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Abstract

Calvarial critical-size defects in rats are used to study regeneration of both craniofacial bone and 

long-bones. For decades, the trephine technique has been used with no notable refinements in the 

procedure. The use of piezoelectric surgical equipment has increased in human clinical oral and 

maxillofacial surgery, neurosurgery, traumatology, and orthopedics, because the devices are easy 

to handle, and can cut bone without damaging sensitive soft tissues such as blood vessels, nerves, 

and membranes. This study evaluated and compared the surgical technique and bone regeneration 

process between a traditional hand-drill trephine and piezoelectric equipment in a critical-size 

calvaria defect in a rat model. Thirty SD male rats were randomly divided into two groups and had 

either a 7.9mm diameter circular defect created with trephine or a 7.0mm square defect using the 

piezoelectric device, both creating 49 mm2 defect areas. MicroCT and histology were performed 

at 45 and 75d after surgery. While trephine surgeries were performed faster than piezoelectric 

(25.5 minutes vs 38.5 minutes), the rate of complications was much higher, with 36% of trephine 

rats taking 20 minutes to achieve hemostasis. Although the extent of new bone formation was 

similar between the two surgical groups, the piezoelectric technique resulted in 50% less 

variability. No additional new bone formation was observed from 45 to 75d in both techniques. 

Piezoelectric technique represents a refined and more reproducible technique for calvarial defect 

generation in comparison to classic trephine methods.
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Introduction

Cranial defects can result from different pathologies such as congenital defects, trauma, 

tumor resection, decompressive intracranial procedures and secondary to resorbed bone 

flaps. Persistent calvarial defects can result in brain exposure to trauma, secondary 

neurological dysfunction and cosmetic morbidity (Chang, 2010; Xu, 2015; Williams, 2016; 

Honeybul, 2017, Piazza, 2017). The surgical repair of a skull defect regardless of its etiology 

is called cranioplasty (Hill, 2012).

Cranioplasty has been used for many years, but new surgical techniques and new materials 

to fill defects are continually being developed or improved to treat this complex problem 

(Bonfield, 2014; Piazza, 2017). Biomaterials in current use in human clinical cases include 

acrylics, ceramics, polyethene, polyetheretherketone (PEEK) and titanium (Williams, 2016). 

In addition to these treatments for clinical bone defects, new bone regeneration therapies 

have been tested in pre-clinical stages to reconstruct calvaria defects in animal models with 

the aim to promote brain protection and restore a more normal appearance (Dumanian, 

2017; Wongsupa, 2017; Youngstrom, 2017). In this way, calvaria critical-size defects in 

animal models are useful to provide a proof-of-principle to develop therapies for more 

effective bone repair (Gomes, 2011). The term ‘critical-sized defect’ is used to describe a 

defect that will not heal spontaneously during the period of an experiment (Gosain, 2000). 

The rat calvarial defect model is one of the most widely used models to study bone 

regeneration for both craniofacial and long bone repair, with 100s of examples in the 

literature. Critical-size defects in rat are usually created using trephines of different diameter 

size, from 5.0 to 9.0mm, on parietal bones, bilateral or centralized (Vajgel, 2014). Although 

those techniques are straightforward, adverse events are reported, including, bone necrosis 

due to the generation of heat during the osteotomy and dura mater damage (Greenwald, 

2000; Sawyer, 2009). It is important to investigate alternative technique that are responsive 

to the 3R’s principle (reduction, refinement and replacement), to produce more reproducible 

results with less deviation and enhanced animal welfare (Vajgel, 2014).

Piezoelectric ultrasonic technology has been extensively used in oral and maxillofacial 

surgery, neurosurgery, traumatology, and orthopedics (Robiony, 2004). One advantage of 

piezoelectric technology is the selective effect on mineralized tissues, while avoiding 

damage to sensitive structures and soft tissues such as blood vessels, nerves, and 

membranes, such as the dura mater (Kerawala, 1999; Landes, 2008). Previous studies have 

shown that for the surgeon using piezoelectric ultrasonic equipment permits more precise 

cuts than rotary hand pieces (Horton, 1981). In addition, morphological evaluations have 

shown no signs of necrosis or pigmentation on piezoeletric studies, which could represent 

benefits for bone healing in comparison to other classic trephine techniques that generate 

heat mechanically during the osteotomy (Robiony, 2004; Sawyer, 2009).

The purpose of the present study was to evaluate and compare the time of surgery, intra-

operative complications, post-operative outcome, and bone regeneration in the generation of 

rat critical-size calvaria defects with piezoelectric technique vs traditional trephine.
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Materials and Methods

Ethical aspects, animals and conditions

Experimental procedures were consistent with ethical principles for animal research and 

were approved by both University of Michigan and Michigan State University IACUC.

Thirty adult male Sprague-Dawley rats (Rattus norvegicus), 5–6 months of age, and 450–

520g (due to parietal bones minimum size), were used. Throughout the study, rats were 

housed in pairs in polypropylene cages (37 cm x 25 cm x 24 cm), with 12/12 night/day 

cycles, 21°C (± 2°C) and 50% (± 20%) relative humidity. All rats had ad libitum access to 

complete rat chow and filtered water.

Critical-sized healing defect model and experimental design

Rats were randomly assigned to two surgical approach groups: 1) 7.9mm diameter circular 

defect using trephine – Circular group, 16 rats; or 2) 7.0mm side square defect using 

piezoelectric equipment – Square group, 14 rats. The size of the circular defect was chosen 

based on a survey of the literature for a trephine technique that produces non-union (Vajgel, 

2014). Then, a comparable square size was calculated (s2 = πr2; which “s” represents square 

side and “r” represents the ray of the circumference) to produce the same size defect area in 

both models. Calvaria were harvested at three-time points for each group: 1) day zero, 

surgical technique control performed in 2 rats per group after euthanasia; 2) 45 days after 

surgery, 6 rats per group; 3) 75 days after surgery, 6 rats per group. Two rats of Circle group 

were excluded from analysis due to immediate post-operative death.

Anesthesia was induced using isoflurane at 3.5%, and rats were maintained at 2–2.5%. Pain 

relief was provided with a single dose of buprenorphine SR (1mg/kg SC) just after the 

anesthetic induction.

All instruments were sterilized, surgical table and environment were kept in aseptic 

conditions, sterilized disposable gowns, gloves and drapes were used. The dorsum of the rats 

was shaved from the eyes line to the 1/3 cranial neck, including the areas surrounding the 

ears. The surgical field was cleaned with chlorhexidine and ethanol 70% using 3 repeating 

washes. During the procedure, animals were maintained in ventral recumbence.

Square defect surgical technique using piezoelectric equipment (Fig. 1)

1. A 3 – 3.5cm sagittal skin incision was made from 0.5–1.0cm caudal to a mid-line 

drawn between the eyes to direction of neck;

2. Subcutaneous tissue was dissected producing a clear view from the left temporal 

muscle to the right temporal muscle;

3. Periosteum was incised parallel to one of the temporal muscle with the scalpel;

4. Using the Piezosurgery® GP equipment and PR1 insert (Mectron Medical 

Technology, Carasco, Italy) in the Endo function and irrigation level 1 (sterilized 

distilled water), the periosteum was totally removed from the parietal bones until 

Temporal muscles level;
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5. Using ruler and pencil, a 7.0mm side square was drawn onto the parietal bones, 

using the Sagittal suture as the midline reference.

6. Osteotomy of the parietal bones was completed using the Piezosurgery® GP 

equipment and OT1 insert (Mectron) in cortical function and irrigation level1 

(sterilized distilled water);

7. Segmental bone in the defect after the osteotomy was removed using the scalpel;

8. Skin was sutured using 4–0 nylon suture.

Circular defect surgical technique using trephine (Fig. 2)

1. Surgical site preparation was similar to that described for the Square defect;

2. A 3 – 3.5cm sagittal skin incision was made from 0.5–1.0cm caudal to a line of 

the eyes to direction of neck;

3. Subcutaneous tissue was dissected until a clear view was produced from the left 

temporal muscle to the right temporal muscle;

4. Periosteum was mechanically removed by rubbing the periosteum from the 

parietal bones using the scalpel;

5. The osteotomy was done using unidirectional rotational movements with a hand-

drill (WowParts®) attached to a titanium alloy 7.9mm diameter (outer) trephine 

(Ace Surgical Supply®). Irrigation was constant during the osteotomy using 

sterilized distilled water.

6. The freed bone in the defect after the osteotomy was removed using the scalpel;

7. Skin was sutured in a using 4–0 nylon suture, as described.

Surgical general notes

Surgical procedures were timed from the first incision to last suture on the first 12 live 

animals of each group. Transoperational technical difficulties and post operatory recovery 

were documented.

Euthanasia and sample collection

The rats were euthanized with a CO2 overdose based on the AVMA standards for euthanasia. 

Calvaria bones of both Square and Circular group were harvested using a Piezoeletric 

equipment (Piezosurgery® GP and OT12 insert, Mectron) using the interparietal bone as 

caudal board, the frontal bones as rostral boards and temporal bones as lateral boards. Bones 

were fixed in 10% buffered formalin.

Micro-computed tomography (microCT)

General morphological description and morphometric analysis were assessed using 

microCT. MicroCT analysis was performed using a Skyscan 1076 scanner (Bruker-

MicroCT, Kontich, Belgium). Ex-vivo specimens were immersed in water and scanned at 

65KV, 381μA, 1mm aluminum filter in 180 degrees, two frames per 0.3°, 9μm voxel size, 

200ms. Images were reconstructed using NRecon® Reconstruction software images in 
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“Hounsfield Unit” (HU), smoothing 3.0, 2.0 misalignement compensation, ring artifact 

reduction 10, 30% of beam-hardening correction; the same contrast and brightness was used 

for all samples. DataViewer software was used to re-align the images and quantitative 

parameters were assessed using Skyscan CTan software (SkyScan,Kontich, Belgium). Bone 

voxels were determined with a global threshold of 63mm minimum and 255mm maximum, 

which was selected considering the average minimum auto-threshold for each file. Bone area 

(BAr) 2D analysis was done using two different region of interests (ROI’s): 1) a 7.0mm x 

7.0mm ROI in Square group; and 2) 7.9mm diameter in the Circle group. In both cases we 

determined the slice subjectively that presented the most bone formation in each sample. 

Ratio Bone Volume per Tissue Volume (BV/TV) 3D analysis (bone volume relative to total 

volume – BV/TV) was done on two different volume of interests (VOI’s): 1) 7.0mm (l) x 

7.0mm (w) x 0.25mm (h) in the defect site to generate a BV/TV of the Square group, and 2) 

7.9mm diameter x 0.25mm thickness for CG. 3D images were generated using Skyscan 

CTAn.

Histological analysis

Each calvaria was sectioned in the median plane and the left halves were processed 

according to routine histological methods, including 10% EDTA, pH 7.0 decalcification, and 

embedded individually in Paraplast®. From each paraffin-embedded sample, 5μm thick 

sagittal sections were stained with hematoxylin and eosin. The analyzed fields of each 

section were then digitized with final magnification of 100x and 40x by a light microscopy 

Nikon® Eclipse Ni along with a Nikon® DS-Ri2 camera (Nikon Instruments Inc., Melville, 

NY, USA). Pictures and analysis were done using NIS-Elements BR 4.30.02–64 bit software 

(Nikon Instruments Inc., Melville, NY, USA).

Statistical analysis

Mean, standard deviation and Student’s t-test were used to compare the time taken to 

perform Square and Circular surgical technique. Mean, standard deviation and Mann-

Whitney (Test U) was applied to compare microCT results in Square and Circular and to 

compare 45d and 75d of each group using Real Statistics Resource Pack software (Release 

6.8; Copyright 2013 – 2020, Charles Zaiontz; www.real-statistics.com).

Graphs were generated using GraphPad Prism software version 8.0.0 for Windows 

(GraphPad Software, San Diego, USA, www.graphpad.com).

Results

Surgical observations

Two rats of the Circular group (14%) died in the first two hours during post-operative care. 

While the cause of death was not confirmed by post-mortem exam, this likely occurred 

because they did not recover from extensive trans operative bleeding. There was extensive 

hemorrhage in all animals of the Circular group; in 5 cases (36%), more than 20 minutes 

was required to achieve hemostasis by compression after trephine calvaria osteotomies. No 

complications were registered in Square group.
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Significant differences (p=0.004) were reported on the time to perform each type of surgical 

technique. Circular group mean surgical time was 25.5 minutes (± 4.5) from first incision to 

last suture, while Square group mean was 38.5 minutes (± 9.4).

Following the post-operative recovery period from day 2 until day 75, no behavioral 

differences were noticed of either group of rats.

Micro-computed tomography (microCT)

Sequential 2D slices and 3D reconstructions showed new bone mass in both Square and 

Circular group of 45d and 75d in the margin of the calvaria defects (Fig. 3). In three of the 

14 samples (21%) of Circular group, the defect was not constrained to temporal bones, but 

also involved the adjacent bones (frontal and interparietal) (Fig. 4A).

Statistical comparison between Square and Circular groups did not show significant 

differences for 3D BV/TV nor 2D BAr at 45d (p=0.12 and p=0.17, respectively) and 75d 

(p=0.40 and p=0.31, respectively. Also, there was no statistically significant differences in 

Square group new bone formation from 45d to 75d for 2D BAr (p=0.23) and 3D BV/TV 

(p=0.12). Similarly for the Circular group, statistical analysis showed no significant 

differences between 45d and 75d for 2D BAr (p=0.40) and 3D BV/TV (p=0.31). While new 

bone formed in both Circular and Square groups at 45d and 75d for 3D BV/TV and 2D BAr 

values were similar, the Circular group had higher standard deviation at both 45d and 75d 

time points (Table 1; Fig. 5).

Histological analysis

Sagittal sections stained with H&E revealed some new bone formation comparing 0d to 45 

and 75d in both Circular and Square group (Fig. 6). As well, the defects were filled with 

non-bone connective tissue. The connective tissue formed in calvarial defects of both the 

45d and 75d Circle defects was much thicker than Square group at 45d and 75d. However, in 

both groups, there was a reduction of the same connective tissue thickness from 45d to 75d 

(Fig. 6). There was no evidence of bone formation processes bridging the defects in either 

the Circular or Square groups at 45d and 75d. The new bone was limited to the margin of the 

segmental defect (Fig. 6). Some sections of the Circle group showed the defect extended to 

outside of the parietal bone to adjacent bones and reached the frontal bone sinus (Fig. 4B–

C).

Discussion

Creating square defects using the piezoelectric technique was safer than creating circular 

defects using trephine. Two out of 16 rats died during postoperative care and hemorrhage 

complications during trephine surgeries contrasts with the absence of notable complications 

in the Square group. Potential adverse consequences for trephine treated animals are not 

widely reported in previous studies, despite known dura mater damage (Greenwald, 2000; 

Vajgel, 2014). For decades, critical-size defects in calvaria of rats were done using trephine 

with few technical refinements (Takagi, 1982; Schmitz, 1990; Pryor, 2005; Fabris, 2018). 

The use of the piezoelectric technique is an advance with respect to animal welfare.
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The trephine technique was performed faster than piezoelectric technique. Changing of the 

piezoeletric equipment inserts and cutting geometrical square in the Square group demanded 

significantly more time than the osteotomy using a circular trephine in Circular group. There 

are many inserts for the piezoeletric equipment, and it may be that using different inserts 

could result in appreciable time savings, as has been shown in other osteotomy technique in 

humans (Pagotto, 2017), but we used a standard insert throughout our experiment. It is 

notable that human clinical trials comparing piezoeletric devices to traditional methods have 

similarly show increased surgical time with piezoeletric devices (Rana 2013; Spinelli 2014).

Regarding bone regeneration, although the Circular and Square groups presented similar 

extent of new bone formation in microCT and histology, the circle group showed greater 

variability relative to the Square group, especially at day 75. The standard deviation was 

more than two-fold that of the Square. This is important because it suggests that using the 

piezoelectric equipment could result in a reduction in animal numbers required to achieve 

statistical significance in experimental studies, if there is less data variability. Additionally, 

in the circle group 450–520g rats may not have parietal bones large enough to permit the 

creation of 7.9mm circular defects to reach 49mm2 defect area. MicroCT and histology 

showed that the trephine osteotomy crossed the parietal and frontal sutures, invaded 

interparietal and frontal bones, which did not happen in the square shape that demanded 

shorter lines (7.0mm) to reach the same defect area. Invading adjacent bones in the circular 

defect may further compromise the results because of different regeneration processes 

between different calvarial bones and due to the presence of bone sinus and skull suture 

tissue. Invading adjacent bones in the circular defect may further compromise results 

because of different regeneration processes between different calvarial bones and due to the 

presence of bone sinus and skull suture tissue. The presented results are in agreement with 

variability assessed in other osteotomy and bone regeneration pre-clinical studies that 

compare piezoelectric and classic techniques in rats and rabbits, in tibia and mandible, 

respectfully (Esteves, 2013; Tosun, 2017). Our results represent that piezoelectric technique 

may not only be used as alternative model, but also it is more reproducible for studies on 

cranioplasty.

The piezoelectric technique was able to produce bone critical-sized defect non-unions in 

calvaria, similar to that of the traditional circular trephine. This was important to verify since 

the reduced soft-tissue trauma could have altered the extent of healing with the piezoeletric 

device. Since there were not significant differences in the extent of new bone regeneration 

from 45 to 75d in both groups using microCT, and histological analysis did not show new 

bone formation at the osteotomy edges at both harvest points, it is presumed that the bone 

defects of 49 mm2 do not heal after 45d in rat parietal bones – independent of the geometry 

of the defect or osteotomy method. In comparison to other craniotomies studies performed 

with 8.0mm trephine in rats, the presented results indicated less regeneration than the 

Stephan et al study (2010), possibly because periosteum was removed in our study to avoid 

technique bias on periosteum preservation between the methods. However, other published 

studies have shown that bone regeneration at different timepoints in calvaria has even lower 

bone regeneration rates (Vajgel, 2014).
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While the focus of our work was on refining a preclinical model, it is notable that 

piezoelectric surgery is used clinically in human surgery for both the craniofacial skeleton 

and long bones (Gonzalez-Lagunas 2017, Russo, 2019). Specifically, while studies show that 

piezoelectric-based surgeries do take a longer time to complete, there is reduced soft-tissue 

trauma and operative bleeding. Indeed, groups report quantitative measures of reduced soft-

tissue trauma, including reduced nerve damage in orthognathic surgery (Spinelli, 2014). 

Thus, our work may not only have implications for studying bone regeneration therapeutics 

in pre-clinical models, but it may also be useful for continuing to advance piezoeletric 

surgical approaches for human surgeries.

Conclusion

Both Circular (created with trephine) and Square (created with piezoelectric device) models 

show that the minimal regeneration process that occurs at the edges of the osteotomy in both 

approaches does not advance after 45d, which results in non-union. Critical-size defect in 

calvaria using piezoelectric device produced similar bone regeneration results to the standard 

trephine approach, but with better reproducibility (reduced standard deviation). In addition, 

piezoelectric technique was safer and caused less soft-tissue damage during the trans and 

post-operative care than trephine, which showed extensive bleeding and mortality. Although, 

there is still an opportunity to reduce the time of surgery using the piezoelectric technique 

with the introduction of new inserts or reduction of the size of the defect, the proposed 

model represents a refinement in calvaria critical-size defect using rats. Based on the 

advantages we evaluated in this large defect model, piezoelectric surgery could also refine 

smaller defect approaches, such as 3.0mm bilateral defect in rodents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Creating large segmental defect in rat calvaria using Piezosurgery is safer than 

trephine method;

2. There is no increase of bone formation rate on calvaria defect (both in Piezo 

and trephine technique) after 45 days;

3. The bone regeneration rate using Piezosurgery technique to produce 

segmental defect is equivalent to trephine technique;

4. Piezosurgery technique is more reproducible than trephine, due to low 

standard deviation results in new bone formation;

5. Trephine technique is faster to perform than Piezosurgery technique.
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Fig. 1: 
Operative technique to produce the 7.0mm sided square critical-size defect in rat calvaria 

using piezoelectric equipment. A) surgical field preparation; B) sagittal skin incision; C) 

periosteum exposure after dissection of subcutaneous tissue; D) periosteum removal using 

piezoelectric equipment; E) parietal bones exposure; F) square template to perform the 

osteotomy; G) osteotomy using the piezoelectric equipment; H) segmental loose bone after 

osteotomy in square shape; I) 7.0mm sided square critical-size defect; J) skin suture.
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Fig. 2: 
7.9mm diameter circular critical-size defect technique using trephine. A) Osteotomy of 

parietal bones using hand-drill along with trephine; B) Circular critical-size defect after 

osteotomy.

Senos and Hankenson Page 13

Injury. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: 
Square and circular defects show similar extent of regeneration. Representative microCT 

reconstructions of bone regeneration in 7.0mm sided square critical-size defect created using 

piezoelectric equipment and 7.9mm diameter circular critical-size defect using trephine. The 

red line in 3D dorsal views indicates the 2D transverse sections points below, each dorsal 

projection.
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Fig. 4: 
Circular critical-sized defect invades frontal and interparietal bone. A) Representative 

microCT 3D reconstruction of rat calvaria with 7.9mm diameter segmental defect in parietal 

bones also impacts interparietal and frontal bone at day 0. Yellow dash lines marks the 

suture between bones. B) H&E histological scan of sagittal sections of circular segmental 

defect. C) magnified H&E histological sagittal section of frontal bone in a circular 

segmental defect in calvaria. IP = interparietal bones; Pa = parietal bone; Fr = frontal bones. 

Arrows indicate frontal bone sinus.

Senos and Hankenson Page 15

Injury. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5: 
Distribution of bone regeneration in the defects of each group analyzed in microCT. Bone 

volume per tissue volume (BV/TV) and area of bone formation (BAr) did not indicate 

statistical significance (p < 0.05) between Circular (trephine) and Square (piezoelectric) 

groups in all time points; nor between 45-days and 75-days groups. Zero-day (control) 

groups showed statistical differences in comparison to 45-days and 75-days in both Circular 

and Square techniques in the analyzed parameters.
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Fig. 6: 
Circular defects show thicker connective tissue at both 45d and 75d. Comparative 

representative sagittal histological images of rat calvaria of Circular and Square group at 0d, 

45d and 75d after osteotomy, stained with H&E. Differences between groups and time 

points on the thickness and absence of connective tissue at segment defect. 40x scan.
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Table 1:

Average values and standard deviation (SD) of 2D and 3D microCT analysis of bone regeneration of parietal 

bones in 7.9mm diameter circular (C) critical-size defect and 7.0 mm sided square (Sq) critical-size defect at 

0, 45 and 75days after surgery.

2D Measurements 3D Measurements

Time point TS [mm2] Bar (SD) [mm2] TV [mm3] BV/TV (SD) [%]

Circular (Trephine) 0d 49 0.01 (0.00) 12 0.01 (0.00)

45d 49 9.64 (3.97) 12 18.67 (7.34)

75d 49 7.74 (5.42) 12 16.00 (10.59)

Square (Piezosurgery) 0d 49 0.09 (0.01) 12 0.22 (0.04)

45d 49 11.75 (3.75) 12 14.37 (6.11)

75d 49 9.00 (2.57) 12 16.27 (5.21)

Notes: TS = tissue surface, Bar = bone area, TV = tissue volume, BV/TV = bone volume per tissue volume.
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