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ABSTRACT

Purpose: This pilot study evaluated the molecular, histologic, and radiographic healing of bone to instrumentation with
piezoelectric or high speed rotary (R) devices over a 3-week healing period.

Material and Methods: Fourteen Sprague-Dawley rats (Charles River Laboratories International, Inc., Wilmington, MA,
USA) underwent bilateral tibial osteotomies prepared in a randomized split-leg design using Piezotome® (P1) (Satelec
Acteon, Merignac, France), Piezotome 2® (P2) (Satelec Acteon), High-speed R instrumentation, or sham surgery (S). At
1 week, an osteogenesis array was used to evaluate differences in gene expression while quantitative analysis assessed
percentage bone fill (PBF) and bone mineral density (BMD) in the defect, peripheral, and distant regions at 3 weeks.
Qualitative histologic evaluation of healing osteotomies was also performed at 3 weeks.

Results: At 1 week, expression of 11 and 18 genes involved in bone healing was significantly (p < .05) lower following P1 and
P2 instrumentation, respectively, relative to S whereas 16 and 4 genes were lower relative to R. No differences in PBF or
BMD were detected between groups within the osteotomy defect. However, significant differences in PBF (p = .020) and
BMD (p = .008) were noted along the peripheral region between P2 and R groups, being R the group with the lowest values.
Histologically, smooth osteotomy margins were present following instrumentation using P1 or P2 relative to R.

Conclusions: Piezoelectric instrumentation favors preservation of bone adjacent to osteotomies while variations in gene
expression suggest differences in healing rates due to surgical modality. Bone instrumented by piezoelectric surgery appears
less detrimental to bone healing than high-speed R device.
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INTRODUCTION

Dental piezoelectric surgical units function by the

application of electrical current to polarized quartz or

ceramic disks oriented along the long axis of a surgical

handpiece. This energy is amplified and transmitted to a

surgical tip resulting in linear movement and vibra-

tion at frequencies that selectively cut hard tissues. The

advantages of piezoelectric surgery in clinical prac-

tice have been previously described,1 and numerous

articles have detailed the effectiveness of these units in

a variety of dental and medical procedures including

lateral window sinus lift techniques,2–4 autogenous

bone grafting,5–7 dental implant site preparation,8 tooth

extractions,9,10 periodontal surgery,11 canal wall mas-

toidectomy12,13 excision of symptomatic ear osteomas,14

stapedotomy,15 endoscopic sinus surgery,16 and head and

neck oncological and reconstructive surgery.17
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Histologically, animal studies have reported a

favorable healing response to piezoelectric instrumen-

tation.18,19 However, it has also been reported that a

major clinical limitation is the extra time required to

complete the surgery when using these devices.20

Depending of the bone structure and thickness,

osteotomy preparation may require up to fivefold21

more time compared with conventional instrumenta-

tion, thus driving commercial development of more

powerful units. While the use of piezoelectric surgical

units in dental and medical applications has increased

in recent history, little is known regarding the cellular

and molecular responses of tissues after ultrasonic

instrumentation.

Injury to bony tissues mobilizes a complex sequence

of cellular and molecular events that attempt to restore

biological form and function. This multistage process

incorporates a well orchestrated series of tightly regu-

lated temporal and spatial events involving multiple

intracellular and extracellular biological activities22,23

including mobilization of cellular components and

expression of factors linked to inflammation and osteo-

genesis. The magnitude of this response will be influ-

enced by the extent of injury, and it is likely that

exuberant production of proinflammatory molecules

following surgical intervention will adversely affect

therapeutic outcomes. Specifically, inflammatory cytok-

ines such as interleukin-1, interleukin-6, and tumor

necrosis factor–alpha play critical roles in chemotaxis

and angiogenesis as well as in enhancing the synthesis

of extracellular matrix.24,25 However, aberrant inflam-

matory signaling and associated sequelae have been

implicated as important factors in bone injuries that fail

to heal.26 Therefore, employing surgical techniques that

minimize trauma during osteotomy preparation may

result in more rapid and profound bone healing.8

The purpose of this present study is to compare and

contrast the healing responses of osteotomies prepared

with two generations of piezoelectric surgical units to

rotary (R) instrumentation using molecular, radio-

graphic, and histologic approaches in a rat tibia model.

MATERIALS AND METHODS

Surgical Procedures

All experimental procedures followed a protocol

approved by the Institutional Animal Care and Use

Committee. Fourteen male Sprague-Dawley rats

(Charles River Laboratories International, Inc., Wilm-

ington, MA, USA) weighing approximately 250 to

300 g were used for the study for a total of 28 tibiae.

Rats were anesthetized with an intraperitoneal in-

jection of ketamine/xylazine and the surgical sites

shaved and disinfected with Betadine® (Purdue Prod-

ucts L.P., Stamford, CT, USA). An incision was

made along the medial aspect of each tibia and tissues

elevated. Using a randomized approach, a 6 mm verti-

cal osteotomy was prepared through the cortical bone

in the medial aspect of each tibia using copious saline

irrigation and either (1) the BS1 insert (Satelec Acteon,

Merignac, France) mounted on the Piezotome® (P1;

Satelec Acteon) surgical unit (P1 group, n = 8), (2) the

BS1 insert mounted on the Piezotome 2® (P2; Implant

Center 2 LED, Satelec Acteon) surgical unit (P2 group,

n = 7), or (3) a 1/4 round bur (Brassler, Savannah, GA,

USA) with high speed R instrumentation (Implant

Center 2 LED) (R group, n = 10). The power and irri-

gation settings were as follows: P1, Mode 1, 50 mL/min

irrigation; P2, Mode D1, 60 mL/min irrigation; and R,

200,000 revolutions per minute, 60 mL/min irrigation.

Surgical sham control surgeries (S group, n = 3) con-

sisted of tissue reflection to expose bone for appro-

ximately 3 minutes (the time for incision, soft tissue

reflection, and osteotomy preparation). Following

surgery, the periosteal/muscle tissues were sutured

using 5–0 chromic gut followed by closing of flaps with

4–0 silk suture. Analgesics were administered for 48

hours postoperatively to minimize pain or discomfort

and animals monitored daily for any signs of distress

over the 3-week period.

Rats were randomly selected for gene expression

analyses after 1 week healing (n = 6 rats; 12 tibiae total; 3

tibiae per group) or for micro-computed tomography

(mCT) and histological analyses (n = 8 rats; 16 tibiae

total; 4 tibiae for P1, 5 tibiae for P2, and 7 tibiae for R)

at 3 weeks healing and euthanized by CO2 inhalation.

For tibias undergoing gene expression studies, residual

muscle or soft tissues were carefully removed and the

limbs resected at the level of articulation, snap frozen in

liquid nitrogen, and stored at -80°C. For tibias undergo-

ing mCT and histological analysis, postmortem cardiac

perfusion fixation was performed using 10% neutral

buffered formalin (NBF) and tibias were dissected at the

level of articulations between femurs and tali, placed in

ice cold 10% NBF for 48 hours, rinsed in phosphate

buffered saline, and stored in 70% v/v ethanol at 4°C.
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Ribonucleic Acid (RNA) Isolation, Real-Time
Reverse Transcriptase Polymerase Chain
Reaction (PCR)

Tibias were pulverized in liquid nitrogen using a mortar

and pestle, total RNA extracted using Trizol® (Invitrogen,

Carlsbad, CA, USA) and further purified using the miR-

Neasy Mini Kit (Qiagen, Germantown, MD, USA) accord-

ing to manufacturer’s instructions. RNA integrity was

assessed using a NanoDrop ND-1000 spectrophotometer

(NanoDrop Technologies, Wilmington, DE, USA) and the

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,

USA). For each sample, synthesis of complementary deox-

yribonucleic acid was completed from 1 mg of total RNA

using the Omniscript Kit (Qiagen) and random decamer

primers (Applied Biosystems/Ambion, Austin, TX, USA)

according to manufacturer’s instructions. Quantitative

real time PCR (qRT-PCR) was performed using the Rat

Osteogenesis RT2 Profiler™ PCR Array (SABiosciences,

Frederick, MD, USA) on an ABI PRISM® 7500 Real-Time

PCR Thermal Cycler (Applied Biosystems, Foster City, CA,

USA) according to manufacturer’s instructions. Cycling

conditions included an initial cycle of 2 minutes at 50°C

and 10 minutes at 95°C, followed by a 40 cycles of 15

seconds at 95°C and 1 minute at 60°C. Each array con-

tained 84 wells with assays for different genes related to

skeletal development, bone mineral metabolism, cell

growth and differentiation, extracellular matrix proteins,

transcription factors and regulators, and cell adhesion

molecules. RT2 Profiler™ PCR Array Data Analysis

program (SABiosciences) was used to calculate threshold

cycle (Ct) values. Data was analyzed using the 2-DDCt

method27 and results were reported as fold change. Differ-

entially expressed genes were subsequently classified by

Gene Ontology terms using the Gene Ontology website

http://www.geneontology.org/.

mCT Analysis

Following fixation, tibias were scanned using the Skyscan

1074HR microCT (Skyscan, Aartselaar, Belgium) using

the Skyscan acquisition and the NRecon reconstruction

software at a resolution of 20.5 mm/pixel. Standardized

scanning (40 kV source voltage, 1000 mA source current,

540-millisecond exposure, 206 projections per 180° rota-

tion) and reconstruction settings were used to produce

cross-sectional images. All images had a pixel size of

20.7 mm x 20.7 mm with 20.7 mm distance between con-

secutive cross-sectional images. For calibration and to

determine bone mineral densities within regions of interest

(ROIs), hydroxyapatite phantoms (Computerized Imaging

Reference Systems, Inc., Norfolk, VA, USA) of 500 mg/cc

and 1000 mg/cc densities were utilized under identical

scanning and reconstruction parameters. The defect mid-

point was identified in the long axis of each tibia, and

analyses were completed to include the defect 2 mm proxi-

mal to the midpoint and 2 mm distal to the midpoint, for a

total defect length of 4 mm (194 of 511 cross-sectional

images). Three separate ROIs were selected for analysis

representing the central defect and two peripheral regions

(Figure 1). Each ROI was selected at 200% within the axial

cross-section images approximating the margins of the

cortical bone and analysis was completed on any material

contained within the ROI. For the ROI corresponding to

the central defect, the width of the ROI was measured to

correspond to the width of the instrument used to create

the cortical osteotomy (0.50 mm for the 1/4 round bur

used in R instrumentation and 0.60 mm for the BS1 insert

used in P1 and P2 instrumentation). Two peripheral

ROIs with a width of 0.25 mm immediately adjacent to

the defect ROI were evaluated to assess the effects of the

different instrumentation methods on peripheral bone. A

distant ROI with a width of 0.25 mm on a surface without

periosteal soft tissue elevation or osteotomy preparation

Figure 1 Regions of interest selections for micro-computed
tomography (mCT) analysis. mCT cross-section of the tibiae
3 weeks after ultrasonic osteotomy preparation demonstrating
measured region of interest selections for mCT analysis with
the CTAn software (Bruker-MicroCT, Kontich, Belgium). The
widths of the defect regions of interest (region 1) were 0.50 mm
for rotary instrumentation and 0.60 mm for both Piezotome,
Piezotome 2 instrumentations. The widths of the bone flanking
the osteotomy sites (labeled as 2), and the distant bone site
(labeled as 3) were each 0.25 mm.
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was also evaluated to compare the effects of different

instrumentation methods on distant bone. Bone volume

fraction and the average volumetric mineral density of

the mineralized tissue (BMD in mg/cc) were quantified.

For each sample, the values for the two peripheral regions

were averaged prior to statistical analyses.

Histology

After mCT analysis, tibias were processed for hematoxy-

lin and eosin (H&E) staining. Tissues were demineral-

ized by immersion in Immunocal (Decal Chemical

Corporation, Tallman, NY, USA) for 2 weeks at room

temperature. Complete decalcification was confirmed

by lack of radiopacity. Tissues were routinely processed,

paraffin embedded, and the specimens axially sectioned

at a thickness of 5 mm, deparaffinized, and stained with

H&E for gross light microscopic analysis. Samples were

qualitatively assessed using an Olympus BX41 optical

microscope at 4X and 10 ¥ magnification (Olympus

Optical Company, Ltd, Tokyo, Japan).

Statistical Analysis

For qRT-PCR data, gene expression group differences

were identified using the web-based RT2 Profiler™ PCR

Array Data Analysis program (SABiosciences). Alpha

values <0.05 were used for all tests to indicate statistical

significance.

Statistical analyses of mCT data was performed

using SPSS® 17.0 software (SPSS, Inc., Chicago, IL,

USA). The one-way ANOVA statistical test was used to

evaluate differences in the percentage of bone fill (PBF)

and BMD in the defect and peripheral ROIs. Tukey post

hoc analysis was used to identify statistically significant

differences (p values 2 .05) between the groups. For each

region of interest, equivalence testing was completed

using 95% confidence intervals compared with a zone of

clinical indifference determined by the standard devia-

tion following R instrumentation.

RESULTS

All rats healed unremarkably with no notable post-

operative complications or signs of distress observed

between groups throughout the duration of the 3-week

healing period. Overall, there was no evidence of any

exuberant inflammatory events or notable differences in

the inflammatory response between groups. Similarly,

there was no evidence of any pathological features,

radiographically or histologically.

1 Week Real-Time Reverse Transcriptase PCR

Of the 84 genes examined, 28 had significant differences

(p < .05) in expression when comparing P1 and P2 with

S (Table 1) while 19 had significant differences (p < .05)

in expression when compared with R (Table 2). At 1

week, the expression of genes linked to osseous wound

healing was lower in the P1 and P2 groups relative to S

and R groups. When compared to S, decreased expres-

sion of three genes (Comp, Smad3, Vegfa) and increased

expression of one gene (Col3a1) was noted in the R

group. In comparison, the expression of 18 genes

(Bmpr1a, Col4a1, Col5a1, Col6a1, Col12a1, Col14a1,

Fgfr1, Fn1, Gdf10, Igf1, Itgav, Itgb1, Mmp2, Scarb1,

Smad1, Tgfb3, Tnf, Tuft1) and 11 genes (Bmp6, Bmp7,

Bmpr1a, Col14a1, Gdf10, Igf1r, Itga3, Itgam, Mmp8,

Smad1, Tuft1) were significantly decreased in the P1 and

P2 groups, respectively, relative to S. No genes were sig-

nificantly upregulated following P1 or P2 instrumenta-

tion relative to S. When R was used as a reference group,

the expression of 16 genes (Anxa5, Bgn, Bmp4, Col3a1,

Col4a1, Col5a1, Col6a1, Col12a1, Col14a1, Igf1, Itgav,

Itgb1, Msx1, Scarb1, Smad1, Tgfbr3) was significantly

lower in the P1 group compared with only 4 genes

(Col14a1, Itgam, Tgfb1, Tgfbr3) with statistically signifi-

cant lower expression levels following use of the P2

unit. There was a statistically upregulation of one gene

(Egf) following osteotomy preparation with the P1 unit;

no significant upregulation was present following P2

instrumentation.

3-Week mCT Analysis: PBF (%) and BMD
(mg/cc) in Osteotomy Defect, Immediately
Adjacent Periphery, and Distant Regions

In the central osteotomy defect regions, there were no

statistically significant differences (p = .830) in the PBF

following instrumentation with P1 (31.63 1 15.94%),

P2 (36.87 1 15.64%), and R (32.73 1 11.56%). However,

compared with R (59.43 1 12.89%), there was a statisti-

cally significant increase in PBF in the peripheral region

immediately adjacent to the central osteotomy following

instrumentation with P2 (79.70 1 10.32%; p = .020), but

not with P1 (72.13 1 7.50%; p = .198) (Table 3). There

was no statistically significant difference in PBF between

P1 and P2 treatment groups (p = .577). Relative to

distant regions, there were statistically significant differ-

ences in the PBF in osteotomy defect and immediately

peripheral regions for all three treatment groups.
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In the central osteotomy defect regions, there were

no statistically significant differences in BMD between

the three treatment groups (P1: 510 1 170 mg/cc;

P2: 600 1 130 mg/cc; R: 550 1 100 mg/cc; p = .607).

However, similar to PBF, there was a statistically

significant increase in BMD in the peripheral region

immediately adjacent to the osteotomy following

instrumentation with P2 (980 1 80 mg/cc; p = .008)

compared with R (790 1 100 mg/cc), but not with the P1

(900 1 80 mg/cc; p = .160) (Table 4). Similarly, there was

no statistically significant difference in BMD between

P1 and P2 treatment groups (p = .403).

As expected, there were statistically significant

differences in BMD of the central osteotomy defect for

all three treatment groups relative to distant regions.

However, there was a statistically significant decrease in

BMD between the immediately adjacent periphery and

distant regions following R instrumentation (p < .0001).

Equivalence testing supported the statistical analyses,

indicating that the three treatment groups are equivalent

TABLE 1 Gene Regulation following P1, P2, or R Instrumentation Compared with S at 1 Week Postsurgery

Gene Gene Name Relevant Gene Ontology Term

R P1 P2

Fold
Regulation

Fold
Regulation

Fold
Regulation

Bmp6 Bone morphogenetic protein 6 Osteoblast differentiation -1.13 -1.34 -1.61*

Bmp7 Bone morphogenetic protein 7 Positive regulation of osteoblast

differentiation

-1.52 -1.40 -2.52*

Bmpr1a Bone morphogenetic protein

receptor, type IA

Positive regulation of bone

mineralization

-1.20 -1.33* -1.45*

Col3a1 Collagen, type III, alpha 1 Collagen fibril organization 1.38* -1.47 -1.011

Col4a1 Collagen, type IV, alpha 1 Epithelial cell differentiation 1.03 -1.70* -1.41

Col5a1 Collagen, type V, alpha 1 Collagen fibril organization 1.06 -1.43* -1.14

Col6a1 Collagen, type VI, alpha 1 Protein heterotrimerization 1.07 -1.91** -1.53

Col12a1 Collagen, type XII, alpha 1 Cell adhesion -1.03 -1.67** -1.17

Col14a1 Collagen, type XIV, alpha 1 Cell adhesion 1.31 -2.33* -1.36**

Comp Cartilage oligomeric matrix protein Extracellular matrix organization -2.04* 1.02 -1.19

Fgfr1 Fibroblast growth factor receptor 1 Chondrocyte development -1.19 -1.41* -1.46

Fn1 Fibronectin 1 Cell adhesion -1.05 -1.65** -1.40

Gdf10 Growth differentiation factor 10 Regulation of ossification -1.29 -1.56* -1.86**

Igf1 Insulin-like growth factor 1 Positive regulation of osteoblast

differentiation

1.06 -1.58** -1.32

Igf1r Insulin-like growth factor 1 receptor Positive regulation of cell migration -1.07 -1.46 -1.70*

Itga3 Integrin, alpha 3 Cell adhesion -1.24 -1.52 -2.04*

Itgam Integrin, alpha M Cell adhesion -1.08 -1.57 -1.89*

Itgav Integrin, alpha V Cell adhesion 1.11 -1.67* -1.25

Itgb1 Integrin, beta 1 Cell adhesion 1.04 -1.38* -1.26

Mmp2 Matrix metallopeptidase 2 Tissue remodeling -1.02 -1.99* -1.5

Mmp8 Matrix metallopeptidase 8 Proteolysis -1.33 -1.55 -2.09*

Scarb1 Scavenger receptor class B, member 1 Blood vessel endothelial cell migration 1.09 -1.39* -1.24

Smad1 SMAD family member 1 BMP signaling pathway -1.20 -1.82** -1.82*

Smad3 SMAD family member 3 Osteoblast development -1.45* -1.21 -1.44

Tgfb3 Transforming growth factor, beta 3 Positive regulation of bone

mineralization

1.04 -1.19* -1.16

Tnfa Tumor necrosis factor a Inflammatory response 1.02 -1.41* 1.08

Tuft1 Tuftelin 1 n/a -1.22 -1.96* -2.18**

Vegfa Vascular endothelial growth factor A Angiogenesis -1.39* 1.01 -1.22

*p < .05 compared with S. **p < .01 compared with S.
P1, Piezotome; P2, Piezotome 2; R, rotary; S, sham surgery.
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in regard to PBF and BMD in the central osteotomy

and distant sites. Nonequivalence, however, is suggested

between R and P2 in regard to BMD in sites immediately

peripheral to the osteotomy.

Descriptive Histology of Bone Healing
at 3 Weeks

Histologically, the healing of the osteotomies was

very similar among the P1 and P2 groups at 3 weeks.

Bone healing correlated with the radiographic find-

ings (Figures 1A–C and 2). Furthermore, there were

minimal differences apparent in the newly formed

bone within the osteotomy defects following the three

different treatment modalities. However, in a number

of sections in which R instrumentation was performed

(Figure 2C), the remodeling process appeared to

extend laterally relative to the osteotomy site, a feature

not characteristic of the osteotomy sites prepared

TABLE 2 Gene Regulation following P1 or P2 Instrumentation Compared with R at 1 Week Postsurgery

Gene Gene Name Relevant Gene Ontology Term

P1 P2

Fold
Regulation

Fold
Regulation

Anxa5 Annexin A5 Response to organic substance -1.53* -1.35

Bgn Biglycan Blood vessel remodeling -1.35* -1.25

Bmp4 Bone morphogenetic protein 4 Osteoblast differentiation -1.52* -1.62

Col3a1 Collagen, type III, alpha 1 Collagen fibril organization -1.94** -1.33

Col4a1 Collagen, type IV, alpha 1 Epithelial cell differentiation -1.76* -1.45

Col5a1 Collagen, type V, alpha 1 Collagen fibril organization -1.52** -1.21

Col6a1 Collagen, type VI, alpha 1 Protein heterotrimerization -2.03** -1.63

Col12a1 Collagen, type XII, alpha 1 Cell adhesion -1.62** -1.13

Col14a1 Collagen, type XIV, alpha 1 Cell adhesion -3.07* -1.80*

Egf Epidermal growth factor Ossification 2.47** 1.23

Igf1 Insulin-like growth factor 1 Positive regulation of osteoblast

differentiation

-1.68* -1.40

Itgam Integrin, alpha M Cell adhesion -1.46 -1.75*

Itgav Integrin, alpha V Cell adhesion -1.86** -1.39

Itgb1 Integrin, beta 1 Cell adhesion -1.44** -1.31

Msx1 Msh homeobox 1 BMP signaling pathway -1.51* -1.61

Scarb1 Scavenger receptor class B, member 1 Blood vessel endothelial cell migration -1.51* -1.35

Smad1 SMAD family member 1 BMP signaling pathway -1.52* -1.52

Tgfb1 Transforming growth factor, beta 1 Growth factor activity -1.52 -1.69*

Tgfbr3 Transforming growth factor, beta receptor III BMP signaling pathway -1.54* -1.53*

*p < .05 compared to R. **p < .01 compared to R.
P1, Piezotome; P2, Piezotome 2; R, rotary.

TABLE 3 Percentage of Bone Fill (PBF) and Bone Mineral Density (BMD, mg/cc) at 3 Weeks within Three
Regions of Interest as Determined by mCT Analysis

Treatment

Region of Interest

Defect Periphery Distant

Bone Fill (%)
Bone Mineral

Density (mg/cc) Bone Fill (%)
Bone Mineral

Density (mg/cc) Bone Fill (%)
Bone Mineral

Density (mg/cc)

P1 (n = 4) 31.63 1 15.94 0.51 1 0.17 72.13 1 7.50 0.90 1 0.08 97.51 1 2.32 1.02 1 0.10

P2 (n = 5) 36.87 1 15.64 0.60 1 0.13 79.70 1 10.32* 0.98 1 0.08** 98.18 1 0/90 1.07 1 0.08

R (n = 7) 32.73 1 11.56 0.55 1 0.10 59.43 1 12.89 0.79 1 0.10 98.68 1 1.50 1.07 1 0.07

*p < .05 within location compared to R. **p < .01 within location compared to R.
P1, Piezotome; P2, Piezotome 2; R, rotary.
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by piezoelectric instrumentation. Following P1

(Figure 2A) or P2 (Figure 2B) instrumentation, the

osteotomy margins were smooth and much better

defined in a majority of the samples at 3 weeks, sug-

gesting minimal postoperative necrosis of the marginal

bone during the healing process following piezoelec-

tric instrumentation. This feature was inconsistently

identified in the samples following R instrumentation

(Figure 2C). In all samples, osteoblasts lined the inner

aspect of the bone, including the newly formed bone

within the defect. Incremental lines were present indi-

cating bone apposition at 3 weeks.

TABLE 4 Percentage of Bone Fill (PBF) and Bone Mineral Density (BMD, mg/cc) at 3 Weeks within Treatment
Groups as Determined by mCT Analysis

Treatment

P1 (n = 4) P2 (n = 5) R (n = 7)

ROI Bone Fill (%) Bone Mineral

Density (mg/cc)

Bone Fill (%) Bone Mineral

Density (mg/cc)

Bone Fill (%) Bone Mineral

Density (mg/cc)

Defect 31.63 1 15.94** 0.51 1 0.17** 36.87 1 15.64** 0.60 1 0.13** 32.73 1 11.56** 0.55 1 0.10**

Periphery 72.13 1 7.50* 0.90 1 0.08 79.70 1 10.32* 0.98 1 0.08 59.43 1 12.89** 0.79 1 0.10**

Distant 97.51 1 2.32 1.02 1 0.10 98.18 1 0.90 1.07 1 0.08 98.68 1 1.50 1.07 1 0.07

*p < .05 within treatment group compared with distant location. **p < .01 within treatment group compared to distant location.
P1, Piezotome; P2, Piezotome 2; R, rotary.

Figure 2 Comparison of micro-computed tomography and hematoxylin and eosin staining images at 3 weeks postsurgery.
Representative views comparing microCT slices (1) and histology sections (2 and 3) at the same level are shown for Piezotome (A),
Piezotome 2 (B), and rotary (C).
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DISCUSSION
While the clinical effectiveness of piezoelectric surgery

continues to be well documented, the tissue response to

this form of surgical instrumentation is not completely

understood. We evaluated the early (1 and 3 weeks)

osseous healing responses to osteotomies prepared by

piezoelectric and conventional R instrumentation using

molecular, radiographic, and histological approaches.

In rat fracture models, it has been reported that the

healing process is completed in rats within 5 to 6

weeks28–30 so that the appropriate time points to analyze

the early and late phases of healing are between 1 and 2

weeks and 4 to 6 weeks, respectively.31 And while we did

not specifically use the fracture model, these points

serve as a basis for investigating the healing of osseous

injuries in rats.

Over the course of the study, there were no detect-

able differences in animal behavior after instrumenta-

tion with any of the treatment modalities. As expected,

we noted that osteotomies performed with P2 were

faster than with P1 raising the possibility that the added

power output may be detrimental to osseous tissues

and/or may impede the healing process. However, we

did not identify any genetic, histologic, or radiographic

evidence of necrosis or exuberant inflammation over

the course of the 3-week healing period. Histologically,

the margins of the osteotomy surfaces were exception-

ally smooth following instrumentation with either P1

or P2.

We evaluated the early genetic response of osseous

tissues using a focused osteogenesis PCR array. In

mouse fracture models, the expression of proinflam-

matory cytokines and matrix proteins peaks within 24

hours declining to very low levels in approximately 3

days after injury. Sequential peaks in the expression of

genes important in the chondrogenic and osteogenic

phases of remodeling occur at day 7 and at days 14 to

21, respectively.32 However, to the best of our knowl-

edge, no literature has been published detailing the

stages of osseous healing and temporal gene expres-

sion patterns following experimental tibial osteotomies

using piezoelectric instrumentation. In general, we

noted that after a 1-week healing period, gene expres-

sion linked to bone remodeling at sites prepared by P1

and P2 remained active in 1 week, but at a lesser degree

compared with S controls or R instrumentation. This

does not necessarily indicate that bone healing is

impaired following instrumentation with P1 and P2

relative to S or R. Rather, it is possible that expression

of genes important in bone regeneration and remod-

eling may have occurred earlier following piezoelectric

instrumentation. In contrast, expression of these genes

continues for longer periods following R instrumen-

tation. Given the kinetic differences between gene

expression and protein production, and more signifi-

cantly between gene expression and tissue maturation

and mineralization,33 it is likely that the divergence of

the cellular and molecular events observed in this study

was triggered by the chosen method of bone manipu-

lation. In agreement, mCT analysis of week 3 osteoto-

mies identified statistically significant increases in PBF

and BMD along the peripheral aspect of the osteoto-

mies prepared by P2 compared with R but not between

P1 and P2. This suggests that viability of cells and

tissue formation immediately adjacent to osteotomies

is more favorable when prepared using piezoelectric

instrumentation. Alternatively, the piezo tip itself

and/or the energy imparted upon it during osteotomy

preparation is more biologically favorable relative to R

instrumentation. To exclude the possibility of a dull

bur contributing to osseous trauma, each osteotomy

preparation using R instrumentation was performed

using a fresh bur. Taken together, this implies that the

choice of surgical modality impacts the rate of osseous

healing with piezoelectric instrumentation yielding

lower levels of bone trauma compared with traditional

R instrumentation.

The biological manifestations of our observations

are not completely understood but are likely the result of

residual bone microstructure and local tissue responses.

Previous studies have described factors that may influ-

ence osseous healing including temperature, postinstru-

mentation damage to bone microstructure, and blood

perfusion.34 Bone necrosis occurs during osteotomy

preparation when the bone temperature exceeds 47°C

for 1 minute.35 Harder and colleagues reported that P1

produced a median temperature increase of 1.2°C, while

other ultrasonic piezoelectric units examined produced

median temperature increases of 2.5 to 3.1°C on bone

specimens at room temperature (21°C).36 In these

laboratory conditions, the bone temperature increases

during piezoelectric instrumentation are below that

necessary to cause necrosis. In addition, while a benefit

of piezoelectric surgery improved visibility stemm-

ing from the cavitation effect, there is no evidence

that intraosseous vascular thrombosis or occlusion of
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adjacent bone occurs following piezoelectric instrumen-

tation.34 Consequently, blood supply to the remaining

osseous tissue appears to be preserved. Although we did

not evaluate these specific factors, the apparent lack of

tissue necrosis histologically suggests that they were

minimally impacted.

Evidence suggests that microcracks form during

plastic deformation of bone and act to mechanically

damage canalicular spaces and promote osteocyte

apoptosis.37,38 Damage to canalicular spaces during

osteotomy preparation may be expected to have a

similar effect on osteocyte viability. Following piezoelec-

tric ultrasonic instrumentation, bone microstructure

and the vitality of osteocytes adjacent to the cut surface

are preserved.39 In normal bone homeostasis, osteocyte

cell death promotes osteoclast recruitment and subse-

quent resorption through complex cell signaling during

the initial stages of repair.40 Maintenance of peripheral

cellular vitality may act to minimize cellular signaling

processes contributing to osseous resorptive processes,

while the intact bony margins may provide a solid

surface for osteoblasts adherence and osteoid deposi-

tion. Indeed, bone apposition was readily apparent on

peripheral surfaces forming an osseous bridge spanning

the outer aspect of the osteotomy defect. While the

defect margins were identifiable histologically on

numerous specimens, the newly regenerated bone was

largely in direct contact with the previously excised

bone and in some locations indistinguishable from

preexisting bone.

Our genetic findings, when examined in conjunc-

tion with the mCT and histological data, suggest that the

expression of osteogenic factors following R instru-

mentation requires a prolonged and more robust res-

ponse relative to piezoelectric instrumentation. As such,

differences in the rates of healing will influence the

gene expression patterns among the different treatment

groups at any particular time. It is also possible that the

differences in healing between R and piezoelectric sur-

gical modalities may be influenced by their effects on

peripheral osseous structures adjacent to the osteotomy,

potentially influencing not only the rate of healing

within the osteotomy site, but also the timing, duration,

and degree of gene expression. Surgical modalities

causing injury to peripheral osseous tissues or inducing

peripheral bone resorption may necessitate increased

gene expression levels to overcome the insult. Assuming

that piezoelectric instrumentation results in fewer

changes to adjacent bone, the downregulation in Bmp4

and Tgfbr3 at 1 week may, in part, be explained by this

theory.

This study has limitations. We used 14 rats which

yielded 28 tibias for analysis over a 3-week time period.

Larger studies with more collection points are required

as is quantitative analysis of immunohistochemical

staining. Further study evaluating the effects of piezo-

electric instrumentation at a cellular level, specifically

on osteocyte and osteoblast function, would help to

underline potential differences in surgical modalities.

Nevertheless, our study indicates that bone instru-

mented by piezoelectric surgery shows less detrimental

effects to bone than high speed R device and that the

higher power output of the P2 is a safe upgrade from

P1. Indeed, this study also demonstrates greater bone

fill and mineralization at the wound margins in sites

instrumented by P2 suggesting faster healing relative

to R. Additional kinetic studies are required to confirm

this finding.
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