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I. INTRODUCTION 

A. Background 

Periodontitis is a destructive disease that affects the supportive alveolar soft and hard 

tissues. A major goal of periodontal therapy is the regeneration of the supporting alveolar 

bone that has been lost to periodontal disease. Regeneration is the formation of new bone, 

cementum, periodontal ligament, and other soft tissues on and around a root surface that 

was previously diseased. Regenerative procedures currently in use include osseous grafts and 

guided tissue regeneration using exclusionary membranes (Mellonig and Bowers, 1990). The 

exact mechanisms by which new bone growth occurs have not been determined. Therefore, 

studies that better define the mechanisms by which bone regenerates and of substances that 

affect bone regeneration should help the clinician achieve more predictable regenerative 

results. 

Clinicians often observe poor wound healing following treatment for periodontal 

disease in patients who use tobacco products (Silverstein, 1992). · Smoking tobacco is still 

common in our society, with many of the ill effects of smoking being well documented. 

One effect of smoking is prolonged wound healing (Amo et al., 1959; Bergstrom and 

Eliasson, 1987; Freber and Bergstrom, 1990; Silverstein, 1992). It has been hypothesized 

that the nicotine component of tobacco specifically inhibits wound healing (Rivera-Hidalgo, 

1986; Riebel et al., 1995). Soft tissue wounds, as well as bony wounds, may exhibit inhibited 

healing (Haverstock and Mandracchia, 1998). Although bone is one of the tissues affected 

by tobacco use, the specific effects that nicotine and other tobacco ingredients play in the 

healing of bone still need to be elucidated. 
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B. Literature Review 

1. Wound Healing 

Wound healing is said to progress through three stages: (a) an inflammatocy stage. (b) 

a proliferation stage. and (c) a remodeling stage (Haverstock and Mandracchia, 1998). The 

inflammatory stage is initiated by the process of blood clotting and platelet degranulation. 

The platelets release growth factors that are powerful chemo-attractants for neutrophils and 

macrophages. During the proliferation stage. repair is initiated as the macrophages secrete 

growth factors that stimulate the migration of fibroblasts. epithelial cells, and endothelial 

cells that synthesize collagen and form granulation tissue. In the remodeling stage, there is 

conversion of the granulation tissue into a soft callus, or scar, that will subsequently remodel 

and mature into soft and mineralized tissues (Haverstock and Mandracchia, 1998). 

Many studies have shown that smoking prolongs wound healing (Amo et al., 1959; 

Bergstrom and Eliasson, 1987; Freber and Bergstrom. 1990; Rivera-Hidalgo. 1986; 

Silverstein, 1992; Turnbull, 1995; Qandil et al., 1997). There are over 4000 different 

compounds in cigarette smoke. 

Two major constituents shown to effect healing are carbon monoxide and nicotine 

(Sherwin and Gastwirth. 1990; Silverstein, 1992). 

It has been shown that the nicotine component of tobacco specifically inhibits wound 

healing (Riebel et al., 1995; Rivera-Hidalgo, 1986). Several studies have demonstrated the 

effects of nicotine on a specific function of a specific cell type in vitro (Charnson et al., 1982; 

Peacock et al., 1993; Geng et al., 1995), but only recently has nicotine's effects on bone 

healing in vivo been studied. Hollinger et al. (1999) created osseous defects in the parietal 

bone of rats. Autogenous bone was grafted into the defects while administering three 

different doses of nicotine in drinking water for 28 days. The goal was to develop a model 

to effectively study osseous healing, but in the process the investigator showed nicotine 

negatively impacts on bone healing. Nociti et al. (2000) used daily intraperitoneal nicotine 

injections in rats to study nicotine's effect on bone loss in ligature induced periodontitis over 

a 30-day period. The results suggested that nicotine potentiates periodontal bone loss in a 

non-dose dependant way. but did not cause bone loss in the absence of periodontal disease 

(Nociti et al .• 2000). To date. there are no-long term continuous nicotine administration 

studies evaluating the effects of nicotine on the healing of bone in vivo. 
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2. Effects of Nicotine on Wound Healing 

It has been demonstrated that nicotine inhibits osseous wound healing (Daftari et al., 

1994; Silcox et al., 1995; Riebel et al., 1995; Raikin and Landsman, 1998). Therefore, the 

present study is designed to quantify the effects of systemically administered nicotine on the 

healing of intramembranous bony lesions. 

3. Critical-Sized Defect Model 

The critical-sized defect (CSD) model is often used to study experimental bone 

healing (Schmitz and Hollinger, 1986; Schmitz et al., 1990). In the CSD mode~ experimental 

bony wounds are created that are large enough to preclude spontaneous healing. Therefore, 

various influences on bone regeneration can be studied. It is an established model for 

maxillofacial bone repair. The calvarium is composed of intramembranous bone similar to 

some mandibular bone, and is therefore often used as a model for bone healing. The 

calvarium, however, allows easier manipulation than maxillary or mandibular bone in the rat. 

For example, this model can be used to measure the osteoinductive or osteoconductive 

properties of grafting materials since the complete fill of the defect depends on the 

properties of the grafting material. The CSD varies in size for different species, and is bone

type specific. For the rat cranium, the CSD is 8 mm in diameter as described by Schmitz 

and Hollinger (1986). 

C. Proposed Study 

The purpose of the present study is to quantitate the effects of continuous systemic 

nicotine administration on the regeneration of intramembranous bone in rat calvarial defects. 

In this proposed study, the CSD size was modified such that the calvarial defects were 6 mm 

instead of 8 mm. This modification allows the defects to heal spontaneously. Therefore, 

any attenuation or decrease in the rate of bone formation due to nicotine should be obvious. 

That is, using the 6 mm defect which can heal completely, provides a model to quantify the 

influence of nicotine given systemically on the osseous healing process. The present 

experiments were designed to be long enough to allow the majority of each defect to ossify, 

but not long enough to allow the defect to completely fill. If the nicotine does decrease the 
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rate of bone formation, then this model should allow us to measure differences in the 

amounts of bone formed, if any, among the various treatment groups. The modified CSD 

model will also differ from the original CSD model in that we will use expanded 

polytetrafluoroethylene ( ePTFE) membranes to cover the defect; one on the scalp surface of 

the defect, the other on the dural side of the defect. 

The proposed study is designed to test the hypothesis that nicotine will decrease the 

amount of bone formation in a smaller than CSD within the rat calvarium in vivo. Moreover, 

we predict that higher doses of nicotine will inhibit new bone formation more than lower 

doses of nicotine. The null hypothesis is that nicotine would have no effect on the amount 

of bone formation in the rat calvarial defects. 
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II. MATERIALS AND METHODS 

A. Preliminacy: Study - Evaluation And Standardization Of Pumps 

Prior to the in vivo studies, a preliminary study was conducted to practice mixing the 

nicotine solutions, to determine the compatibility of the solutions with the pump materials, 

and to calibrate the pumps. This study used nicotine levels that approximate plasma levels 

observed in human smokers of various intensities (Armitage et al., 1975; Benowitz and 

Jacob, 1984). With each cigarette smoked, approximately 2-3mg nicotine is inhaled 

(Silverstein, 1992). Nicotine intake per cigarette averaged at 1.04 ± 0.36 mg (Benowitz and 

Jacob, 1984). Average U.S. Federal Trade Commission smoking machine yields 1.24 ± 0.27 

mg (Benowitz and Jacob, 1984). 

N 
I 

CH.3 

0 
HO, II 

CH-C-OH 
· 2 I 

CH-C-OH 
HO/ 11 

0 

The plasma level of nicotine is more dependant on the smoking technique than the 

nicotine yield per cigarette (Russell et al., 1980). The average weight of a human was 

assumed to be 70 kg, and the average weight of the rats in our experiments was 0.35 kg. 

~ith the human nicotine intake per cigarette averaging 1.04 ± 0.36 mg, we estimated that 

the equivalent dose of nicotine per cigarette for the rat was 0.0052 mg. Pure nicotine is an 

oil that is only miscible in water, therefore nicotine bitartrate salt was used (C10H 14N 2 

2C4H 60.) (Sigma-Aldrich, St Louis, MO, Product Number N5260). It is a white powder 

with the same biological activity as nicotine, but is more soluble in water (Ibe Merck Index, 

1996) 
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The pump flow characteristics are affected by viscosity. The viscosities of the 

nicotine solutions were measured by Esox Technology Corp. (Eagan, MN). The solution 

viscosity was not significantly different from water, and therefore, made alteration of the 

viscosity of the nicotine solutions unnecessary. The variables of solution nicotine 

concentration, desired daily nicotine dosages, and pump flow rate were matched to achieve 

an accurate daily nicotine dosage with the fewest pump re£ills possible. Pump flow rate was 

adjusted at the factory by placing a short section of a gas chromatography column made of 

fused silica in the lumen of the catheter where it connects to the pump. The size of the 

column lumen determines the flow rate. The V0l EsoxPump™ (Esox Technology Corp., 

Eagan, MN) was chosen due to it's ability to be re£illed and resterilized. It has the following 

specifications: diameter: 2.5 cm; height 0.66 cm; weight 5 g; reservoir volume: 1.2 ml; and 

standard flow rate: 0.12 ml/ day. The pumps constructed for this study had target aqueous 

flow rates of 0.15 ml/day and a standard silicone rubber catheter measuring 0.025 in OD x 

0.007 in ID. The pump materials contacting solutions are stainless stee~ silicone rubber, 

polycarbonate, polysulfone, polyimide and fused silica. The pump materials contacting 

tissue are stainless steel and silicone rubber. The pumps were designed to deliver a constant 

rate of fluid until 0.05 ml volume remained. Esox Technology Corp. reports that 

inconsistent delivery rates result at volumes less than 0.05 ml. Pumps were designed to be 

re£illed before the 0.05 ml levd was reached by drawing the remaining fluid from the pump, 

and injecting 1 ml of fresh solution. Based on these calculations, the re£ill interval was 

determined to be once every seven days. 

A compatibility test was performed by the manufacturer (Esox Technology Corp., 

Eagan, MN) to verify the pump / reagent compatibility, and a validation test was performed 

to verify pump output with the proposed .infusates. Both tests used the EsoxPump™ 

Compatibility Test Kit provided by Esox Technology Corp. The test kit consists of a simple 

Chemical Compatibility Screening Test and a Validation Test. 

For the compatibility test, the proposed infusate (nicotine solution) was incubated in 

the presence of the materials used for pump construction and examined at the end of an 

incubation period of 35 days for obvious signs of incompatibility. The infusate was 

evaluated for cloudiness, color change, precipitate and particles. The pump components 

were evaluated for cracks, color change, corrosion, texture change, and degeneration. 
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For the Validation test, a modified V01 pump is filled with the proposed infusate, 

the flow rate is determined gravimettically, and the delivered infusate is collected for 

evaluation. The test is performed as a closed system within a zip lock bag to prevent 

evaporation. The pump was filled with a nicotine solution and allowed to express the 

solution through the catheter into a beaker that preserved all fluid expressed so that it could 

be measured daily for 49 days. Each experimental solution was tested at 37° C. These data 

were compared to the projected output so appropriate adjustments could be made. At the 

conclusion of this test, the pump was sterilized for the animal experiments. 

B. Pilot Study 

Once these pumps were tested, a pilot study was conducted using male Sprague

Dawley rats. There were four groups, each containing three rats. The procedures for each 

group were the same as in the main study described in detail later. This study was used to 

perfect the surgical techniques, practice pump solution changing, monitor radiographic bone 

fill, and calibrate the delivery method of nicotine to obtain a predictable plasma level of 

nicotine over time. In vivo digital radiography was used in the pilot study. To follow the 

bone formation in the defects, the rats were sedated and radiographed at several times 

during the study with the Trophy digital radiography system (Trextrophy Dental Division, 

Danbury, C1). This information was used to determine the length of time necessary to 

allow bone healing in the main study. 

C. Main Study 

Forty-eight, Male, Sprague-Dawley, outbred rats weighing 325 to 375 g were 

randomly divided into four groups of twelve rats each. Power analysis indicated ten rats per 

group were necessary for statistical evaluation. Two additional rats were included in each 

group to allow for rats that might die during the study. 

1) Initial Animal Care 

From the time that the rats were received, until the end of the study, the rats were 

kept in a room on a 12-hour light and dark cycle. Temperature and humidity were 
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controlled. Food (Teklad Rodent Diet 8604, Harlan, Madison, W1) and water were provided 

ad libit11m. All rats were isolated for a 7-day quarantine period before beginning the study. 

2) Nicotine Solutions 

Ciprofloxacin was added to the nicotine solutions in the main study due to the 

possibility that the pumps used in the pilot study failed as a result of bacterial contamination. 

Ciprofloxacin (Cipro) (Bayer Corp., West Haven, CI) was obtained as a stock 1 % 

intravenous solution. It was incorporated into the nicotine solutions to inhibit possible 

bacterial contamination within the pump and catheter. Eight times the minimum inhibitory 

concentration (MIC) of Cipro (16µg/ml) was used to inhibit possible bacterial growth in the 

solutions injected into the pumps. We calculated the following: If the MIC of Cipro is 2 

µg/ml and 1% = 10,000 µg/cc, then 80 µI of a 1% Cipro solution/SO ml PBS= 16 µg/cc 

or8xMIC. 

The nicotine solutions were mixed as follows using separate pipettes, syringes, 

needles, and 0.22 micron filters at each step to avoid the possibility of bacterial 

contamination or alteration of the solution concentration. A 250 ml beaker was labeled as 

"Group A". A 100 ml beaker was labeled as "Group B". A 40 ml beaker was labeled as 

"Group C". A 40 ml beaker was labeled as "Group D". 150 ml of phosphate buffered 

saline (PBS) were pipetted into "Group A" beaker. 0.5 ml Cipro solution (stock 1 %) was 

measured into a micro tube with a 1 cc syringe. 80 µI Cipro were pipetted from microtube 

into "Group A" beaker three times (240µ1 total). Using nitrile gloves, a respirator, a smock, 

and under a chemical fume hood, nicotine bitartrate powder (nicotine) was measured with a 

Sartorius 1207 MP2 analytical balance (Sartorius GMBH, Gottingen, Germany). 59.59 mg 

nicotine were placed into "Group B" and "Group C" beakers. 119.18 mg nicotine was 

placed into "Group D" beaker. 80 ml were pipetted from "Group A" beaker into "Group 

B" beaker. 20 ml were pipetted from "Group A" beaker into "Group C" beaker. 20 ml were 

pipetted from "Group A" beaker into "Group D" beaker. Each solution was stirred with a 

spatula, cleaning it between beakers. 20 ml sterile glass injection vials with rubber stoppers 

were labeled and dated. Sterile 20 ml syringes were used to transfer the solutions to the vials. 

After filling each syringe from the beaker, a sterile 0.22 micron hydrophilic filter was 
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attached to the syringe, then the needle was attached to the filter. An alcohol pad was used 

to wipe the tops of the vials before inserting the needle. The solution was injected through 

the filter and stopper into the sterilized vial. 20 ml aliquots from "Group A" beaker were 

filtered into vials labeled "Group A". 20 ml aliquots from "Group B" beaker were filtered 

into vials labeled "Group B". 20 ml aliquots from "Group C" beaker were filtered into vials 

labeled "Group C". 20 ml aliquots from "Group D" beaker were filtered into vials labeled 

"Group D". Aluminum caps were crimped over the rubber stoppers to seal the vials. All 

solutions were immediately refrigerated. Those that were to be used more than seven days 

from the mixing date were frozen. 

3) Randomization 

The 48 rats were randomly assigned to four groups that underwent pump placement 

surgery during the first week of the study. They ~ere designated as group A, B, C, or D. 

The rats were randomly housed in pairs. The veterinarian was the only one who knew which 

rats were in the various treatment groups until after animal sacrifice. Similarly, the four 

different concentrations of nicotine solutions were mixed at the same time, and placed in 

sealed vials. Each vial of solution was labeled as group A, B, C, or D, but the nicotine 

concentrations in A, B, C, and D were recorded and not shared with the investigators. 

There was one vial prepared for each experimental group for each week of the study. Each 

vial was assigned a sequence number at random that correlated to the appropriate 

experimental group, and an administration date to avoid knowing which group a rat was in at 

any pump refill. 

4) Treatment Groups 

There were four treatment groups of twelve rats each. The groups were organized 

and treated as follows: 

Control Group: Surgical treatments followed by sterile phosphate buffered saline delivered 

by pump for 90 days. This group simulated the nicotine metabolized by a non-smoker. 

Low Dose Group (1/ 4 pack per day smoker nicotine level): Surgical treatments 

followed by delivery of 0.026 mg nicotine every 24-hour period for 90 days post operative. 

This group simulates the nicotine metabolized by smoking 5 cigarettes per day. 
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Mid Dose Group (1 pack per day smoker nicotine level): Surgical treatments followed 

by delivery of 0.104 mg nicotine every 24-hour period for 90 days post operative. This 

group simulates the nicotine metabolized by smoking 20 cigarettes per day. 

High Dose Group (2 pack per day smoker nicotine level): Surgical treatments followed 

by delivery of 0.209 mg nicotine every 24-hour period for 90 days post operative. This 

group simulates the nicotine metabolized by smoking 40 cigarettes per day. 

5) Surgical Procedures 

All surgical procedures were performed using aseptic techniques. There were two 

surgeries. The first was to place the subcutaneous pump, and the second was performed 

two weeks later to create a defect in the calvarium. 

a) Pump Placement Surgery 

The rats were anesthetized with an intra peritoneal (IP) injection of Ketamine, 65 

mg/kg (100 mg/ml) and Xylazine, 7 mg/kg (20 mg/ml). Sterile lubricant eye ointment was 

placed in their eyes to protect them during shaving and surgery. The skin on the dorsal 

surface of the rat caudal to the head and medial to the scapulae was shaved with an electric 

clipper caudally to the posterior legs. The shaving was extended laterally 15 mm on the right 

side midway between the front and back legs. The surgical site was cleaned with a 2% 

Chlorhexidine surgical scrub (Nolvasan®, Fort Dodge Animal Health, Fort Dodge, IA) and 

sterile water. The rats were fitted with an anesthetic nose cone through which isoflurane 

anesthesia was delivered. Anesthesia was maintained using isoflurane 0.25%-0.5% with 1 

liter/min oxygen. To identify the surgical site, the sterile pump was positioned exterior to 

the skin with its center located directly between the scapulae. A mark was made with a 

surgical marker at the caudal edge of the pump in that location. Because the pump is 25 mm 

in diameter, a longitudinal incision was started along the dorsal rnidline 25 mm caudal to the 

mark placed. The surgical sit~ was draped with sterile towels secured with towel clamps. 

The incision extended caudally 35 mm to the depth of the fascial plane overlying the most 

superficial muscle layer. 

The pump was prepared for placement by aspirating the saline solution shipped in 

the pump with a 27-gauge needle, and injecting 1 cc of the appropriate experimental 
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solution. Rounded-tip scissors were used with blunt dissection to create a subcutaneous 

tunnel the width of the scissors from the initial incision to the more cephalic location of the 
' pump. The pump was placed in the tunnel and pressed cranially with the catheter extending 

caudally, and the reservoir facing the skin surface. The skin caudal to the pump was 

squeezed, which moved the pump cephalically, widening the tunnel as it moved until the 

pump rested in the final location. This technique seemed to lessen the tendency of creating 

a tunnel that was wider than the pump and thereby increased the stability of the pump. The 

incision and pump were manipulated such that the pump did not come to lie under an 

incision. Tissue spreaders were used to hold open the caudal part of the pocket while two 

interrupted Gore-Tex® CW- L. Gore & Associates, Flagstaff, AZ) PTFE sutures on a cutting 

needle were placed through the mesh-embedded silicone skirt that surrounded the pump, 3 

mm lateral to the catheter on both sides. The sutures were passed into the underlying 

muscle to prevent movement of the pump. 

The same scissors were used to make a subcutaneous tunnel caudally and laterally 

along the right side of the rat. This was done to route the catheter into the peritoneal cavity 

which was 1 /2 way between the front and back limbs, and 10 mm lateral to the dorsal 

midline. This site was chosen to avoid larger vessels, and to get below the level of the 

diaphragm. The muscle tissue was pinched with Adson forceps and lifted away from 

underlying viscera. A second Adson was used to bluntly penetrate the musculature and enter 

into the peritoneal cavity. The catheter was fed through the hole slightly to maintain wound 

patency. A 7 mm long silicone sleeve, with a lumen that was just large enough for the 

catheter to fit within was placed on the outside of the catheter at the factory prior to . 

sterilization. The needle of the Gore-Tex® suture was. passed between the sleeve and the 

catheter on the proximal end of the sleeve. The needle exited the sleeve 1 mm from the 

proximal end and into the musculature at the puncture wound. The catheter was fed 

through the lumen of the sleeve until a total of 1.5-2 cm extended into the peritoneal cavity. 

The remainder of the sleeve was cut off. The suture needle was then passed through the 

other side of the wound and tied to close the wound and stabilize the sleeve within it. A 

drop of surgical cyanoacrylate was placed at the sleeve / catheter interface to stabilize the 

catheter within the sleeve. All skin incisions were closed with 4-0 Vicryl® (Ethicon Inc., 



Page 12 

Somerville, NJ) sutures using a running subcuticular stitch followed by a series of cruciate 

stitches exteriorly. The EsoxPump™ V0l by Esox Technology Corp. (Eagan, MN) was 

used to deliver the nicotine due to its ability to be recharged, and sterilized for use in other 

animals. 

b) Cranial Defect Surgery 

A second surgery to create the cranial defect was performed two weeks following the 

pump placement in order to expose all tissues to constant nicotine levels before osseous 

trauma. We theorized this would more closely simulate a chronic smoker's condition at the 

time of periodontal surgery than performing both surgeries simultaneously. Immediately 

prior to the surgery to create an osseous defect, two Gore-Tex® expanded 

polytetrafluoroethylene ( ePTFE) membranes were cut for each rat with a sterile punch on a 

sterile field. A 7.94 mm (5/16 in.) diameter circle for the inferior aspect of the defect, and a 

9.53 mm (3/8 in.) diameter circle for the superior aspect of the defect were to allow 0.8 to 

1.78 mm overlap at the bony margins of the defect The inner membrane was made slightly 

smaller than the outer because of the difficulty of placing a large membrane between the 

dura and calvarium without bending over the edge of the membrane or traumatizing the 

brain and superior sagittal sinus. These membranes were placed to impede surrounding 

tissues from collapsing into the defect and exclude any healing influence from tissues other 

than the exposed bone. 

The rats were anesthetized with a mixture ofKetamine 65 mg/kg (100 mg/ml) and 

Xylazine 7 mg/kg (20 mg/ml) delivered by intraperitoneal (IP) injection. The anesthetized 

rats had sterile lubricant eye ointment placed in their eyes to protect them during the surgical 

preparation. The skin overlying the calvarium was shaved with an electric clipper. The 

surgical site was cleaned with Chlorhexidine scrub and sterile water. An autoclaved 3 in. 

stockinette was rolled over the rat using an aseptic technique, and the head exteriorized by 

cutting a hole in the stockinette and pulling the head through. The rats were then placed in a 

Stoelting stereotaxic (Stoelting Co., Wood Dale, IL) apparatus fitted with an anesthetic nose 

cone through which the isoflurane anesthesia was delivered. Anesthesia was maintained 

using isoflurane 0.25%-0.5% with 1 liter/ min oxygen via a nose cone designed to fit the 

stereotaxic apparatus. A midline incision was made from the middle of the nasal bone to the 
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posterior nuchal line. Full thickness flaps with periosteum were reflected laterally. A 6 mm 

craniotomy was made along the midline centered over the sagittal suture through the parietal 

bones midway between the coronal and lambdoid sutures. The osseous defect was made 

with a sterilized 6 mm diamond coated trephine bur in a slow speed dental handpiece with 

copious sterile saline irrigation using a surgical microscope. Care was taken to minimize 

trauma to the underlying dura. The plug of bone was teased from the dura to avoid 

damaging the superior sagittal sinus directly beneath. The edges were smoothed using a 

Woodson #1 periosteal elevator. An ePTFE membrane was placed deep to the cranium and 

superficial to the dura with the reinforced side away from the dura. The edges of the 
' 

membrane were teased between the edges of the bony margin and the dura to achieve a 0.8 

mm overlap on each side. A second ePTFE membrane was placed superficial to the outer 

table of cranial bone, with the reinforced side facing the defect, and the edges overlapping 

the bone margins by 1.75 mm. The periosteum and temporalis muscle were repositioned to 

cover the outer .surface of the membrane and sutured with 4-0 Vicryl in a simple continuous 

suture pattern via a cutting needle. The skin was closed with interrupted 4-0 Vicryl sutures 

on a cutting needle. 

6) Pump Refill Procedures 

In order to provide the necessary volume of solutions each week, the pumps had to 

be refilled weekly. Prior to each refill, 48 impervious 12-inch square surgical dtapes with a 

30 mm hole cut in the center were sterilized. One ml syringes were loaded with each of the 

four different solutions. Twelve syringes for each solution were grouped with a list of which 

rat was to receive each of the four solutions labeled A through D. Forty-eight empty 1 cc 

syringes were equipped with a 1-inch 27-gauge hypodermic needle. The rat number on the 

ear tag was checked against the list showing which solution it should receive. A surgical 

towel was dtaped over the rat. The rat was then rolled in the towel to immobilize it. While 

maintaining coverage of the head and front legs with the towel, the towel was lifted away 

from the dorsum to expose the port for the pump. A second towel was then dtaped over 

the back to cover the posterior half of the rat. One hand was used to cover and stabilize the 

anterior portion of the rat and the other hand for the posterior. The remaining pump fill 

procedures were accomplished by a second person. An electric shaver was used to remove 
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the hair overlying the pump. A 4 x 4 gauze soaked in Chlorhexidine was used to scrub the 

skin covering the pump. A surgical drape with a 30 = hole was used to isolate the 

injection area. Without touching the injection site, a sterile gloved-hand stabilized the pump. 

The needle attached to the empty syringe pierced through the skin and the membrane of the 

pump until the metal interior of the pump was contacted. The contents of the pump were 

aspirated. The needle remained in the pump while the syringe was removed. A second 

syringe containing the refill solution was then connected to the needle and the pump was 

filled. The aspirate was measured and recorded. 

7) Termination Of Bone Growth Period 

Ninety days after the second surgery, the rats were asphyxiated in a CO2 chamber. 

The heads were removed, and the dorsal portion of each calvarium was removed with a 

rotary diamond disk by cutting through the frontal, parietal, and occipital bones. Cuts were 

made anterior to the coronal suture, posterior to the lambdoid suture, and lateral to the 

defect along the temporal lines. Calvarial samples were stored in 70% ethyl alcohol at 4°C 

when not being evaluated or processed for microscopy. 

D. Methods To Generate And Analyze Data 

Data were gathered from all specimens using six different methods. 

1) Digital Radiography 

For the pilot study, a digital radiography technique was employed. The calvaria were 

radiographed in vivo with the Trophy® system (Trexttophy Dental Division, Danbury, C1). 

This system allowed the rats to be imaged without sacrifice. Thus, the extent of bone 

formation could be evaluated to determine an end-point for our experiment The Trophy® 

system is a self-contained digital radiographic device designed for use in dentistry. The 

company, Trophy Radiologie, coined the term RVG™ (RadioVisio Graphy) for this 

instrument. A long-cone collimated X-ray tube is mounted on a rolling stand for mobility. 

It is fixed at 70 kVp and 10 mA, and is calibrated only for the variable of seconds based on 

normal dental arches and the digital sensor provided. The digital sensor replaces the X-ray 
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film by converting the X-rays that impact on it to an electronic signal that is sent through a 

cable to a computer that processes the information into an instant digital image. Software 

allows manipulation of the digital image. The manufacturer indicates that Trophy's CCD 

based sensor is 4 to 5 times more sensitive than film. The sensor was placed under the rat's 

chin and the tube was positioned at 90° to the sensor to pass X-rays through the calvarium 

upon exposure. 

2) Soft X-Ray Technique 

After the calvaria were removed from the rats, each one was radiographed using a 

soft X-ray technique. An 8 ¼ in x 10 in plain film was placed shiny side down on the floor 

of a lead shielded metal box that had an X-ray tube mounted to it's ceiling, pointing toward 

the floor. The apparatus was a Hewlett Packard Faxitron Series 43807N X-ray. system. 

Pieces of paperclip were taped to the film to identify each film. Eight samples were placed 

on a film, evenly spaced with their convex side toward the film. The film was exposed for 

1.5 min at 35 kVp and 1.5 mA. By increasing the time of exposure and decreasing the kVp 

relative to clinical applications, better contrast and higher resolution were obtained. Films 

were developed in an automatic processor. The films were scanned with an Acer AcerScan 

620UT backlit flatbed scanner (Acer Communications, San Jose, CA). All films were 

scanned using manual settings without auto adjustment or filters to avoid variation from 

scan to scan. Images were acquked through the Mira Scan® program version 3.40, supplied 

with the scanner, and processed through the Image-Pro® Plus program (Media Cybernetics, 

Silver Spring, MD) with no compression at 4800 dpi gray scale in a TIFF file format. The 

images were imported into the Scion Image® Image Analysis for Windows program Beta 

4.0.2 (Scion Corporation, Frederick, MD) to quantify the density of the bone defect fill. For 

this analysis a 6 mm Area of Interest (AOI) was drawn corresponding to the boundaries of 

the defect. This AOI was then "cut and pasted" into a new file in order to eliroinatP. the 

non-defect portion of the image. The new file with the AOI was inverted such that the 

radiodense areas appeared dark and the radiolucent areas appeared light. A threshold within 

the AOI was set. This threshold corresponded to 50% on the gray scale. This threshold was 

arbitrarily set to establish a density level at which everything darker than it would be 
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considered significantly mineralized (new bone), and everything lighter than it would be 

considered less than significantly mineralized (soft tissue or air). All areas above or darker 

than the threshold were converted to black, and all areas below or lighter than the threshold 

were converted to white. The black area representing new bone was measured and 

expressed as a percentage of the total area of the 6mm circle. The area of a circle = 7t i: 

Total area of the 6 mm defect= 3.14 x 3 mm2 = 28.26 mm2
• The area within each defect 

rPmaioiog unfilled as defined by the threshold was subtracted from 28.26 to obtain the area 

of fill in mm2
• 

3) Histology 

Histological preparations were evaluated to identify the types of tissues present in the 

regenerating bone of the created calvarial defect. The calvaria were sectioned sagittally to 

yield two approximately equal samples per specimen. The left sample from each specimen 

was decalcified for 10 days in 1 M formaldehyde and 2.4 M formic acid (Fisher's Cal Ex II 

solution), and then embedded in paraffin. Sections were cut parallel to the sagittal plane on 

the edge closest to the midline. These sections were then stained with hematoxylin and 

eosin (H&E), and viewed with a light microscope. Since the histological sections previously 

stained with H&E and viewed with the light microscope were too large to be viewed in one 

field, a computer-controlled microscope connected to a digital camera took images of 

various fields at 40x. The computer controlled the stage movement, such that all parts of 

the sample were viewed as separate fields. Then, the Simple PCI0 program version 3.7.9 

(Compix Inc. Imaging Systems, Cranberry Twp., 16066, USA) seamlessly merged all fields 

into a montage. The montage represents what the entire sample would look like if viewed in 

its entirety at 40x magnification. The images in Figures 11 and 14 have been scaled down 

from the original 40x to fit the page. The margins of some defects were indistinct. A 6 mm 

ruler imaged in the same fashion and at the same magnification as the histology section, was 

superimposed over the defect to assist in the determination of the defect margins. Patterns 

of bone formation were sometimes used in conjunction with the scale to find the boundaries 

of the defect. 
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4) Evaluating Pump Delivery Efficiency 

In order to track the volume of solution delivered by the pump as an indicator of the 

total amount of nicotine administered over the course of the week, residual pump volumes 

were aspirated before each pump refill and recorded. The difference between the 1 cc 

injected the previous week and the volume aspirated equaled the volume delivered since the 

last refill. 

5) Cotinine ELISA 

Blood samples were analyzed using an ELISA assay for cotinine (Serum Cotinine 

Microplate EIA #M155B5 Cozart Bioscience Ltd, Abingdon, Oxfordshire) read on a Bio

Tek FL600 Microplate Fluorescence Reader (Bio-Tek Instruments, Inc., Highlang, 

Winooski, VN) using the 450 nm wavelength filter. For both the pilot study and main study, 

blood was drawn periodically from each rat's tail vein to confinn plasma levels of nicotine. 

Nicotine levels were indirectly determined by measuring cotinine levels using an ELISA 

assay. Since nicotine has a plasma half-life of 30 to 90 min (Armitage et al., 1975), testing for 

it in plasma would not have been a good indicator of the amount the rat had received. 

Cotinine is a metabolite of nicotine that is more easily and accurately measured due to a 

longer half-life of 10 to 30 h (Langone and Van Vunakis, 1975; Benowitz, 1983). Levels of 

cotinine have been accurately related to corresponding levels of nicotine in previous studies 

(Hill and Marquardt, 1980; Hill et al., 1983; Gabrielsson and Bondesson, 1987; Murrin et al., 

1987; Watts eta!., 1990; Benowitz and Jacob, 1994; Benowitz et al., 1996; Gonzalez, 1996), 

the plasma levels of nicotine can be extrapolated from plasma measurements of cotinine. 

Plasma levels of cotinine were measured by taking blood samples from the tail vein at 

various intervals. A final blood sample was taken from the aorta at the time of sacrifice. All 

samples were analyzed via ELISA. 



III. RESULTS 

A. Evaluation And Standardization Of Pumps (Preliminai:y Study) 

1) Compatibility test 

The compatibility experiment evaluated the stability of nicotine bitartrate in 

phosphate buffered saline in twelve Esox Implantable Drug Infusion Pumps, and the pump 

component's compatibility with the infusates. The validation experiment tested the 

consistency of the pump flow. The infusates evaluated were 0.000, 0.026, 0.104, and 0.206 

mg/ml nicotine bitartrate in phosphate buffered saline using the Esox Compatibility Test 

Kit (P /N: 154-01, Esox Technology Corp., Eagan, MN). Nicotine bitartrate in phosphate 

buffered saline appeared to be stable in the presence of the pump components (Table I). 

There were no visible changes in the solutions. All the samples were clear with no 

precipitate or suspended particles present based on visual examination. The material 

components of the pumps appeared to be physically stable in the presence of nicotine 

bitartrate in phosphate buffered saline, since there were no obvious visible changes in any of 

the pump components (Polycarbonate, Polyimide, Polysulfone, Stainless Steel, LSR Silicone 

Rubber, HCR Silicone Rubber) exposed to any of the four infusates. 

ab/el T, Vis11al Appearance of Infi,sates Exbosed to P11mb Combonents 'or 35 Dnvs, 
Parameters PBS only 0.026 mg/ml 0.104mg/ml 0.209mg/ml 
for visual Nicoline Bitartrate in Nicotine Bitartrate In Nicoline Bitartrate in 
evaluation PBS PBS PBS 
of lnfusate Initial Final Initial Final Initial Final Initial Final 

Cloudiness Clear Clear Clear Clear Clear Clear Clear Clear 
Color Colorless Colorless Colorless Colorless Colorless Colorless Colorless Colorless 
Precipitate None None None None None None None None 
Particles None None None None None None None None 
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2) Validation test 

Validation tests to evaluate in vitro flow rates indicate that nicotine bitartrate in 

phosphate buffered saline does not affect pump performance (fable II, data provided by 

Esox Technology Corp.). The targeted flow rate of0.15 ml/day was first evaluated using 

water in four pumps. The flow rates with water ranged from 0.13 to 0.15 ± 0.01 ml/day. 

The same four pumps were then tested for theit flow rate with the four infusates. Four 

pumps, one for each infusate, were evaluated. The flow rates with the four infusates ranged 

from 0.13 to 0.15 ± 0.00 ml/day. Each pump was tested for a total of 49 days with the 

pumps being refilled every seven days for a total of seven refills. 

Table II 
a 

Flow Rates of Four Pumps With Each lefusate Output Measured Daify for 49 Dqys Ar 
Part of Validation Test. 

Pump Nicotine Target Mean Of Mean Of Difference Difference 
Serial Bitartrate H,O Flow Flow Rate NicoUne Between Between 

Number Concentration Rate (ml/day) Bitartrate TargetH,O Target H,O 
In PBS (ml/day) Flow Rate And Measured And Measured 

(mg/ml) Used (ml/day) H,O Flow Rate Nicotine 
(ml/day) Bltartrate Flow 

Rate lml/daul 
M1128 0.000 0.15 0.14 ± 0.01 0.13±0.00 0.01 0.02 
M1466_1 0.026 0.15 0.13±0.01 0.15±0.00 0.02 0 
M1647 0.104 0.15 0.14 ±0.00 0.14±0.00 0.01 0.01 
M1685 0.209 0.15 0.15±0.01 0.14 ±0.00 0 0.01 

Daily measurements of pump output were recorded. These data (Figure 1) show 

that all pumps performed well in relation to the target pump flow delivery rate, and that 

there were no significant differences in pump flow rates among the tested pumps when 

viewed on a weekly basis. The variability is insignificant when the data are evaluated over a 

one-week period. However, there were considerable variations in the flow rates when the 

data were evaluated from day to day, and from pump to pump (Figure 2 through Figure 5). 

When the pump flow rate is evaluated on a daily basis, there is a dramatic increase in the 

variability of the pump flow rate, ranging from 0.00 to 0.30 ml/ day. Another observation is 

that all pumps consistently under-performed the target delivery (Figure 2 through Figure 5). 
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verify pttmp flow. The pumps were constmcted with target aqueous flow rates of 0.15 ml/ day. The measured 
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B. Pilot Study Results 

1) Pump Delivery 

Within 7 days of pump placement in the pilot study, the infusate flow through the 

pumps was less than 0.5 cc/ week in 25% of the pumps. By seven weeks, 50% of the pumps 

were delivering <0.5 cc/week and by nine weeks, 83% of the pumps were delivering <0.5 

cc/ week. Aspirates from pumps during a scheduled solution change were cultured on sheep 

blood agar plates and brain media. The plates showed bacterial growth consistent with 

Staphylococcus and Bacteroides strains. Antibiotic sensitivity testing was performed, and the 

bacteria were found to be sensitive to Ciprofloxacin. The following changes were made to 

the protocol for the main study based on the findings of the pilot study. We added eight 

times the minimum inhibitory concentration (MIC) of Ciprofloxacin to all the solutions (16 

µg/ ml). All solutions were filtered through a sterile 0.45 µm filter. All solutions were stored 

in sterile vials in the refrigerator. Injection sites were shaved, scrubbed with chlorhexidine 

(C}I.;'C), and draped prior to pump refill each week. 

2) Digital Radiography 

In the pilot study, the Trophy® digital radiography system was employed to obtain 

bone fill data to help us determine the length of time we should allow healing to occur 
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before sacrifice. We found that at 90 days, the majority of the defects showed about 65% to 

80% bone fill. Since 70% was our goal, it was decided to use 90 days for the length of the 

main study. This technique was convenient, but did not provide the resolution required to 

accurately evaluate bone fill in vivo. Therefore, in the main study, we used a Soft X-Ray 

Technique. 

C. Main Study Results 

Initially, 48 rats were assigned to four different treatment groups of 12 rats each. All 

rats survived the initial surgery for pump placement and the second surgery for creation of 

the calvarial defects. The solutions, pumps and pump volumes were designed so that the 

rats would receive either no nicotine (control), or enough nicotine to resemble smoking 5, 

20, or 40 cigarettes per day. 

1) Soft X-Ray Technique 

Radiographic images of the calvaria were made using the soft X-ray technique. 

These X-rays were digitized and evaluated with a computer in order to determine the 

amount of new bone formation for each rat The results were expressed as the percent of 

new bone formed in the total defect area. Visually, the radiogtaphs showed that the defects 

contained areas that were radiodense (bone) and others that were radiolucent (non-bone 

tissue). Some defects appeared to be completely filled with bone while others appeared to 

have areas within the defect that did not fill with bone (Figure 6). In fact, some calvaria had 

as many as four separate radiolucent areas. 

The area of each radiolucent portion of the radiograph was measured individually, 

and the sum (01) represented the sum of the areas of the islands of non-bone tissue within 

the defect. The area filled with new bone was determined by subtracting the sum of the 

non-bone tissue areas (radiolucent areas) from the total area of the calvarial defect (the area 

of the 6 mm defect equals 28.26 mm~. The percentage bone fill value represents the 

percentage of the entire defect area that is filled with new bone (Table Ill). 
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Figure 6. Rtuliugraph if Rat # 94 Gdwrial Defect, Shauing Haw the De/ftl Gm?rally F ilJa;l In 
From the Periphery. Many defects filled urmenly t:o form islands if non-bar. Dcxted L irr=oot/,irr if 
ari?J,nal 6 rnmdefax; RO=Li[fat areas that are radiopaque and considerai lx»-r RL =Dark areas that are 
radiducent and considered non-lx»-r tissue SS =Sagj,ttal suture LS =Larrixloid suture I =ls/ands if mn 
lx»-r tissue. 
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Table III Percent Bone Fill in Calvarial De 'i!cts Based 011 Radioornnbic D ensitometry. 
Original Total Total % Bone Fill .. Group Radiolucent Radiodense 

1ii Area Within Area Within 
0:: Defect (mm') Defect (mm2

) 

(Non-bone) (Bone) 

OT F=28.26-OT %=F/28.26x100 
51 Control 11.92 16.34 57.83 
52 Low 18.23 10.03 35.48 
53 Mid 6.06 22.20 78.56 
54 High 5.95 22.31 78.96 
55 Control 7.43 20.83 73.71 
56 Low 6.09 22.17 78.45 
57 Mid 5.79 22.47 79.52 
58 High 0.40 27.86 98.58 
59 Control 2.78 25.48 90.15 
60 Low 4.75 23.51 83.18 
61 Mid 7.48 20.78 73.54 
62 High 11.62 16.64 58.89 
63 Control 7.36 20.90 73.95 
64 Low 9.52 18.74 66.30 
65 Mid 11.41 16.85 59.62 
66 High 0.13 28.13 99.54 
67 Control 0.68 22.47 79.52 
68 Low 6.94 21.32 75.46 
69 Mid 3.48 24.78 87.67 
71 Control 0.52 27.74 98.16 
72 Low 0.18 28.09 99.38 
73 Mid 4.74 23.52 83.23 
74 High 5.34 22.92 81.11 
75 Control 3.06 25.20 89.17 
76 Low 7.18 21.08 74.59 
77 Mid 2.18 26.08 92.29 
78 High 0.79 27.47 97.19 
79 Control 0.80 27.46 97.18 
BO Low 0.22 28.04 99.23 
81 Mid 2.70 25.56 90.44 
82 High 1.58 26.68 94.42 
83 Control 3.57 24.69 87.36 
84 Low 8.31 19.95 70.59 
85 Mid 6.71 21.55 76.27 
86 High 5.21 23.05 81.57 
87 Control 9.38 18.88 66.82 
BB Low 6.15 22.11 78.23 
89 Mid 11.02 17.24 61.02 
90 High 9.49 18.77 66.43 
91 Control 13.66 14.60 51.66 
92 Low 9.83 18.43 65.23 
93 Mid 8.38 19.88 70.35 
94 High 8.02 20.24 71.63 
95 Control 10.28 17.98 63.63 
96 Low 8.21 20.05 70.96 
97 Mid 0.16 28.10 99.45 
98 High 2.16 26.10 92.37 



Page26. 

The area of bone fill in the defects ranged from 35.5% to 99.5%. Only 11 rats demonstrated 

defects with less than 70% bone fill. Of these, four were in the control group, three in the 

low group, two in the mid group, and two in the high group. Four rats had defects with 

more than 99% bone fill. Of these, two were in the low group, one in the mid group, and 

one in the high group. The mean percentages of bone fill for the control, low, mid, and high 

treatment groups were statistically the same (fable IV). Considerable variation in the 

amounts of bone fill was apparent with and across all of the treatment groups, with no 

statistically significant relationship at the P!> 0.05 level. 

Table IV p ercent one z m t e n,ma ontro, w, i, an IP ose B P:11" bo·· tc I. Lo Md. d H" h D Groups. 
% Bone Fill 

Treatment Grouo N Mean Standard Deviation 
Control 12 77.43 14.72 
Low 12 74.76 15.91 
Mid 12 79.33 11.65 
Hiah 11 83.70 13.27 

Total 47 78.70 14.36 

2) Histology 

Histological sections of the rat calvaria were prepared such that the 6 mm defect and 

the surrounding calvarial bone could be seen in the tissue sections. These histologic sections 

sometimes contained the membranes on the scalp and/ or dural aspects of the defect (Figure 

7). The histologic specimens from all four treatment groups were similar in histologic 

appearance. In each treatment group, some of the 6 mm defects were almost completely 

filled with bone (Figure 7), whereas others showed areas filled with non-bone tissue in 

addition to areas of new bone (Figure 8). The histologic data reinforced the radiographic 

observations where some defects appeared almost completely filled with bone, while others 

only partially filled with bone, at the end of the 90-day study period. The trabecular pattern 

of the newly formed bone sometimes appeared less organized within the defect than in the 

surrounding calvarial bone, but otherwise looked like normal bone. 



.Figure 7. Photomicrographic Montage Of A Sagittal Section Of A Defect Shown At 22x. A 6 mm scale is placed as close!J as possible to align with the 
edge ef the onginal deject. The membranes are seen overlapping the deject on both sides, with the inner membrane slight!} smaller than the outer membrane . 
OM=Outer membrane IM=lnner membrane MB=Mature bone IMB=Immat11re bone NB=non-bone tiss11e. The dark!J stained areas represent new bone in 
the defect along with the original calvarial bone around the deject. Note that the defect appears almost complete!} filled in this plane ef section. Section stained with 
H&E. 

, 1111 I I I JI , 111II1l11 1 I \1 I 1 I JI I p 
.Figure 8. Photomicrographic Montage Of Another Sagittal Section Of A Calvarial Deject Shown At 22x. A 6 mm scale is placed as close!J as possible 
to align with the edges ef the defect. M=Membrane MB=Mature bone IMB=Immature bone NB=non-bone tissue. The dark!J stained areas represent new 
bone in the defect along with the original calvarial bone around the deject. Note that the deject appears uneven!} filled with islands ef bone and areas ef soft tiss11e in 
this plane ef section. The bone present in the deject appears to be immature bom compared to that seen in the deject in figure 7. Section stained with H&E. 
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3) Cotinine ELISA 

ELISA testing was performed on plasma samples obtained from the aorta at the time 

of sacrifice. Two samples per rat were tested to determine the cotinine levels in these 

plasma samples. The average of the two readings from blood taken at the time of sacrifice 

was plotted against the total mg of nicotine delivered to the same rat (Figure 9). The two 

resulting curves were very similar in shape. This relationship indicates that for any given rat, 

the cotinine level was reflective of the nicotine dosage that each rat received. This also 

supports the use of pump aspirate measurements as a means of monitoring nicotine 

administration and as an indicator of the amount of nicotine being metabolized to cotinine. 

Rat numbers 51-98 

figure 9. EUSA Values for Blood Plasma Samples in ng Cotinine/ ml Plasma Compared To 
Total mg Nicotine Delivered l!J the Pumps During Stuc!J. The trends are similar, suggesting that total mg 
delivered can be used as a guide lo plasma levels. Each EUSA value represents the average of two readings 
on the same plasma sample taken at the lime of sacrifice for each rat. 

4) Pump Delivery Efficiency 

The amount of nicotine delivered to each rat was calculated by using the volume of 

the aspirate of each pump at each refill (fable V). E ach pump was filled with one cc of 

infusate each week. The volume of nicotine solution delivered for the week was calculated 

as one cc minus the volume aspirated at refill. Based on the aspirate volume, the volume 

actually delivered that week could be converted to mg nicotine given the concentration of 

nicotine in the solution placed in each pump. It was readily apparent that many of the 

pumps failed to deliver a constant volume, and therefore, constant amount of nicotine to a 

rat during the various weekly intervals. 
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Table V Week{y PHmp Aspirate Volumes for Control, Low, Mid and High Dose Groups. Pump 
delivery for the previous week is determined i!J subtracting these values from the 1 cc volume used to refill the 
pumps. y; h hh I el/ow i, iJ?,hted values show pumps that delivered S' 0.5 cc week. 

J "' ~ 8: 8: 8: 8: 8: 8: 
8: 8: 8: 8: 8 8 8 8 "" e i;:: ~ 8 g ~ > I j ~ ~ ~ ~ Ii i .@ .... ] .2 ., 

0 .@ ~ "' ·o1, ·.;; "' z z °' ... ... 
6 "- "" 

.... 
"' "' 

.... .. - 'ii ~ ~ ~ "' ~ ~ '° "' N - N N 
ao 

51 C I 14 .16 .56 .26 .14 .25 .31 .2 1 .15 .4 1 .24 0 .0 .32 0 .0 . 14 Sacrificed 

52 L 5 14 0 .34 .42 .27 .35 .33 .33 .21 .44 .64 .57 .84 .59 .99 Sacrificed 

53 M I 14 .25 .46 .59 . 12 .32 .19 .35 .25 .48 .35 .31 .38 .30 .40 Sacrificed 

54 H 7 14 .32 .26 .30 .12 .20 .4 1 0.0 .83 .70 .77 .85 .87 ,86 1.0 Sacrificed 

55 C II 14 0 1.0 .86 .96 .91 .96 .95 .95 .94 0.0 .92 1.0 .0 1 .93 Sacrificed 

56 L II 14 .40 . 14 .70 .72 .67 .95 .98 ,95 .49 1.0 1.0 .91 .91 1.0 Sacrificed 

57 M 14 14 .90 .94 1.0 .94 .51 .98 1.0 .90 .93 .94 1.0 .91 .89 1.0 Sacrificed 

58 H 6 14 .32 .46 .55 .40 .49 .47 .46 .53 .60 .54 .63 .03 .47 .52 Sacrificed 

59 C 13 14 .54 .98 1.0 .98 .89 1.0 .65 1.0 1.0 .93 0.0 .96 .90 1.0 Sacrificed 

60 L 0 14 0 .28 .33 .20 .30 .42 0.2 .21 .36 .20 .34 .34 .30 .39 Sacrificed 

61 M 0 14 .32 .16 .40 .20 .07 0.0 . 17 .10 0 .0 .2 1 .12 .22 ,24 . I 7 Sacrificed 

62 H 0 14 .10 .26 .32 .02 .14 . II . 14 .05 . IS .07 . I I . 12 .16 .16 Sacrificed 

63 C I I 14 .2 1 .24 .30 .56 ,96 .96 .96 .85 .72 1.0 .97 1.0 .87 1.0 Sacrificed 

64 L 9 14 .15 .14 .12 .OJ .91 1.0 .93 0 .0 .96 .95 .92 1.0 .90 1.0 Sacrificed 

65 M 9 14 .27 .24 .34 .79 .74 .80 .32 .25 .85 1.0 .98 .90 .95 1.0 Sacrificed 

66 H 7 14 .20 .16 . 14 .10 .26 .62 . I I .74 .84 1.0 .97 .88 .92 .36 Sacrificed 

67 C s 14 .30 .18 .25 .07 0 .0 . 16 . I I 0.0 0.4 .67 .53 1.0 .56 .99 Sacrificed 

68 L II 14 .30 .16 . 17 .79 .78 .80 .92 .94 .91 .99 .98 1.0 .87 ,97 Sacrificed 

69 M 0 14 .30 .20 .29 .04 .29 .24 .20 .06 .27 .20 .19 .17 .15 .15 Sacrificed 

70 H 0 3 .30 .22 .16 o;ed 

7 1 C 4 14 .33 .26 .21 .05 . 15 0.0 . I I . 13 .72 .99 .40 .94 .88 . 18 Sacrificed 

72 L JO 14 .25 .14 .18 .14 .56 .97 .89 1.0 .95 .95 .91 .97 .92 .96 Sacrificed 

73 M JO 14 .45 .19 .40 .20 .80 .97 1.0 1.0 .93 .97 .98 .89 .98 1.0 Sacrificed 

74 H 0 14 .24 .10 .34 . 13 .16 .15 . I I .01 .24 .16 .07 .15 .12 .15 Sacrificed 

75 C 10 14 .90 1.0 0.0 .76 .85 0.0 .90 0.0 1.0 1.0 .05 .75 .65 1.0 Sacrificed 

76 L 12 14 .34 .48 1.0 .92 .95 1.0 .93 .96 .98 1.0 .79 >.SO .89 1.0 Sacrificed 

77 M 0 14 .49 .46 .45 .23 .44 .26 .34 .25 .43 .3 1 .40 .32 .17 .30 Sacrificed 

78 H 0 14 .40 .40 .14 0.0 .25 .13 .38 .09 .40 0.3 .30 .25 .20 .20 Sacrificed 

79 C 12 14 0 1.0 0.0 .92 .87 1.0 .93 .85 .81 1.0 .95 .90 .86 1.0 Sacrificed 

80 L 10 15 .38 .22 .15 .49 1.0 .74 .10 .79 1.0 .98 1.0 .96 .98 1.0 .92 
8 1 M 0 15 .45 .16 0.0 . 16 .OS . 14 .07 .21 .08 . 15 .2 1 .2 1 .22 .20 .16 
82 H 0 15 .42 .14 0.0 .05 . 15 . 16 .2 1 .07 .3 1 .16 .19 .16 .15 . I S .08 
83 C 2 15 .48 .22 0.0 .91 .87 .23 .24 .13 .29 .20 .24 .20 .04 .15 .08 
84 L 12 15 .30 .12 .39 .90 .96 .95 .81 1.0 1.0 1.0 1.0 .99 .81 1.0 .88 
85 M I 15 .45 .20 .43 .06 .3 1 .30 .23 .23 .45 .35 1.0 .43 .2 1 .20 .26 
86 H II 14 Skip .54 .90 .25 .55 .50 .34 .35 .64 .64 .61 .70 .68 .83 .86 
87 C 9 14 Skip .02 .26 .05 . 16 0.0 .82 .95 1.0 1.0 0 .9 .92 .93 .57 .96 
88 L I 14 Skip .86 .31 . II . 19 .19 0.0 .31 .32 .20 .22 .20 .13 .2 1 . 12 
89 M 13 14 Skip .68 .71 .65 .71 0.0 .67 .86 .78 .91 0.8 .75 .68 .65 .65 
90 H 0 14 Skip .08 .26 .20 .35 .27 0.0 . 17 .34 .23 .20 .15 .18 .29 .05 
9 1 C II 14 Skip .12 .32 .16 1.0 .91 .91 .99 .86 .97 1.0 .84 .91 .96 .97 
92 L 0 14 Skip . JO .39 0.0 . 15 .16 .04 . 14 .27 .10 .21 .15 .10 .14 .07 
93 M 9 14 Skip .12 .35 .10 .34 .75 1.0 .82 1.0 .97 0 .0 .96 .78 .84 .85 
94 H II 14 Skip .12 .49 .72 .92 1.0 0.0 .90 .95 1.0 .99 1.0 .90 .96 .95 
95 C 0 14 Skip .02 0.0 0.0 .02 0.0 0.0 0 .0 0.0 .30 0.0 0.0 0.0 0.0 .02 
96 L 10 14 Skip ,04 .4 1 . I I .96 .93 1.0 .89 ,96 1.0 .91 0.0 .84 1.0 .92 
97 M 10 14 Skip .30 .23 .13 1.0 0.1 .98 .92 1.0 .90 .85 1.0 .86 1.0 .86 
98 H 12 14 Skip .32 0.0 .73 .96 .95 1.0 .88 .95 1.0 .95 1.0 .94 1.0 .92 
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The control group received PBS via the pumps with 1 new cc being placed in the pump each 

week. At the time the aspirate of the previous weeks PBS was used to measure the amount 

of PBS delivered by the pump during the week. As seen in Table V, for group C (Control 

group), many of the twelve pumps failed to deliver 0.5 cc or more volume of PBS each 

week. In fact, over the 90-day experiment period, the control pumps failed to deliver 0.5 cc 

or greater on 89 of the 169 refills. In the ¼ pack per day (low dose) group, the pumps failed 

to deliver 0.5 cc or more on 91 of the 170 refills. In the 1 pack per day (mid dose) group, 

the pumps failed to deliver 0.5 cc or more on 67 of the 170 refills. In the 2 packs per day 

(high dose) group, the pumps failed to deliver 0.5 cc or more on 54 of the 169 refills. 

Therefore, the total mg of nicotine received by each rat in the various treatment groups was 

far below the projected dose (Table V). It is interesting to note that as a whole, each group 

received about as much nicotine as each rat in that group should have received (Table VI). 

Ta ble VI Exnected V ersns Aetna/ Volnmes and Nicotine rJnantities for Each Treatment Gro, t, 
Control Low Mid Hlah 

Total mn received bv the nroua 0 1.83 8.96 19.34 
Total manrofected for thearooo to receive 0 28.08 112.32 224.64 
Total m-n nroiected for each rat in arouos to receive 0 2.34 9.36 18.72 

5) Statistical Analysis 

a) Results For All Rats In The Original Treatment Groups 

Statistical analyses for each treatment group (Control, ¼ pack per day, 1 pack per 

day, 2 packs per day) were performed. Within each group (the control and thtee nicotine 

concentrations administered), the total amount of nicotine solution that was delivered to the 

rats over the protocol period was calculated based on the volume and number of refills. The 

mean values for the total volume of solution, total quantity of nicotine, and percentage of 

bone fill for the four treatment groups are seen in Table VII. The mean and standard 

deviation within each group are expressed for those thtee variables. Pearson Correlation 

Coefficients (Table VIII) were calculated overall, and by nicotine group, for the amount of 

bone created with respect to the total amount of nicotine delivered to the rat None of the 

correlations between the percent bone fill and the amount of nicotine delivered were 

statistically significantly different from a correlation of 9. 
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Table VII Volumes Of Solutions, Amounts Of Nicotine, And Percent Of Bone Fifi For All 
Original Treatment Groups Expressed As Mean And Standard Deviation. 

-------··-----------Group ____________________ Mean Standard N 

Variable Deviation 

Control 
------------------------------------------------
Total volume of Solution Delivered (ml) 7.15 3.83 12 

Total amount of Nicotine Delivered (mg) 0.00 12 

Total amount of Bone Fill(%) 20.90 4.68 12 
___ · ___________ ¼ Pack per day _______________ 

Total volume of Solution Delivered (ml) 6.12 3.27 12 

Total amount of Nicotine Delivered (mg) I.II 0.60 12 

Total amount of Bone Fill(%) 23.70 3.96 12 
___ _____________ /_Pack per day _______________ 

Total volume of Solution Delivered (ml) 7.37 3.93 12 

Total amount ofNicotine Delivered (mg) 5.36 2.86 12 

Total amount of Bone Fill°(%) 24.75 2.72 12 
_______________ 2 Packs per day ______________ 

Total volume of Solution Delivered (ml) 6.59 4.05 11 

Total amount of Nicotine Delivered (mg) 9.64 5.93 11 
Total amount of Bone Fill(%) 20.22 3.73 11 

Table VIII Pearson Comlation Coifftcients For Tota/Amount Of Bone Formed Verses Total 
AmountOfNicotineDeliveredO I/A dW:b· 0 .. IT. Groups. vera II tl Ill nPZna reatment 

Variable R P-value 
Overall -0.1074 0.4725 

Control ----- -----
¼ Pack per day 0.3671 0.2667 

I Pack per day 0.3193 0.3117 

2 Packs per day -0.2547 0.4244 

To determine if differences existed between and among the four experimental 

groups, an analysis of covariance was used with the total amount of nicotine delivered as the 

covariant The analysis of Covariance (Table IX) indicated one statistically significant 

difference in the mean amounts of bone formed among the four treatment groups (F=3.58, 

p=0.0217). Rats in the 1 pack per day nicotine group (24.75) had significantly higher mean 

new bone formation than did the rats in the 2 pack per day nicotine group (20.22), but the 1 

pack per day group mean was not statistically different than the ½ pack per day nicotine 

group or the control group. A Tukey's multiple comparison test was used to determine the 

nature of the differences among the treatment groups if the F-test was statistically 
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significant Statistical significance was set at an alpha level of 0.05. In summary, the only 

statistically significant difference was between the high and mid dose groups. No other 

statistically significant differences were seen. 

Table IX 
Treatm G 

Ana/ysis Of Covariance For Tota/Amount Of Nicotine Delivered By Original 
ent roubs. 

Variable R-Square Mean F-value p-value 

0.2126 

Total amount of Nicotine Delivered -0.0543 0.09 0.7605 

(slope is given in Mean column) 

Nicotine Group 3.58 0.0217 

Control 20.90 
---------------------------------------------- ------------- ------------_¼Pack per day ___________________________ 23.70 

------------- -----------
_ 1 Pack per day ----··--------------------- 24.75 

------------- -----------
2 Packs per day 20.22 

b) Re-examination of Original Treatment Groups After Excluding 

Rats With Failed Pumps 

It was obvious that most of the pumps were failing to deliver the predicted volumes, 

and therefore, the quantities of nicotine, that each treatment group was supposed to receive. 

Therefore, we arbitrarily decided to omit rats in each group where the pumps failed to 

deliver half of the intended volume. The following criteria were developed to evaluate pump 

delivery system failures, and thus which animals to include in the evaluation. A pump that 

delivered :s; 50% of its volume over the preceding week, as measured by the volume 

aspirated at refill, was considered arbitrarily to be a failure for that week. A pump delivery 

system was considered arbitrarily to be an overall failure and eliminated the data from 

further analysis if the pump failed more than 1/3 of the refills. This meant that a pump with 

:s; 5 failures was included for further analysis. By these standards, 21 of the original 48 rats 

had their data included for analysis. The pump delivery system failure rate was determined 

to be 56% (27 of the 48 failed). The data for the rats in the various treatment groups with 

pumps defined as "failed" were removed from the data set, and the remaining data were 

evaluated statistically. This additional statistical analysis was undertaken based on the 

concept that many of the pumps had failed, and therefore, these rats should not be included 
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in the analysis. This presumption suggests that the inclusion of rats with failed pumps would 

not represent the response seen if the pumps had performed reliably. 

The weekly pump aspirate volumes (fable V) were sorted based on the criteria we 

established. A number highlighted in yellow represents a pump that failed that week. No 

color indicates that the pump delivered more than 0.5 cc during the previous week. Thirty

five of the 48 rats had pumps that failed these selection criteria at least one week in the 

experiment. Restated, 73% of the pumps failed at least once. There were 667 total refills 

during the experiment. Of those, 301, or 45% were classified as failures. Some pump 

delivery systems failed once, some failed constantly, and others alternated back and forth 

between failure statuses. These observations demonstrate that the pump delivery systems 

did not perform as expected, but instead delivered infusate erratically and for unknown 

reasons. 

The refined data based on arbitrary pump delivery criteria being met within the 

original experimental groups were then analyzed in relation to percent bone fill (Table X). 



TableX 

Page 34 

Solution Volumes, mg Nicotine And% Bone Fill For Rats With Pumps That Exceeded 

The "Failed" Pump Criteria For Control, Low, Mid And High Dose Treatment Groups. 

]ii C " u " ~ ~ 
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CONTROL PBS A/one 52.64 0 386.49 10.528 0 77.30 
GROUP (Omg/ml) 

51 10.85 0 57.83 
67 8.78 0 79.52 
71 8.65 0 98.16 
83 10.72 0 87.36 
95 13.64 0 63.63 

LOW ¼Pack/Day 40.42 1.05 262.12 10.105 0.26 65.53 
DOSE (0.026 mg/ml 

GROUP Nicotine Bitartrate 
in PBS 

52 7.68 0.20 35.48 
60 10.13 0.26 83.18 
88 10.63 0.28 78.23 
92 11.98 0.31 65.23 

MID 1 Pack/Day 63.69 6.62 498.78 10.615 6.62 83.13 
DOSE (0.104 mg/ml 

GROUP Nicotine Bitartrate 
in PBS 

53 9.25 0.96 78.56 
61 11.62 1.21 73.54 
69 11.25 1.17 87.67 
77 9.15 0.95 92.29 
81 12.53 1.30 90.44 
85 9.89 1.03 76.27 

HIGH 2Packs/Day 65.88 13.77 496.61 10.98 13.77 82.77 
DOSE (0.209 mg/ml 

GROUP Nicotine Bitartrate 
in PBS 

58 7.53 1.57 98.58 
62 12.09 2.53 58.89 
74 11.87 2.48 81.11 
78 10.56 2.21 97.19 
82 12.6 2.63 94.42 
90 11.23 2.35 66.43 

Even though the selection criteria helped segregate the better performing pumps, the 

data show that there was considerable variation within and among the various groups with 

respect to volumes of nicotine delivered. For example, the quantities of nicotine delivered 

to rat # 58 (1.5738 mg) compared to that for rat #82 (2.6334 mg) within the high dose 
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group. Although both the pumps in these rats met the selection criteria, and both are in the 

same treatment group, rat #82 received 40% more nicotine than did rat #58. The percent 

bone fill also continues to demonstrate considerable variation when comparing the amounts 

of bone in the defects of any two rats within the same group. For example, in the control 

group, both rat #51 and rat #71 met the selection criteria. However, rat #51 had 57.83% 

bone fill while rat #71 had 98.16% bone fill. This is a 40% difference between these two 

control rats. 

A statistical evaluation was made to determine if a relationship existed between the 

nicotine delivered and the % bone fill. These data were normalized (Table X) to lessen the 

effect of outlying data (variability), and compensate for different numbers of animals in each 

group following the use of the pump selection criteria. This helped in comparing the healing 

responses for the dosage groups as a whole. However, the statistical analysis of the data 

presented in Table X still did not demonstrate any significant differences. Figures 10 

through 14 graphically simplify the data in Table X. No significant differences are seen 

between the % bone fill and volume of solution delivered. Figure 14 presents the data based 

on the mean % bone fill and volume of solution delivered to all rats within each group 

meeting the selection criteria. 

Pearson correlations were calculated for the refined data to see if there were any 

relationships between the variables of total nicotine delivered and % bone fill (Table XI). If 

one variable changes in a direct response to a change in the other variable, the test is said to 

have a significant correlation. A correlation is significant at the 0.01 level, meaning that a 

value of 1 ± 0.01 is significant. As would be expected, there was a significant correlation 

between % bone fill and % bone fill. Likewise, a significant correlation existed between total 

mg nicotine delivered and total mg nicotine delivered. In contrast, no statistically significant 

correlation existed between total mg nicotine delivered and % bone fill. When analyses of 

the mean bone fill between the original treatment groups were performed (Table XII), no 

statistically significant differences were observed among the original treatment groups. A 

One-way Analysis of Variance (Table XIII), with a level below 5% indicating statistical 

significance, revealed no statistically significant differences among the original treatment 

groups. Therefore, eliminating the rats with failed pumps failed to show any statistical 

significance in the % of bone fill for the various treatment groups. 
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-----------J ■% Bone Fill 

-------1 ■Total cc solution delivered 

Total cc solution delivered 

95 

- 5~ 67 ~ 71 
57.826~i3) 79.52383227 ~ .15576575 

■Total cc solution delivered 10.85 -~- 8.78 8.65 - ---

■% Bone Fill 

83 

87.35582095 

95 

63.62922859 

10.72 13.64 

Figure 10. Total Volume ef PBS Solution Delivered vs. % Bone Fill (CONTROL GROUP)Jor 
Rats With Pumps that Exceeded the Pump Delivery System Failure Criteria. 
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52 
----+--- --

■% Bone Fill 35.47650389 
----+----

■Total cc solution delivered 7.68 

92 

60 

83.18400212 

10.13 
~------ ---'-------....L.. ---

■% Bone Fill 

■Total cc solution delive~ 
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figure 11. Total Volume ef 0.026 mg/ ml Nicotine Solution Delivered vs. % Bone Fill (LOW 
GROUP) for Rats With Pumps that Exceeded the Pump Delivery System Failure Criteria. 



Page 37 

■Taaa:scUma!Ml8d 

100 

90 

70 

53 

78.50072541 

925 

61 

73.54372;11 

11.62 

■%BcreFiU 

■Tc.ta a:ooliia1aji\88l 

85 

69 _ n __ ~_ ~ -
67.6744C9'.:6 92.2B!m533 90.43857042 

--+--
11. 25 9.15 12.53 

Figure 12. Total Volume of 0.104 mg/ ml Nicotine Solution Delivered vs. % Bone Fill (MID 
GROUP)far Rats With Pumps that Exceeded the Pump D elivery System Failure Criteria. 
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Figure 13. Total Volume of0.209 mg/ ml Nicotine Solution Delivered vs. % Bone Fill (HIGH 
GROUP)far Rats With Pumps that Exceeded the Pump Delivery System Failure Criteria. 
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Figure 14. Summary Showing Mean Bone Fill Compared to Mean Solution Volume Delivered for 
All the Rats that Met the Selection C,iteriafor Each Group. 

Table X I Pearson Correlations for Total Nicotine Delivered With % Bone Fill for After Excluding 
Rats With Failed Pumps. 

Total mg Nicotine %Bone 
Delivered Fill 

Total mg Nicotine Pearson Correlation 1.000** .221 
Delivered Sig. _{2-tailed) -- .335 

N 21 21 
% Bone Fill Pearson Correlation .221 1.000** 

Sig. _{2-tailed) .335 --
N 21 21 

**A correlation is signijicant at the 0.01 level. There was no statistical!J signijicant correlation between total 
nicotine and % bone filled. 

Table XII Percent Bone Fill in the Control, Low, Mid, and High Dose Groups After Excluding 
Rats with Fail. d P e umps. 

% Bone Fill 
Treatment Group N Mean Standard Deviation 
Control 5 77.30 16.64 
Low 4 65.53 21.42 
Mid 6 83.1 3 7.97 
High 6 82.77 16.93 

Total 21 78.29 16.05 



Page 39 

One-wqy Anafysis of Variance &snits far the Control, Ltiw, Mid, and High Dose Table XIII 
Gro ups After Excluding Rats with Failed Pumps. 

Sum of Squares df Mean Squares F Sig. 
Between Grouos 916.985 3 305.662 1.227 .330 
Within Groups 4234.987 17 249.117 

Total 5151.972 20 

c) Results After Regrouping Rats Based On Total Nicotine 

Delivered To Fonn Four New Groups 

In a further attempt to determine if a relationship exists between the amount of 

nicotine received and bone formation, the rats were regrouped based on the total amount of 

nicotine received in four new groups. Instead of using the original experimental groupings 

(Controi ¼ pack per day, 1 pack per day, 2 packs per day), the total nicotine delivered to 

each rat during the entire study was used to arbitrarily assign the rats to new groups. A 

histogram was plotted based on the total amounts of nicotine delivered for each pump from 

pump placement to sacrifice (Figure 15). Some trends were noted in the total mg of nicotine 

delivered to the various rats in all of the treatment groups. Based on these trends, the rats 

were regrouped as follows into four "new" groups for statistical analysis: Control group (0 

mg), low dose (between 1 - 20 mg), middle dose (20-60 mg), and high dose (>60 mg). 

Several of the rats in the original middle and high dose groups were now placed in the "new" 

low or middle dose groups based on the total amounts of nicotine that they received (fable 

XIV). 
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.Figure 15. Total Nicotine (mg) Delivered for Al/ Rats. The number of rats that received each total 
dose of nicotine are represented ry the height of the bar over that dose. 

Each of the rats was cross tabulated by their original dose group and new dose 

group. That is four of the original high dose rats moved to the new mid dose, and three to 

the new low dose. Six of the original medium dose group rats moved to the new low dose 

group based on the total mg of nicotine actually delivered (Table XIV). All of the original 

control and low dose rats remained in their respective groups after the reassignments. These 

new dose groups, defined by the total nicotine actually delivered, were used to compare the 

open area, fill area and percent fill area (Tables A.'V, J\.'Vl, XVII, A'Vlll). 
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Table XIV Rats in Original Treatment Groups and Rats Reassigned to New Treatment Groups as 
Defined f?y the Total Nicotine Delivered (mg) Over the Course of the Stutfy. Italic = number of rats befare 
ref!roll/JinJ!,. Parenthesis = number of rats after rej!,roll/JinJ!,. Bold = number of rats chanJ!,inJ!, J!,roll/Js. 

Original Nicotine Groups after Total Nicotine Delivered Cross tabulated 

Original Nicotine Groups Total Nicotine Delivered (New Nicotine Groups) 

Total Number Number Number Number of 
Rat of rats of rats of rats rats 

Count rece1vmg receiving receivmg receiving 
0mg <20mg 20-60mg >60mg 

Control Low Mid High 
Control 12 12 (12) - - -
Low 12 - 12 (12) - -
Mid 12 - (6) 12 (6) --
High 12 - (3) (4) 12 (5) 

Total 48 (48) (12) (21) (10) (5) 

Table XV Bone Fill Data far New Control Group Where Total Nicotine Delivered was O mg. 
fMean +Std.Dev.) (N=12) 

0 1JU!' Nicotine 
Mean Standard deviation 

Non-bone Area 5.95301 4.64718 
Bone Fill Area 21.88121 4.34404 
% Bone Filled 77.42821 15.37170 

Table XVI Bone Fill Data far New Low Dosage Group Where Total Nicotine Delivered was <20 
mJ!.. (Mean +Std. Dev.) (N=20) 

<20 m.,. Nicotine 
Mean Standard deviation 

Non-bone Area 6.86315 4.34069 
Bone Fill Area 21.39685 4.34069 
% Bone Filled 75.71425 15.35983 

Table XVII Bone Fill Data far New Mid Dosage Group Where Total Nicotine Delivered was 20-60 
ml!., (Mean±Std. Dev.) (N=10) 

20-60 1JU!' Nicotine 
Mean Standard deviation 

Non-bone Area 4.02931 2.62628 
Bone Fill Area 24.23069 2.62628 
% Bone Filled 85.74199 9.29328 
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Table XVIII Bone Fill Data for New Higb Dosage GrolljJ Where Total Nicotine Delivered was >60 
ml!. {M_ean ±Std. Dev.) (N=5) 

>60 tnJ> me: Nicotine 
Mean Standard deviation 

Non-bone Area 5.76311 4.75767 
Bone Fill Area 22.49689 4.75767 
% Bone Filled 79.60681 16.83535 

Pearson correlations were calculated to see if there were any re\ationships between 

the variables of total nicotine delivered and% bone fill (Table XIX). If one variable changes 

in a direct response to a change in the other variable, the test is said to have a significant 

correlation. A correlation is significant at the 0.01 level, meaning that a value of 1 ± 0.01 is 

significant. As would be expected, there was a significant correlation in all directions 

between % bone fill, Non-bone area, and bone fill area since they are all related to each 

other. Likewise, a significant correlation existed between total mg nicotine delivered and 

total mg nicotine delivered. In contrast, no statistically significant correlation existed 

between total mg nicotine delivered and any of the other three parameters. 

Table XIX 
and % Bone fill. 

Comlation oJTotal Nicotine Delivered with Non-bone Area, Bone Fill Area 

Total mg Non-bone Bone Fill %Bone 
Nicotine Area Area Filled 

Delivered 
Total mg Pearson Correlation 1.000** -0.115 0.151 0.151 
Nicoline Sia. 12-tailedl - 0.411 0.311 0.311 
Delivered N 48 47 47 47 
Non-bone Pearson Correlation -0.115 1.000** -0.984** -0.984** 
Area Sia. 12-tailed) 0.441 - 0.000 a.coo 

N 47 47 47 47 
Bone Fill Pearson Correlation 0.151 -0.984** 1.000** 1.000** 
Area Sia. 12-tailed) 0.311 0.000 - 0.000 

N 47 47 47 47 
%Bone Pearson Correlation 0.151 -0.984** 1.000** 1.000** 
Fill Sig. (2-tailed) 0.311 0.000 a.coo -

N 47 47 47 47 
** Comlatton ts szgnijicant at the 0.01 level (2-tailed). 

A One-way Analysis of Variance (ANOVA) was used to compare the new dose 

groups for each of the three parameters (Table XX). No significant differences were found 
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among the four new groups in terms of the three variables (non-bone area, bone fill area, % 

bone fill). Statistical significance was defined as p<0.05. 

Table XX Ana!Jsis of Variance Results far New Groups Using Total Nicotine Delivered, Non-
Bone Area, Fill Area, and% Bone Fill 

ANOVA 
Sum of df Mean F Sig. 
sauares Sauare 

Non-Bone Between Grouos 53.670 3 17.890 1.028 0.390 
Area Within Grouos 748.167 43 17.399 - -

Total 801.837 46 - -- -
Bone Fill Between Grouos 55.721 3 18.574 1.112 0.355 
Area Within Grouos 718.185 43 16.702 - -

Total 773.906 46 - - -
%Bone Between Grouos 697.711 3 232.570 1.112 0.355 
Filled Within Grouos 8992.744 43 209.134 - -

Total 9690.455 46 - -- -



IV. DISCUSSION 

This study was designed to evaluate nicotine's effects on the formation of new bone 

in healing calvarial bone defects in the rat. It was hypothesized that nicotine would decrease 

the amount of bone formed in the less than critical sized calvarial defect Also, it was 

suggested, but not shown in our study, that a dose response relationship might exist. 

Neither of these hypotheses was supported by our findings. In fact, the data for the mid 

dose (1 pack/ day) group showed a significant increase in the bone formed compared to the 

high dose (2 packs/ day) group. However, it was obvious that the projected levels for the 

rats in the ¼, 1 and 2 pack per day treatment groups were not obtained in this study. In fact, 

the levels of nicotine were far below the levels that we had hoped to maintain on a 

continuous basis for the 90-day study p_eriod. Therefore, even though we were unable to 

show a consistent effect of nicotine on bone formation in this calvarial mode~ it does not 

mean that we found that nicotine at the projected levels does not effect bone healing. 

Moreover, the inability to show a dose response in the present study is also equivocal since 

the projected low middle and high doses could not be obtained or maintained using the 

pumps. 

Although smoking inhibits wound healing (Arno et al., 1959; Bergstrom and 

Eliasson, 1987; Preber and Bergstrom, 1990; Rivera-Hidalgo, 1986; Silverstein, 1992; 

TurnbuR 1995; Qandil et al., 1997), the precise mechanisms are not yet fuJJy understood. 

Two studies have previously evaluated in vivo bone healing in the presence of nicotine 

(Hollinger et al., 1999; Nociti et al., 2000). Hollinger et al. (1999) performed 4 mm 

autogenous parietal bone grafts from contralateral sites in rats, with the donor site serving as 

a spontaneously healing bone wound. Nicotine was administered orally in drinking water 

before and after surgery. He found that nicotine negatively impacts bone healing. However, 

a dose-dependent effect was not found, nor did nicotine inhibit autograft incorporation. 

One criticism of oral administration of nicotine is that it may not be reliable due to the 

variability of delivered nicotine from drinking water and the low bioavailability of swallowed 

nicotine (LeHouezec et al., 1989; Danny et al., 1995). Orally administered nicotine 

undergoes a significant first pass effect from hepatic metabolism (85-90%), whereas nicotine 

administration from other routes circumvents first pass metabolism. 
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Nociti et al. (2000) looked at the effects of nicotine in a rat periodontal disease 

model and found that nicotine enhanced the periodontitis effects in a non-dose-dependent 

way, but produced no bone loss by itself. They used a daily intraperitoneal injection of 

nicotine for 30 days whereas Hollinger et al. (1999) recovered his experimental sites at 14 

and 28 days post-surgery. 

In the present study, the rat calvarium was used as a model. The rat calvarium is 

predominantly composed of thin cortical lamellar plates. This model of a less than CSD 

may acco=odate rapid osseous healing. This could have two potential effects on our 

results: (1) the wound area is sufficiently small to offset any effect by nicotine, and/ or (2) 

any affect seen would be earlier than the length of time evaluated in this experiment, i.e. 90 

days. Additionally, Hollinger et al. (1999) found that earlier (14 days) osseous healing is 

LESS affected by nicotine than later healing (28 days). He postulates that it is possible that 

early on in the healing phase that sufficient endogenous cells and signaling factors are 

present to promote the healing cascade whether nicotine is present or not. As nicotine 

administration lengthens, peripheral vasoconstriction arises and produces an environment 

that jeopardizes bone repair. 

Why was a dose response relationship not seen in our experiments? One 

explanation is that it is possible this defect model is not a suitable model. There was 

considerable variation in the healing potential among the individual rats within each group as 

evidenced by the bone fill data for the control group. In theory, all defects in the control 

group should have healed to the same extent and at the same rate. Bone fill within the 

control group ranged from 51. 7% to 98.2%. This represents a variability of 46.5% within 

this group. Bone fill across all groups ranged from 35.5% to 99.5%. This represents a 

variability of 64.1 %. We modified the CSD model of (Schmitz and Hollinger, 1986) by using 

a 6 = defect instead of the 8 = CSD. This may have had an influence on the rate or 

extent of healing, but does not explain the variability within the control group. 

We also modified the CSD model (Schmitz and Hollinger, 1986) by placing a ePTFE 

membrane on either side of the defect. This may have increased the osseous healing 

potential by allowing the slower growing bone to fill the defect before the faster growing 

epithelium and connective tissue. This is the foundation of guided bone regeneration. It has 

been long known that an osseous defect that is filled with epithelium and connective tissue 
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will prevent bone growth in that area. In periodontal practice, treating osseous defects by 

placing a material such as a membrane that excludes any cell type other than osteoprogenitor 

cells prevents unwanted cells from displacing the cells necessary to form bone. 

Alternatively, the membranes we placed could have slowed the bone fill by excluding the 

progenitor cells available from the periosteum and dura mater. Both the periosteum and 

duta mater are rich in the undifferentiated cells that have the potential to become bone 

forming cells, and the chemical mediators that signal cells to perform certain functions 

involved in the bone formation process. The membranes we used are the same ePTFE 

membranes used in periodontal guided bone regeneration (GBR). One of the principles of 

GBR is space maintenance. In addition to excluding cells that occupy space at the expense 

of bone, the membrane must be tented to create a virtual space within which bone can form 

(Tow fig hi, 199 5). The membranes s~ould have affected all the animals to the same degree. 

Since many of the pump delivery systems failed in our study, we created the criteria 

for pump system failure based on two factors. The first criteria was that a pump that did not 

deliver the nicotine it was intended to deliver and thus could not be included in the 

experimental group it was designed for. The second criteria was that elimination of each 

pump lowered the number of samples (the N) and lowered the power by moving farther 

away from the level needed for statistical significance. With this in mind, parameters were 

set that would eliminate the poorest performing pumps without being so strict as to 

eliminate all those not performing perfectly. Since these parameters were intended to retain 

some data while excluding other data from each group, we may have inadvertently 

introduced a bias. It is possible that we should have had stricter parameters and eliminated 

more of the samples from analysis. By tightening the standards for inclusion, we would have 

ensured that the bone fill measured actually was the result of the nicotine dosage we 

intended it to be. Unfortunately, doing this would have resulted in elimination of most or all 

of the rats and left us with very few, if any, rats per group. Regardless of how the data were 

analyzed, re-evaluation of the data yielded similar overall results. 

We do not know why the pumps performed so poorly, or in some cases, almost not 

at all. One possibility is that these pumps are simply not predictable. It is interesting to note 

that only 15% of the pumps in out experiments performed flawlessly. The evaluation and 

standardization of the pumps (preliminary study) were performed by the manufacturer. The 
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manufacturer data (Figure 1) suggest that the pumps are predictable. However, a closer 

examination these same data (Figures 2 through 5) indicates that the performance of most of 

the pumps was erratic. Other possible explanations for poor pump performance include the 

possibility that the catheters were kinked, and prevented the flow of fluid through them. 

This likely problem was foreseen, and obviated, by placing a larger catheter around the inner 

catheter at the point it entered the peritoneal cavity, which seemed to be the most likely 

point for kinking. 

Because the pumps performed so poorly during the preliminary study, we looked for 

possible bacterial contamination within the pumps by culturing the fluid aspirated. We 

speculated that colonization could occlude the lumen. When we found evidence of bacterial 

growth on our culture media, we decided to add antibiotics to the solutions in the main 

study. Additionally, we refined our technique for filling the pumps to be more aseptic. 

Although these precautions did facilitate better pump performance in some cases than that 

observed in the pilot study, it is obvioius that the problem of pump efficiency was not 

solved by these efforts. 

Alternative nicotine delivery methods were considered. Daily IP injections as used 

by Nociti et al. (2000) do not seem to represent the nicotine intake pattern of a habitual 

smok~r, since the entire daily nicotine intake is at one point in time rather than spread 

throughout the day. Five to forty daily injections would perhaps provide a more realistic 

dosage pattern, but this was not considered feasible in our laboratory. We considered the 

addition of nicotine to drinking water or food similar to Hollinger et al. (1999). However, 

several studies (Battiste! et al., 1993; Clarke and Kumar, 1984; Cox et al., 1984, Donny et al., 

1995; Grunberg et al., 1986) indicate that this can cause gastric mucosa! irritation with 

subsequent decreases in food and water intake when laced with nicotine. It is also very 

difficult to monitor the amount of nicotine ingested when self-administration is used. An 

implantable osmotic pump was considered. It is a proven reliable method, but they are only 

available for two-week delivery in the small size needed for rats. Their use would require 

each rat to undergo anesthesia and surgery every two weeks throughout the course of the 

study. Transdermal administration was considered. It would come in the form of a patch 

that would be placed in ·contact with the rat's skin with the aid of adhesive. The nicotine 

would diffuse out of the patch and across the skin to be absorbed by the underlying 
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vasculature. It was feared that the rats would remove this patch or that hair growth might 

affect adherence or nicotine absorption. In retrospect, this system seems to have the most 

potential if similar studies are to be performed. The system is well established for human 

clinical use as a smoking cessation adjunct. The patches could be cut to various sizes to 

control the amount of nicotine released each day. Adaptation to the rat may not be as 

difficult as we presumed. Perhaps, protective harnesses or stockings could be used to 

prevent patch removal by the rats. 

When the bone growth data for the original treatment groups were analyzed, only 

the mid dose (1 pack per day) nicotine group showed any statistical significance. That 

difference was more bone formation was seen in this 1 pack per day group than in the other 

three groups. The other three groups had similar amounts of bone fill such that they were 

considered statistically equivalent. These results support those of Peacock et al. (1993), in 

that low doses of nicotine enhanced replication of human gingival fibroblasts cell cultures. 

When we looked for some explanations for the results of this statistical analysis, we 

postulated four possibilities: (1) Nicotine may stimulate osteoblasts at low doses; (2) 

Nicotine may inhibit osteoclasts at low doses; (3) Nicotine may stimulate osteoclasts at high 

doses; and (4) Nicotine may inhibit osteoblasts at high doses. 

We felt that including the bone growth data from all of the rats without elimination 

the outliers (failed pumps), would present a misleading conclusion because the measured 

bone fill could not be attributed to the intended nicotine dosage. For that reason, we 

performed an alternative statistical analysis where we excluded the pumps that did not meet 

the selection criteria we defined earlier. This analysis showed no statistical differences in 

bone fill among any of the groups. 

In an effort to reduce the effects. of pump delivery system failures in the various 

groups of rats, a third method of data analysis was undertaken. The total nicotine output for 

each pump was calculated. Instead of fitting these data into the original groups, it was 

divided into four ranges based on total nicotine delivered over the enrite course of the study. 

These ranges were: Control (0 mg total nicotine); less than 20 mg total nicotine; between 20 

and 60 mg total nicotine; and greater than 60 mg total nicotine. The statistical analysis of the 

data grouped in this manner showed no statistical differences in the bone fill between the 

groups. 
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Lastly, the concept of a single chemical from burning cigarettes having a significant 

effect on bone healing should be addressed. Ideally, each component of the healing process 

should be isolated and studied independently to explain the combined effects of smoking. 

Once it has been established that a particular chemical has an effect on a specific healing 

process, the effect of the chemical on each of the steps of the overall healing process should 

be studied. Among the possible effects of these chemicals are alterations of critical cellular 

events involved in wound healing, such as cell proliferation, chemotaxis, differentiation, and 

matrix synthesis. Within each of these categories are an infinite number of additional 

processes such as the alteration of the production of signaling molecules, or alteration of 

receptor sites. 

We studied the effect of one chemical, nicotine, on the entire bone healing process. 

However, there are over 4000 chemicals in cigarette smoke with each having a possible 

effect on the healing of bone. Moreover, if one were to consider that combinations of 

chemicals may have completely different effects than each chemical by itself, there could be 

40001 (4000 factorial) possible combinations. This equates to millions of possible 

combinations. Different concentrations of chemicals could also have different effects. 

Additionally, metabolites of each of these compounds may have an effect. 



V. SUMMARY AND CONCLUSIONS 

This study was designed to use implanted pumps to deliver various amounts of 

nicotine continuously over a three-month period in order to observe the effects on bone 

formation in rat calvarial defects. The hypothesis was that nicotine in amounts equivalent to 

¼ pack, 1 pack or 2 packs/ day would decrease the amounts of bone formed in less than 

critical-sized calvarial defects. Moreover, it was suggested that the amount of decrease in 

bone formation would be proportional to the level of the dose. 

The results suggest that the nicotine that the various treatment groups received did 

not decrease the amount of bone formation in the calvarial defects. There was a wide range 

in the amounts of bone fill within any given group, and when all groups of rats were 

considered together. Moreover, the rats in the equivalent of 1 pack/ day group showed a 

slight, lJut significant, increase in bone formation compared to the other nicotine treated and 

control groups. 

Although the results suggest that nicotine did not decrease the formation of bone 

below control levels, it is important to realize that the inefficiency of pump delivery, and 

hence, the delivery of a constant dose of the nicotine, may have compromised the results of 

this study. Attempts were made to exclude rats in which the pump systems failed to deliver 

more than half the dose of nicotine for a week or over several weeks, and then reanalyze the 

data. Still no adverse effects on bone formation were observed. Moreover, reorganizing the 

rats into new groups based on total nicotine received by the rats over the 90-day period, and 

then analyzing the results still did not show a negative effect of nicotine on bone formation 

in the defects. In theory, the use of pumps to deliver a constant amount of nicotine over 

time has merit, and would be extremely useful in studying the effects of various dosage levels 

of nicotine on bone formation in a model system. However, due to pump system failures in 

the present study, any conclusions based on our data are equivocal since such a small 

number of rats remained after excluding rats with failed pump delivery systems. 
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It is important to note that all of the rats survived one surgery to place the pumps, 

and another surgery to create the calvarial defects. ·This shows that this approach is feasible. 

Therefore, this study should be repeated after finding out what causes the pump delivery 

system failures, since this model provides a means for studying relatively long-term effects of 

continuously available nicotine on bone formation. 
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APPENDIXA 

NICOTINE SOLUTIONS WITH CIPRO DATES 

DA1E DA1E DA1E DA1EUSED TAPE NO1ES 
MIXED FROZEN THAWED COLOR 
18OCT99 18,20,21 ,22,25 Yellow(Y. 

OCT99 LG) 
18 OCT99 3NOV99 Whiten G.) 
9NOV99 9NOV99 Red 
9NOV99 17NOV99 Yellow 
18NOV99 24NOV99 Blue 
18NOV99 1 DEC 99 Green 
6 DEC99 8&9DEC99 Orange 51-78 on 8 DEC 99 

79-98 on 9 DEC 99 
16DEC99 16DEC99 Neonn-reen 
16DEC99 22DEC99 White 
16 DEC 99 29DEC99 Red 
16 DEC 99 16 DEC 99 5JAN00 5JAN00 Neon green/ 

White 
10 JAN 00 12JAN 00 Blue 
10 AN00 19 JAN 00 Pink 
26 AN00 26 JAN 00 Blue 
26 AN00 White 
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APPENDIXB 

References to products and services used in the research 

Access Technologies, 7350 N. Ridgeway, Skokie, IL, 60076. (Markets Esox products) 

Acer Communications, 2641 Orchard Parkway, Bldg 3, San Jose, CA 95134 

Bayer Corp., Pharmaceutical Division, 400 Morgan Lane, West Haven, CT 06516 

Bio-Tek Instruments, Inc., Highlang Park, Box 998, Winooski, VN 05404 

Compix Inc. Imaging Systems, 705 Thompson Park Dr., Cranberry Twp., 16066, USA 

Cozart Bioscience Ltd, 45 Milton Park, Abingdon, Oxfordshire, OX 14 4RU 

Esox Technology Corp., 2755 State Highway 55, Eagan, MN, 55121 

Ethicon Inc., Somerville, NJ 08876 

Fort Dodge Animal Health, Fort Dodge, IA, 50501 

Harlan, PO Box 44220, Madison, WI 53744 

Media Cybernetics, 8484 Georgia Ave, Silver Spring, Maryland 2091 O 

Sartorius GMBH, Gottingen, Germany 

Scion Corporation, 82 Worman's Mill Court, Suite H, Frederick, Maryland, 21701 

Stoelting Co., 620 Wheat Lane, Wood Dale, IL 60191 

Trextrophy Dental Division, 37 Appleridge Road, Danbury, CT 06810 

W.L. Gore & Associates, Inc., 3750 West Kiltie Lon. PO Box 900, Flagstaff, AZ 86002 
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