the 
palatal aspect of the extraction socket.

2.8.3  |  Horizontal alveolar ridge width

The horizontal Alveolar Ridge Width (ARW) was measured using the 
Profile Measurement Tool at the M, Mid and D positions, at a dis-
tance of 5 mm (the Cervical ARW - CARW) and 10 mm (the apical 
ARW- AARW), from the radiographic stent (Figure 6). The dimen-
sional change in the CARW and AARW measurements were as-
sessed following 4-months healing.

2.8.4  |  Buccal socket wall thickness

The thickness of buccal socket wall was recorded at 5  mm and 
10 mm below the radiographic stent using the profile measurement 
tool (Figure 7).

2.8.5  |  Cross-sectional socket and alveolus 
process area measurements

The OnDemand3D software allows for the superimposition of 
two CBCT images, imported as separate DICOM files, through a 
registration and merging function. Alignment of the CBCT images 
was achieved through a three-staged process. Initially, the pri-
mary and secondary images were fused using an auto registration 
tool, in an attempt to align the axial, sagittal and coronal planes. 
The fused images were then checked for accuracy of registration 
on a monitor. Errors in alignment were corrected using a mutual 
information algorithm, with the procedure repeated to obtain the 
best fit.

Once the registration alignment was established, the secondary 
DICOM data set was reconfigured using the resliced tool, to conform 
to the axial, sagittal and coronal configuration of the primary image. 
Merger of both the primary and secondary images was undertaken 
using two different colour masks, to allow for differentiation and 
accurate visual assessment of the alveolar bone changes over the 
4-month healing period (Figure 8).

F I G U R E  4  Manufacture of radiographic Measurement stent at extraction site. (a) The incisor in position 11 prior to extraction. (b) 
11 sectioned from the cast and buccal aspect trimmed to gingival margin position (c) Palatal aspect trimmed to gingival margin contour. (d) 
Extraction socket immediately following tooth removal. (e) Radiographic reference stent constructed to marked gingival contour. (f) Gingival 
margin positional change, immediately following tooth removal

(d) (e) (f) 

(a) (b) (c) 
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The initial CBCT image was used to outline the internal surface 
of the extraction socket and the extent of the original alveolar pro-
cess supporting the root of the tooth. The apical aspect of the socket 
was used as the base of the alveolar process, with the base deter-
mined as the bisecting plane, drawn parallel to the bucco-palatal cor-
onal socket orientation. The socket (SA) and alveolar process (APA) 
cross-sectional area (mm2) was then calculated. The merged image 
was then examined, using the primary image socket and alveolar 
process outline as a reference. The level of bone infill (mm2) in the 
extraction socket and the change in the cross-sectional area of the 
outlined alveolar process were then calculated (Figure 9).

2.8.6  |  Implant placement 
feasibility and requirement for additional bone grafting 
at implant placement

Implant placement feasibility was determined according to the abil-
ity of the operator to adopt a prosthetically driven, implant place-
ment protocol. A surgical stent was used to determine the desired 
three-dimensional spatial relationship between the prosthetic res-
toration and the implant fixture. The outcome was expressed as the 
percentage of cases, where the idealised surgical protocol could be 
achieved, whilst safeguarding adequate implant primary stability 
and bone coverage. The primary stability of the dental implants was 

assessed through the ability to obtain an insertion torque of more 
than 30N and the surgeons’ perception of implant stability at place-
ment (O'Sullivan et al., 2004).

The number of cases with evidence of dehiscence or fenestration 
defects, which required GBR to cover the exposed implant threads, 
was recorded (Figure 10). Cases that required GBR for contour aug-
mentation to facilitate optimal aesthetics and prosthetic reconstruc-
tion, in the absence of a fenestration or dehiscence defect were also 
measured. Aesthetic GBR contour augmentation was undertaken, 
when less that 2 mm of buccal bone remained, or when the residual 
buccal bone profile had a horizontal discrepancy or marked asym-
metry when compared to the contralateral tooth. The results were 
presented as a frequency distribution percentage for each augmen-
tation outcome.

2.8.7  |  Post-operative surgical complications

An evaluation of the extraction site was undertaken at the 2-week 
control visit. The presence of side effects or patient complaints was 
recorded as being dichotomously present or absent in a case report 

F I G U R E  5  CBCT radiographic measurement of the Mid BARH 
and PARH. (a) Buccal alveolar ridge height (BARH): The distance 
from the buccal alveolar bone crest to the base of the reference 
measurement stent. (b) Palatal alveolar crest ridge height (PARH): 
The distance from the palatal alveolar bone crest to the base of the 
reference measurement stent

(a) 

(b)

F I G U R E  6  CBCT radiographic measurement of the alveolar 
ridge width. (a) Coronal alveolar ridge width (CARW): The external 
width of the alveolar ridge at a distance 5mm from the radiographic 
stent. (b) Apical alveolar ridge width (AARW): The external width of 
the alveolar ridge at a distance of 10 mm from the index

(a) 

(b) 
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form. The complications logged included suppuration at graft site, 
the presence of swelling, persistent pain in the grafted area swelling, 
expulsion/sequestration of grafted material, tissue reaction to graft 
material, resorption and remodelling of the graft, colour and tissue 
morphological changes and clefting of the gingival tissue. Recession 
of the gingival tissue, sensitivity from the adjacent dentition, chronic 
pain, local infection, loss of and dehiscence of the membrane was 
also recorded.

2.8.8  |  Pain intensity scores (Visual Analogue Scale)

The patient's pain intensity score was recorded using a visual ana-
logue scale (VAS) at 2 weeks and at 8 weeks healing (Figure 11).

Patients were asked to mark on the analogue scale, the point 
that they felt represented their perceived perception of their 

current pain state. The VAS score was measured in millimetres 
from the left-hand end of the line to the point that the patient 
marked.

The patient's pain experience was classified according to the 
following threshold values: no pain (0–4 mm), mild pain (5–44 mm), 
moderate pain (45–74  mm) and severe pain (75–100  mm) (Jensen 
et al., 2003).

2.9  |  Power calculation

The systematic review by MacBeth et al. (2016) indicated a 
standardised mean difference of 0.74–0.796 mm in the alveolar 
ridge height, when comparing ARP and unassisted healing stud-
ies. The value (0.8  mm) was therefore used as the minimal dif-
ference or effect size that wished to be identified in the power 
calculation.

F I G U R E  8  Superimposed CBCT Images demonstrating Alveolar bone change following 4-months healing. (a) primary CBCT image taken 
after tooth extraction. (b) Secondary CBCT image taken at 4-month healing. (c) Merged primary and secondary CBCT images, visualised 
using different colour masks. (*) orange colour represents original bone profile. (^) purple overlay outlines the residual morphology of the 
alveolar ridge when the secondary CBCT image was taken (4-months)

(a) (b) (c) 

* 

^ 

F I G U R E  7  CBCT Images demonstrating the 5 and 10 mm buccal socket measurement positions (a) and the grey scale histogram (b) 
produced by the Profile Measurement Tool, which was used to assist in the measurement of the buccal socket wall thickness

(a) (b) 
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Assuming a CBCT radiographic vertical change of −0.5  mm in 
the unassisted control group, with a standard deviation of 0.9 mm 
(Jung et al., 2013) and an effect size of 0.8 mm, then a three-group 
study would require a sample size of 13 per group to produce an 
80% power at an alpha level of 5% (Georgiev, 2016). In this study, a 
sample size of 14 patients per group was used to allow for patient 
dropouts.

2.10  |  Statistical analysis and randomisation

All data were entered in a computer database, proofed for entry 
error and loaded in the SPSS statistical software package (v.22). 
Tissue dimensions at tooth extraction and at 4  months heal-
ing were recorded as a mean ± standard deviation for all three 
groups.

Data normality was assessed by the Shapiro–Wilk test and 
Levene's test of variance. If the data was normally distributed, the 
differences between the groups will be assessed using parametric 
methods. If the assumptions were not fulfilled, non-parametric tests 
were used instead. Significance was set at p < .05. All statistical re-
sults were limited to three decimal places.

2.10.1  |  Parametric tests

Independent sample t-tests, or a one-way fixed effect ANOVA as-
sessment were used to examine the differences in means between 
the three test groups. If a significant difference was observed be-
tween the groups from the one-way ANOVA, a Tukey's honestly sig-
nificant difference (HSD) post hoc analysis was performed to check 
which specific groups differed.

2.10.2  |  Non-parametric tests

An independent Wilcoxon rank sum test and a Kruskal–Wallis one-
way analysis of variance, was used to assess the differences be-
tween test groups. If a significant difference was observed between 
the groups, a post hoc analysis was performed using a Bonferroni 
correction for multiple comparisons and adjusted  p-values were 
presented.

An intra-class correlation coefficient was used to measure the 
level of reliability between CBCT radiographic measurements 
(10 sets), repeated over a 10-day interval.

F I G U R E  9  Measurement of socket and alveolar process cross-sectional area (mm2.). (a) Primary socket (blue) and alveolar process area 
(green). (b) Primary alveolar process outline (green) and secondary healed outline (yellow). (c) Primary socket outline (blue), secondary healed 
outline (red)

(a) (b) (c) 

F I G U R E  1 0  Pictures of surgical 
osteotomy site, where additional GBR was 
required at implant placement to cover 
exposed implant threads (dehiscence)
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2.11  |  Study registration

The registration of the RCT was undertaken with the Royal Air Force 
Military Centre for Aviation Medicine (643/MODREC/15). As the 
study ethical approval was initiated in 2015, there was no require-
ment at that time to register the study with https://www.clini​caltr​
ials.gov.

3  |  RESULTS

3.1  |  Study population

The study population consisted of 43 individuals, 42 male and one 
female. One male patient was lost from the study, due to military 
deployment. The average age of enrolled patients was 32 years, 
with an age range of 27–53  years. Fourteen patients were allo-
cated in each of the SS, GBR and Control groups. FMPS and FMBS 
scores were recorded at less than 10%, for all patients during 
treatment.

3.2  |  Tooth extraction position

All patients underwent extraction of a single rooted tooth in the 
upper anterior maxilla (15–25 position), with 36 central incisor teeth, 
one canine and five premolar teeth removed. The five premolars, 
were observed to have an oval root morphology and fused roots at 
the apex, conforming to the inclusion criteria.

3.3  |  Primary outcome measures

3.3.1  |  Buccal alveolar ridge height dimension

After 4 months of healing, analysis of the CBCT images revealed that 
the Mid-BARH increased in the SS group (0.65 mm ± 1.1), stabilised 
with GBR (0.07 mm ± 0.83), with a reduction recorded in the Control 
group (−0.52 mm ± 0.8) (Table 1).

When examining BARH measurements using a one-way ANOVA 
calculation, a statistically significant difference in Mid-BARH 

was found when comparing GBR vs. Control (p  =  .04) and SS vs. 
Control (p =  .005). No statistical difference was present when ex-
amining the outcome of GBR and SS. The intra-class correlation co-
efficient demonstrated a measurement reliability of 0.91 with a CI 
(0.86–0.95).

3.4  |  Secondary outcome measures

3.4.1  |  Mesial and Distal Buccal alveolar ridge 
height dimensions (BARH)

The GBR group reported more height gain in the Mesial and Distal 
BARH measurement sites (6%), when compared with the SS and 
Control groups.

3.4.2  |  Palatal alveolar ridge height dimension

Comparison of CBCT images at 4-month healing, revealed an in-
crease in the Mid-PAH of 0.65mm (±1.1) with SS and an increase of 
0.86 mm (±1.37) when undertaking GBR. A statistically significant 
difference was observed between GBR and the Control in the Mid-
PARH dimension (p = .03).

In the Control group, resorption of the palatal alveolar bone crest 
occurred, resulting in a Mid-BARH reduction of −0.43 mm (±0.83) 
(Table 1). Palatally, all three groups demonstrated the greatest di-
mensional change in the Mid-PARH position, when compared to the 
Mesial and Distal proximal sites.

3.4.3  |  Horizontal coronal and apical alveolar ridge 
width dimensions (CARW and AARW)

At 4-months healing, the GBR group recorded a Mid-CARW reduc-
tion of −2.17 mm (±0.84), with the SS group demonstrated the great-
est Mid-CARW change of −2.36 mm (±2.76). The Control was found 
to have a dimensional change of −2.30 mm (±1.11).

These figures represent an individual Mid-socket CARW mean 
change of 26.4% for GBR, 26.7% when using the SS technique and 
27.5% with unassisted healing. The SS technique reported a greater 
CARW reduction in the M and D positions, when compared to the 
Mid-socket region, with this observation reversed in the GBR and 
Control groups.

The Mid-socket AARW reduction was similar for the GBR, SS 
and Control groups (−0.96 mm (±0.34) for GBR, −0.86 mm (±1.48) 
for SS and −0.82  mm (±0.76) for Control). These measurements 
equated to a mean AARW reduction of 10%, with only negligible 
differences in the ARRW found, when the Mid and M and D socket 
dimensions were compared.

The ANOVA analysis revealed no statistical difference in the 
CARW and AARW dimensional changes at 4-months healing when 
comparing groups.

F I G U R E  11  VAS used for pain assessment with recording scale 
detailed below

https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
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3.4.4  |  Buccal alveolar plate (socket) thickness

A mean mid-buccal alveolar socket thickness of 1.02  mm (±0.32) 
was recorded at the coronal aspect of the extraction socket for the 
enrolled patients, with a thickness of 1.04 mm (±0.29) measured at 
5 mm and 1.02 mm (±0.27) at 10 mm. No evidence of buccal socket 
dehiscence or fenestration was noted in the CBCT images, with no 
statistic differences found, when comparing the buccal socket wall 
thickness in the GBR, SS and Control groups.

At 4-months healing, only two patients in all three test groups, 
demonstrated evidence of retention of an aspect of the original buc-
cal socket contour in the coronal 4 mm. These patients had a socket 
wall thickness of 1.9  mm and 2.4  mm. All other patients demon-
strated loss of the buccal alveolar bone plate.

3.4.5  |  Socket area (SA) and alveolar process cross-
sectional area (APA)

The mid SA and APA was 51.34 mm2 (±13.09) and 94.45 mm2 (±26.6) 
in the GBR group, 58.86mm2 (±12.32) and 110.50 mm2 (±33.61) with 
SS, and 54.28 mm2 (±14.8) and 102.37 mm2 (±30.75) in the Control.

At 4-months healing, the GBR, SS and Control groups all demon-
strated a reduction in the Mid-SA measurement. The Mid-SA 
was reduced by 4% (−2.27  mm2  ±  11.89) in the GBR group, 1% 
(−0.88 mm2 ± 15.48) when using SS and 13% (−6.93MM2 ± 8.22) in 
the Control. The GBR group demonstrated an increase in the SA in 
the M-SA (0.22 mm2 ± 7.88) and D-SA (0.02 mm2 ± 8.29) reference 
positions.

A Kruskal–Wallis One-way ANOVA analysis, with post hoc 
Bonferroni calculation revealed a statistical difference in the SA 
when comparing the GBR and Control groups (p = .01) at 4-months.

The Control group demonstrated the greatest SA reduction at 
4-months healing in the M, Mid and D positions. ANOVA analysis 
did not reveal a statistical difference in the SA changes at 4 months, 
when comparing the SS, and Control groups.

A reduction in the APA was again found in GBR, SS and Control 
groups at 4-months healing. A 8% (−7.36mm2 ± 10.45) reduction was 
observed in the Mid-APA when using GBR, with a 6% (−7mm2 ± 18.97) 
reduction for SS group and a 11% (−11.32mm2 ± 10.92) reduction 
in the Control. The Control group demonstrated greater APA loss 
in the M (16%) and D (12%) positions, when compared to the Mid-
socket area (Table 2).

3.5  |  Implant placement feasibility and requirement 
for additional bone grafting at implant placement

All patients in the GBR, SS and Control groups (100%), were able to 
realise implant placement according to a prosthetically driven pro-
tocol, whilst still achieving adequate primary stability. In the GBR 
group, 57% (eight patients) required bone augmentation at implant 
placement, with 28.5% (4-patients) undergoing augmentation due to 

bone dehiscence or for aesthetic contour augmentation. In the SS 
group, 64% (nine patients) required augmentation at implant place-
ment, with 50% (seven patients) due to implant dehiscence and 14% 
(two patients) to facilitate contour augmentation. No cases of im-
plant fenestration were documented in the GBR or SS groups. The 
Chi-square statistic was used to examine the difference in effect size 
when bone augmentation was required due to bone dehiscence or 
fenestration. A significant difference was found when comparing 
the GBR and Control group (p = .03).

The Control group required bone augmentation at the time of 
implant placement in 85% (12 patients), with 71% (10 patients) due 
to the presence of bone dehiscence and 14% (two patients) due to a 
fenestration defect. No bone augmentation was undertaken in the 
Control group for contour augmentation alone.

3.6  |  Post-operative surgical complications

Post-operative complications were regularly reported when using 
the GBR and SS ARP techniques (Table 3). Sloughing and localised 
breakdown of the collagen membrane was observed in 28% (4) of 
GBR patients, with loss of the membrane integrity predominantly re-
corded in the proximal areas. Graft sequestration was noted in 21% 
(3) of these cases. Inflammation was reported in the 49% (7) of the 
GBR group, resulting in localised mucosal colour change in 42% (6) 
of patients during the initial stages of healing. These colour changes 
were resolved at the 8-week review.

Partial breakdown of the collagen matrix occurred prior to su-
ture removal in 43% (6) of SS cases, with complete loss of the seal 
observed in 7% (1) patients. Loss of graft particles was reported in all 
of these cases. Inflammation 21% (3) and colour change 28% (4) was 
less frequently observed when using SS ARP and was again resolved 
at 8 weeks.

One patient experienced a dry socket in the Control group, with 
delayed healing, pain and localised infection recorded in this case. 
Recession of the gingival margin was noted in 56% (8) of patients 
and was the most common outcome. The recession was found to 
be associated with a higher level of tooth sensitivity, with 21% (3) of 
patient recording this complication. Initial colour changes were also 
seen in 28% (4) patients (Figure 12).

3.7  |  Visual analogue pain scores

At two weeks healing, four patients recorded a moderate level of 
residual pain (45–74 mm), with two of these cases associated with 
more complex surgical tooth removal and one associated with lo-
calised infection. No singular ARP technique or Control was found 
to be associated with increased pain scores for the patient. The SS 
technique was associated with a slightly higher level of residual dis-
comfort at suture removal (2 weeks). GBR patient's experienced no 
pain at 8 weeks, with the SS and Control recording mild pain, but at 
the lower limit of this grading (Table 4). No statistical difference was 
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recorded between the VAS pain scores for the SS, GBR and con-
trol groups at suture removal (p = .62/F = 1.58) and 8-week review 
(p = .71/F = 1.47).

4  |  DISCUSSION

Healing at an extraction site is characterised by re-organisation, pro-
liferation and maturation of the oral tissues, resulting in dimensional 
changes to the alveolar bone and gingival tissues Avila Ortiz et al. 
(2019, 2020). The amount of horizontal and vertical alveolar dimen-
sional change is directly interlinked, as vertical crestal resorption can 
occur as a direct result of damage to the extraction socket, or due to 
a complex pattern of osteoclastic remodelling activity on either the 
inner and outer socket wall (Araujo & Lindhe, 2005), leading to both 
vertical and horizontal dimensional changes. This RCT established 
that GBR and SS ARP techniques, were effective in maintaining the 
vertical ARH, creating a more clinically favourable condition prior to 
implant placement.

4.1  |  Vertical dimension

Both GBR and SS ARP techniques, resulted in either stability or 
a vertical gain in the Mid BARH and Mid PARH dimensions when 
compared with the height loss experience in the Control group. 
Whilst the overall increase in the BARH at the GBR group was small, 
the dimensional preservation in the vertical alveolar ridge height 
was at a level that could be considered both clinically and statisti-
cally relevant (p =  .04). The SS technique recorded a greater mean 
BARH gain than GBR, but there was a higher level of variance in the 

measurements, alluding to the potential for more complications with 
this technique. This variation may be due to the SS ARP technique 
allowing for a degree of over-extension of the bone graft above the 
coronal boundaries of the extraction socket, but this over extension 
being affected by a greater level of graft dehiscence during heal-
ing. The dehiscence risk affecting the predictability of the healed 
outcome. The GBR technique was restricted in its ability to enhance 
the vertical alveolar crestal contour, as it required the barrier mem-
brane to be extended onto the peripheral bone surface. The superior 
occlusive properties of the barrier during early healing, may allow 
for more predictable bone formation (Calciolari et al., 2018; Donos 
et al., 2015; Retzepi & Donos, 2010).

Whilst the buccal bone contour has a direct impact on future im-
plant treatment, the need for bone augmentation is also influenced 
by the three-dimensional ridge topography. As the external ridge 
contour is influenced by the PARH, the ridge augmentation experi-
ence with GBR may provide a beneficial effect on both surgical im-
plant therapy and future aesthetic outcomes for the patient.

Recent systematic reviews by Avila Ortiz et al. (2019) and 
Troiano et al. (2018) have supported the outcomes of this RCT’s, 
indicating ARP procedures effectively reduced the level of ver-
tical alveolar ridge high loss by between 1.65  mm to 1.72  mm, 
when compared to an unassisted healing. Similar levels of verti-
cal alveolar ridge height conservancy were also reported when 
using GBR (Barone et al., 2008; Cardaropoli & Cardaropoli, 2008; 
Crespi et al., 2009; Jung et al., 2013) and SS (Jung et al., 2013) 
ARP techniques. When using a SS procedure, Coomes et al. (2014) 
and Neiva et al. (2008) described a smaller level of alveolar ridge 
height preservation, with an overall reduction in vertical dimen-
sion. The reason that this RCT may have reported vertical height 
stability with GBR and a gain, in the SS group, may be attributed to 

TA B L E  2  SA and APA at tooth extraction, and area changes at 4-month healing (mm2)

ARP procedure M-SA Mid-SA D-SA M-APA Mid-APA D-APA

GBR Mean 44.62 51.34 45.23 86.26 94.45 85.28

SD 9.95 13.09 12.75 26.77 26.60 28.28

SS Mean 53.31 58.86 57.35 101.43 110.50 108.72

SD 12.15 12.32 13.14 28.86 33.61 30.56

Control Mean 48.49 54.28 48.24 91.01 102.37 100.58

SD 15.99 14.80 13.51 29.87 30.75 26.45

Area change GBR Mean 0.22 −2.27 0.02 −6.50 −7.36 −8.72

SD 7.88 11.89 8.29 12.50 10.45 11.82

Area change SS Mean 2.45 −0.88 −3.36 −1.61 −7.00 −10.24

SD 17.91 15.48 14.47 22.87 18.97 15.51

Area change - Control Mean −7.80 −6.93 −4.00 −14.76 −11.32 −12.14

SD 5.71 8.22 7.60 6.39 10.92 6.85

Kruskal–Wallis 0.32 0.05 0.19 0.067 0.83 0.786

H Test 2.26 5.4 3.31 6.28 0.389 0.482

Bonferroni Correction GBR Vs. Control
p = .01

Note: Abbreviations: APA, alveolar process area; D, distal; M, mesial; Mid, middle; SA, socket area.
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the described advantages of the grafting protocol, the atraumatic 
extraction technique utilised (Thoma et al., 2010) and the flat or 
scalloped thick phenotype (Avila Ortiz et al., 2019, Thoma et al., 
2020) required for patient inclusion.

Vertical BARH and PARH dimensional changes were found to 
be more extensive in the buccal and palatal mid-socket region, 
when compared to the proximal areas of both the ARP test and 
the Control groups. Excluding the grafting limitations already dis-
cussed, the difference in the morphometric dimensions of these 
results, correspond with the outcome of the systematic review un-
dertaken by Tan et al. (2012) where a weighted mean, Mid BARH 
reduction of 1.24  mm, at 3 to 7-months, with only a 0.8  mm to 
0.84 mm loss proximally, in patients with unassisted healing was 
reported. It was suggested that the different rates of bone re-
modelling, could be attributed to the proximal bone dimension 
being partially determined by the blood supply from the inter-
dental and periodontal ligament space of neighbouring teeth (Al-
Hezaimi et al., 2011) with the additional vasculature contributing 
to the stabilisation of the proximal bone and a reduce risk of bone 
resorption.

4.2  |  Horizontal dimensions

This study reported a horizontal Mid-socket width reduction of 
−2.3 mm (±1.11) or 25.5% in the Control group, which is slightly 
less that the outcomes (2.6 mm to 4.6 mm, and 3.87 mm ± 0.82) 
reported in the systematic reviews undertaken by Ten Heggeler 
et al. (2011) and Van der Weijden et al. (2009). The difference 
was attributed to the inclusion of multiple rooted teeth, with the 
2.3mm (± 1.1) CARW reduction found in this study, considered 
representative of the dimensional change for single rooted teeth 
in the maxillary dentition.

Comparison of the SS, GBR and Control Mid-CARW and AARW 
measurements, indicated a similar level of horizontal socket width 
reduction in all groups, at 4 months healing. Whilst ARP may offer a 
clinically relevant reduction in alveolar width changes during socket 
healing, reducing the need for subsequent bone augmentation at im-
plant placement, the magnitude of the reduction in horizontal alveo-
lar dimensional change was variable (Avila-Ortiz et al., 2019). Whilst 
other studies have reported great conservancy of width dimensions, 
following ARP with a GBR (Aimetti et al., 2009; Barone et al., 2013b; 
Barone et al., 2008; Jung et al., 2013) or SS (Jung et al., 2013; Meloni 
et al., 2015) techniques, the high level of heterogeneity in the pub-
lished data may account for the observed statistical differences.

Another difference may be attributed to the reference position 
used to measure the horizontal socket width. The socket width mea-
surements are often taken at a more coronal positions (3 mm), as this 
region has been found to suffer more extensive dimensional change 
(Araujo et al., 2015). This study recorded the horizontal socket width 
at 5 and 10 mm below the radiographic reference stent, as a more 
superficial position was not found to be associated with repeated 
retention of the buccal and palatal alveolar bone socket walls.TA
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4.3  |  Area measurements

The SA and ARA cross-sectional changes are representative of 
the extent of socket alveolus bone resorption, bone regeneration 
and the amount of residual graft matrix visible on the radiograph. 
The measurements described the healing pattern at the extraction 
socket and provide insight into whether additional bone grafting 
would be needed at implant placement.

Both the GBR and SS techniques reported a small loss of Mid-SA 
(1% and 4%) and Mid -APA (6% and 8%) area, when compared to 
the area changes of 13% and 11% observed in the Control. GBR 
demonstrating a statistical difference to the Control in the Mid-SA 
area. A similar level of SA reduction (3%) was reported by Araujo 
et al. (2015), but this same study also indicated a higher ARA re-
duction of 25%. The observed difference may be because of vari-
ations in the selected outline of the alveolar ridge, differences in 
extraction techniques and the patient phenotype characteristics 
outlined previously. The importance and effect of using different al-
veolar ARA boundaries can be appreciated by comparing the mean 

102.49 mm2 (±13.48) ARA reduction observed in this study, with the 
99.1 ± 30.1 mm2. ARP reduction found by Misawa (2016), who used 
a similar outline for analysis of the anterior maxillary alveolar ridge.

Whilst the SS group appeared to record a lower SA reduction, a 
higher level of horizontal SA dimensional change occurred with this 
technique, requiring greater vertical SA augmentation, to offset the 
buccal tissue resorption. Although GBR was observed to suffer a 
slightly higher level of SA change, when compared to SS, it was ob-
served to have suffered a lower level of buccal tissue resorption and 
only vertical bone augmentation on the palatal aspect.

The ARA changes reflected the characteristics of the SA bone 
augmentation and healing pattern, recording only a small area of cor-
onal palatal bone resorption, with the majority of the alveolar bone 
loss recorded in the crestal 4mm of the buccal socket wall for the SS, 
GBR and Control groups. This localised area of bone morphological 
change confirms the findings by Araujo and Lindhe (2005), Araujo 
et al. (2015) and Tomasi et al. (2010). Whilst it was anticipated that the 
need to raise a small flap to facilitate membrane placement for GBR 
might be associated with a higher level of horizontal bone resorption, 

F I G U R E  1 2  Pictures of socket healing at 2-weeks demonstrating local Complications. (a) Colour change with GBR group. (b) Dehiscence 
of the membrane with SS. (c) Dehiscence of the membrane with GBR. (d) Tissue recession with Control. (e) Sequestration of graft with SS. (f) 
Loss of the membrane with SS

(a) (c) 

(d) (e) (f) 

(b) 

ARP procedure
VAS score at Suture 
Removal Patient Observations

VAS score at 
8 weeks review

GBR 2.3 SD 1.37 One patient above 6 0.4 SD 0.3

SS 2.6 SD 1.67 Two patients above 6 0.5 SD 0.4

Control 2.21 SD 1.47 One patient above 6 0.56 SD 0.3

One way ANOVA
p-Value

p = .62 p = .71

F Test 1.58 1.47

Tukey HSD

Note: Abbreviation: VAS, visual analogue score (pain).

TA B L E  4  VAS recorded following tooth 
extraction and ARP



696  |    MACBETH et al.

it was observed that that the SS procedure suffered a greater level of 
alveolar ridge width dimensional change This difference in resorption 
rates may be attributed to the GBR membrane offering greater pro-
tection to the grafted matrix in the bundle bone area, with improved 
bone healing characteristics (Retzepi & Donos, 2010).

4.4  |  Implant bone augmentation

Whilst all GBR, SS and Control groups facilitated implant place-
ment according to a prosthetically driven protocol, the require-
ment for additional bone augmentation was reduced in the GBR 
(3) and SS groups (4). The lower number of GBR patients, who 
required bone augmentation due to a dehiscence or fenestration 
defect at implant placement was statistically different to the con-
trol (p =  .03), supporting the assumption that GBR was more ef-
fective at protecting the augmented buccal socket wall dimension 
(Mardas et al., 2015).

4.5  |  Pain and complications

This study indicated that patient's experienced only mild pain fol-
lowing tooth extraction, with no difference noted in the patient's 
perceived pain experience during the initial 2 weeks of healing fol-
lowing ARP with either a GBR or SS technique. This low level of pain 
experience has been reported in several RCT’s (Barone et al., 2013a; 
Camargo et al., 2000; Festa et al., 2013; Jung et al., 2013) and docu-
mented in the systematic review undertaken by Atieh et al. (2021).

Pain, oedema and erythema were the most common surgical 
complications reported in both GBR and SS ARP test groups and the 
Control, with the frequency of these complications slightly higher 
when using GBR (Cook & Mealey, 2013; Mardas et al., 2010; Pinho 
2006) and SS (Fiorellini et al., 2005; Karaca et al., 2015) procedures. 
Temporary colour change and membrane/collagen matrix exposure 
with sequestration of the graft matrix was observed in both SS and 
GBR procedures and was attributed to the additional surgical trauma 
and the loss of a suture. When dehiscence of the collagen membrane 
and collagen matrix was reported, the loss of the biomaterial integ-
rity was observed to be very localised and only caused limited graft 
sequestration. At 8  weeks healing, no observed differences were 
seen in the SS, GBR and Control groups.

4.6  |  New developments in study methodology

4.6.1  |  Alveolar bone measurements

This study used an innovative combination of optical scans, super-
imposed CBCT radiographs and overlaid mesh images to undertake 
comparative analysis of dimensional changes following two different 
ARP techniques and unassisted healing. Whilst the use of superim-
posed or fused images (Fickl et al., 2008a) has been documented, the 

accuracy of recorded measurements is influenced by the quality of 
the CBCT scans and their ability to display anatomical features. The 
image display is affected by the field of view, tube voltage and am-
perage, partial volume averaging, the presence of noise or artefacts 
on the image (Molen, 2010), soft tissue factors, voxel size and spatial 
resolution (Molen, 2010; Patcas et al., 2012).

The accuracy of measurement recorded by CT and CBCT ma-
chines has been reported on by several authors (Loubele et al., 2008). 
Although it can be concluded that CBCT systems render anatomical 
measurements reliably and are an appropriate tool for linear measure-
ments (Patcas et al., 2012), the level of accuracy and inter-operator 
error may be affected by visual limitations, or when measuring small 
cross-sectional bone dimensions (Cao et al., 2017; Leung et al., 2010; 
Patcas et al., 2012; Wood et al., 2013). This is particularly important 
when immature or newly forming bone tissue may have a reduced 
bone density (Januario et al., 2011; Marmulla et al., 2005). To mini-
mise this risk of CBCT interpretation errors, this study utilised a grey 
scale pixel density to delineate the bone margin. This was particularly 
useful when determining the position and thickness of the buccal 
wall, as this anatomical surface was often visually indistinct.

4.6.2  |  Study limitations

The restricting of enrolled patients, to those with a moderate to thick 
gingival phenotype (Cook et al., 2011; Chappuis et al., 2017; Thoma 
et al.,2020), may have influenced the level of vertical and horizontal 
socket remodelling experienced in this study. An additional factor is 
the bias associated with the predominately male population group. 
Gender differences in alveolar bone dimensions have been chroni-
cled by Lee et al. (2010) and El Nahass et al. (2015), with the CBCT 
buccal socket thickness measurements of 1.04  mm at 5  mm and 
1.02 mm at 10 mm recorded in this study, higher than the population 
average reported by Tsigarida et al. (2020). As baseline buccal bone 
thickness has been demonstrated as being a predictor for buccal 
bone resorption (Araujo & Lindhe, 2005; Araujo et al., 2015; Tomasi 
et al., 2010), the above average buccal socket thickness may have 
resulted in reduced horizontal socket dimensional change.

A post hoc power calculation indicated that this RCT population 
had a low power (p = .255) to detect a 1 mm horizontal size reduc-
tion of the CARW and AARW measurements for the SS and GBR 
test groups. These results suggest that a larger population size is 
required to demonstrate a statistical difference between ARP and 
Control groups when examining the width changes in the alveolar 
ridge. if one truly exists.

Whilst a stratified randomisation model reduced the risk of vari-
ation in buccal socket thickness risk, the inclusion of both central 
incisor, canine and premolars in this study, may have introduced an 
element of bias, as different resorption patterns could have been 
experienced by these teeth. If a larger sample population was inves-
tigated, a liner statistical analysis approach would have been pre-
ferred, as it would allow variation in the bone dimensions at different 
tooth sites.
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5  |  CONCLUSION

Referenced and aligned CBCT images offered an advantage when 
reviewing bone dimensional changes. Comparison of ARP tech-
niques indicated that GBR and SS were effective in limiting verti-
cal alveolar (buccal and palatal) bone loss, when compared with an 
unassisted healing Control Group. Furthermore, ARP procedures 
may decrease the need for further ridge augmentation during im-
plant placement.
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