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Abstract 

Title of Dissertation: Cellular Changes in Response to Embedded Fragments: An Animal                  

Surveillance Model 

Antoinette Marie Shinn, Doctor of Philosophy, 2012 

Dissertation Directed by: Meg Johantgen, PhD, RN, Associate Professor, School of 

Nursing                                          

Background: Explosive munitions have wounded approximately 50,000 service 

members in the Global War on Terrorism. Medical surveillance programs use traditional 

x-ray as a method of monitoring embedded metal fragments in the body. X-ray replicates 

a two-dimensional image of bone and air filled structures, it does not display the soft 

tissue. Tomographic imaging allows specific measured slices of the subject to be 

obtained in a quantitative manner to display anatomic structures like tumors. 

Purpose:  The purpose of this pilot study was to determine the sensitivity and specificity 

of small animal Positron Emission Tomography – Computed Tomography (PET-CT) in 

identifying metabolic changes in muscle tissue surrounding a heavy metal tungsten alloy 

and compare this imaging to traditional x-ray images.  

Methods:  In the first experiment Fischer 344 male rats were randomly assigned to three 

groups (implanted with heavy metal tungsten alloy (HMTA) pellets, tantalum (Ta) pellets 

as the control metal or Sham control without pellet implantation).  One rat was in each 

category for the first experiment. Animals received a series of x-rays and 18F-fluoro-2-

deoxy-D-glucose (FDG) and18F-3'-fluoro-3'-deoxy-L-thymidine (FLT) PET-CT scans 

over 16 weeks. The second experiment used a larger sample of (2 Sham, 15 Ta, 15 

HMTA) animals and FDG PET-CT scans. Tracer uptake was quantified using the 



 

 

 

 
standardized uptake value (SUV). Imaging data were compared between groups and over 

time. Sensitivity and specificity were determined. Receiver Operating Characteristic 

(ROC) curve and the area under the curve (AUC) were calculated. Histopathology was 

assessed by a pathologist, blinded to treatment group. 

Results:  Increased FDG uptake was associated with an aggressive malignancy in the 

HMTA implanted rats. A significant difference in FDG uptake between the Ta and 

HMTA animals and a significant change in tracer uptake over the sixteen weeks for the 

HMTA animals was found. PET–CT imaging had a sensitivity of 86% and specificity of 

100% and the area under the curve (AUC) .938. 

Conclusion:  PET-CT imaging provided information on metabolic changes occurring at 

the site of the implanted metals not available from x-rays. PET-CT imaging and can be a 

useful tool in the surveillance of toxic embedded fragments. 
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CHAPTER 1  

Problem, Background and Significance 

1.1  Problem          

 The improvised explosive device (IED) is the signature weapon of the wars in Iraq 

and Afghanistan. Current clinical practice standards do not require that all embedded 

fragments be removed from a patient due to surgical morbidity that could be associated 

with removal of multiple small fragments (HA – 07-029, 2007). The Department of 

Defense (DOD) has estimated that at least 5000 service members have returned from 

Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) with retained 

fragments, also called shrapnel.  

 A current surveillance program of military veterans with retained mental fragments 

uses traditional two dimensional x-ray imaging to detect changes in metal fragments. X-

ray does not capture soft tissue in images or cellular and metabolic activity. Radiolabelled 

tracers (e.g., 18F-fluoro-2-deoxy-D-glucose (FDG), 18F-3'-fluoro-3'-deoxy-L-thymidine 

(FLT) with positron emission tomography (PET)- computed tomography CT) imaging 

may be a sensitive method by which to examine abnormal chanes in tissue associated 

with toxic embedded metal fragments, yet no studies have been conducted to document 

the usefullness of the PET-CT for this purpose.  Early detection of pathological changes 
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can provide valuable information about future risk, and may support changes in practice 

standards. 

1.2 Specific Aims 

 To address this knowledge gap, this dissertation used an animal model to explore 

whether small animal PET-CT will detect neoplastic metabolic and proliferation changes 

around embedded weapons grade tungsten alloy pellets at earlier time points than 

traditional x-ray to determine if PET-CT offers greater sensitivity for screening in situ 

tissue reactions to toxic embedded fragments when compared to x-ray.  The specific aims 

of this small animal study are:  

1. To investigate changes in inflammation and cell proliferation rates over time after 

HMTA alloy pellets are embedded in the hind leg muscles of F344 rats using 18F-

FDG and 18F-FLT PET-CT imaging. 

2. To compare phased radiograph (x-ray) images with PET-CT images of the implants 

over time.  

3. To determine the sensitivity and specificity of using (18F-FDG) PET-CT imaging as 

a marker of chronic inflammation in tissue surrounding an embedded heavy metal 

tungsten alloy (HMTA) fragment known to cause aggressive rhabdomyosarcomas in 

male Fischer (F) 344 rats when using the gold standard of histopathology. 

4. To determine the sensitivity and specificity of using (18F-FDG) PET-CT imaging as 

a marker of tumor formation in tissue surrounding an embedded metal fragment 

(HTMA) known to cause aggressive rhabdomyosarcomas in F344 rats 

     when using the gold standard of histopathology.  
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1.3 Methods 

 This experimental pilot study explored the sensitivity of small animal 18F-fluoro-2-

deoxy-D-glucose (FDG) and 18F-3'-fluoro-3'-deoxy-L-thymidine (FLT) Positron 

Emission Tomography (PET) – Computed Tomography (CT) in identifying metabolic 

changes and primary stage tumors in muscle tissue surrounding a HMTA and compare 

this imaging to traditional x-ray. F344 rats assigned to one of three groups are implanted 

with weapons grade HMTA or tantalum (Ta) as a control metal. Non-implanted rats are a 

sham control. Shrapnel wounds are simulated, therefore the metal must be implanted into 

the rats. Advances in surgical techniques allowed implantation of the metal pellets 

without the cutting of muscle tissue. All animals were anesthetized for implantation and 

provided analgesic postoperatively as needed. The first of two experiments was 

conducted to determine if the spacing between PET-CT scans allowed the detection of 

early metabolic changes. Differences in FDG and FLT cellular uptake were also be 

compared over the six time points.  Findings were used to guide methods for the second 

experiment. 

 In the first experiment, there were three rats. One rat was implanted with a HMTA 

another with Ta, and the other had the surgery but was not implanted (sham control). 

Each rat was x-rayed  prior to each 18F-FDG and 18F-FLT PET-CT scan at each of six 

time points over sixteen weeks. The animals were then sacrificed for histopathology.  

This experiment allowed the comparison of radionuclide uptake over time. This 

experiment also helped determine if the time intervals were at an adequate distance to 

capture changes by PET-CT scan and histopathology.  In the second experiment, (n = 30) 

rats were randomly assigned to one of two groups (HTMA and Ta), had a series of one to 
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five x-rays and 18F-FDG PET-CT scans over 16 weeks. Rodents from each implanted 

metal group were sacrificed for histopathology of tissue around the implants at each of 

five time points. Two were treated as sham control animals, which had the implantation 

surgery but no  pellets were implanted. Sham controls were sacrificed for histopathology 

after 16 weeks and did not have PET-CT scans or xrays. 

 Muscle cell morphology was compared using hematoxylin and eosin staining to 

examine cell changes in tissue around the embedded metals. Imaging results were 

compared between animal groups and imaging types over time.  Tracer uptake on PET-

CT was quantified using the standard unit value. Groups were compared over time using 

repeated measures analysis of variance or Wilcoxon signed ranks.  Sensitivity is the 

proportion of disease positive rats that test positive.  Specificity is the proportion of 

disease negative rats that test negative. It was hypothesized PET-CT images will show 

changes in the region of interest before changes appear on x-ray.  

1.4 Significance 

 This pilot study is consistent with military-wide research priorities.  A Health 

Affairs policy letter from December 18th 2007 emphasized the importance of analyzing 

potentially toxic metal fragments that are removed and also the tracking and medical  

surveillance of affected service members (HA-07-029, 2007).  The Assistant Secretary of 

Defense specifically noted that certain tungsten alloys and other metals could pose 

adverse health effects when retained in the body (HA-07-029, 2007).  In response to the 

potential health threats, the Returning Global War on Terror Heroes Presidential Task 

Force’s recommendation P-7 directed the Veterans Health Administration (VHA) to 

establish a registry and medical surveillance program for veterans with retained 
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fragments. The result was the establishment of the Toxic Embedded Fragment 

Surveillance Center (TEFSC) by the Department of Veterans Affairs (VA) Medical 

Center in Baltimore, Maryland (VHA Directive 2010-29, June 9, 2010).  This Center is 

the hub for tracking and surveillance of all post deployment OIF and OEF veterans with 

embedded fragments. The DOD Embedded Metal Fragment Registry (EMFR) is 

partnered with the TEFSC for continuity of tracking and surveillance purposes (2009 

Force Health Protection Conference, Update on the DOD Embedded Metal Fragment 

Registry (EMFR) Scott R. Gordon, 19 August 2009). Research related to identifying and 

tracking how these embedded fragments react in the body, and impact the long term 

health of military warriors, is a force health protection priority. 

 This pilot study is also relevant to nursing. Nurses are front line health care 

providers for wounded warriors and important members of collaborative interdisciplinary 

health care teams. Many advanced practice nurses provide primary care for military 

service members on active duty and when they return to civilian life. If early neoplastic 

or in situ changes associated with retained metal fragments can be identified by PET-CT -

- weeks, months or even years--before the changes show up on x-ray, appropriate 

intervention and treatment can be implemented. In the long run, the proposed research 

may also provide evidence that can be translated into improved surveillance and 

treatment standards.  
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CHAPTER 2  

Literature Review 

 Modern warfare has changed drastically over the last two decades. Combat has 

transitioned from open battle fields with tanks and heavy artillery to a more urban 

warfare with evolving new technologies and munitions. This chapter provides an 

overview of the environments in which shrapnel injuries are inflicted, a classification of 

blast injuries, a description of the acute treatment of blast and small fragment wounds, 

and a summary of what is known about the long term health effects. Included also is an 

overview of PET-CT technology and its use in the assessment of tissue changes.        

2.1 Embedded fragments in military and civilian environments 

 Over 49,430 military members have been wounded in the Global War on Terror 

(GWOT) and the improvised explosive device (IED) is the signature weapon 

(www.siadapp.dmdc.osd.mil/dcas/pages/report_sum_reason.xhtml).  Many of these 

wounded warriors are living with retained metal fragments in their bodies and 

surveillance is improving.  However, the problem of embedded fragments is not limited 

to military personnel.  Terrorist attacks using IEDs are common and include civilian 

casualties.  For example, the 2004 bomb attack on a commuter train in Madrid, Spain 

killed 177 people and wounded over 2000.  Shrapnel injuries accounted for 36% of the 
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recorded injuries (De Ceballos et al., 2005).  An attack at a resort nightclub in Bali, 

Indonesia killed more than 200 people in 2002.  Twelve patients were admitted for 

medical care with total body surface area (TBSA) burns from 15 to 85%, multiple eye 

and shrapnel injuries (Kennedy, Haertsch, & Maitz, 2005).  

 Terrorist attacks in Israel have risen with 19,948 incidents reported between 

September 2000 and December 2003.  Most of the injuries were inflicted by suicide 

bombers (Singer, Cohen & Stein, 2005).  Explosives used were not only powerful, they 

also propelled heavy loads of shrapnel composed of nails, screws, and other objects 

(Almogy et al., 2004). Peleg et al. (2004) compared the injuries from explosives and 

gunshot wounds (GSW) in a retrospective cohort study using the Israeli National Trauma 

Registry.  Of the 1155 patients injured in terror related incidents between October 2000 

and June 2002, 54% (n = 623) were the result of explosives and 36% (n = 345) were from 

GSW.  The pattern of injuries was different between the two groups.  Most explosion 

victims had multiple injuries which ranged from minor to life threatening while the GSW 

victims had a higher proportion of open wounds and fractures (Peleg et al., 2004). Terror 

threats and civil unrest around the globe have resulted in a growing population of 

wounded military members, veterans and civilians living with retained metal fragments in 

their bodies.   

2.2 Etiology of blast injuries 

 Blast injuries are divided into three categories: primary, secondary and tertiary. 

Primary injuries are caused by the pressure wave from the explosion and impact the air 

filled structures of the body such as the lungs, intestine and tympanic membranes. 

Secondary injuries are caused by debris, dirt, metal fragments and other substances 
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propelled by the explosion into the body. Tertiary injuries can result from building or 

structural collapse, being thrown to the ground or into an object by the force of the 

explosion (Ad-El et al., 2006).  For purposes of this study, the secondary injuries are of 

primary concern. 

 GSW are classified as low velocity (less than 2000 feet per second) or high velocity 

(greater than 2000 feet per second). Bartlett (2003) wrote that the majority of low 

velocity injuries are considered clean and can be treated on an outpatient basis. 

Prophylactic antibiotic therapy is recommended to prevent infection.  More intensive care 

is required for complex high velocity and shotgun blast injuries.  Most high velocity 

wounds are contaminated and require irrigation, debridement, excision of necrotic 

tissues, and open fracture procedures as required.  However if a high velocity injury has 

minimal tissue involvement, functional deficits or bone involvement, more conservative 

treatment can be considered. 

2.3 Approaches to treatment of blast injuries 

 Four tissue characteristics guide the healthcare provider in determining muscle 

tissue viability during wound exploration: color, consistency, contractility and capacity to 

bleed (the four C’s) (Bartlett, 2003; Bartlett, Helfet, Hausman, & Strauss, 2000).  

Although low velocity wounds are generally considered clean and high velocity wounds 

dirty, the four C’s of tissue viability apply to both.  

 Peyser, Khoury and Liebergall (2006) described shrapnel wound management 

according to one of three phases. The acute phase occurs after the initial injury takes 

place and shrapnel in the wound is left in place while damage control is performed and 

the patient is stabilized (Peyser, Khoury, & Liebergall, 2006; Sakorafas & Peros, 2008). 
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The next phase is the subacute phase and shrapnel fragments should be removed if they 

are large enough to disrupt normal function, if wound infection is suspected, if they are 

located in a joint space or weight bearing surface, if they are close to neurovascular 

structures, or if they are superficially located.  The late phase occurs after the primary 

injuries have healed. Any retained fragments are thought to be benign and surgeons are 

encouraged to leave them in place (Peyser, Khoury, & Liebergall, 2006). Soudry and 

Lerner (2011) recommended the removal of all shrapnel while performing wound 

exploration, irrigation and debridement of wounds.  It was stated that this removal would 

cause no additional trauma to the injury and will reduce the risk of infection and possible 

future complications associated with the foreign bodies (Soudry & Lerner, 2011). 

Conflicting views on the necessity of excising all embedded metal fragments from the 

wounded is found in the literature and in clinical practice.   

 A descriptive study of  patients treated at an International Committee of the Red 

Cross (ICRC) war surgery hospital in Afghanistan was performed (Bowyer, 1996).  There 

were a total of 1222 fragment wounds between 83 patients wounded by artillery shells, 

rockets and mortars.  Of these wounds, 71% (n = 866) met the criteria for non-operative 

treatment.  Surgical intervention was provided for 68 casualties however, 48 of them also 

had small fragment wounds treated non-operatively.  Fifteen of the wounded were not 

treated with any surgical intervention.  Most patients had between two and ten wounds 

with the limbs most commonly affected by the small fragment injuries. 

 The ICRC personnel adhere to an established protocol for small fragment wound 

treatment.  Wounds eligible for non-operative management must not be larger than two 

centimeters (cm) upon entry or exit and not infected.  They must involve soft tissue only 
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without fractures, vascular, pleura or peritoneum involvement.  Mine wounds were 

excluded due to the dirt and debris that are spread with the explosion.  Eligible wounds 

are cleaned and dressed.  The patients were given anti-tetanus serum and a five day 

regimen of penicillin.  Two patients who received the non-surgical treatment developed 

abscesses associated with their fragment wounds.  Only one of these patient’s required 

surgical intervention to resolve the problem.  Both patients healed without further 

complication.  The patients treated for non-surgical wounds did not return to the hospital 

for treatment during the 10 weeks following initial care.  It was assumed that there were 

no other complications (Bowyer, 1996). Eylon et al. (2005) also supported the use of 

these conservative non-operative measures in the treatment of embedded fragment 

wounds. 

 Bowyer, Cooper, and Rice (1995) examined the treatment of small fragment 

wounds using an animal model.  The pig groups treated with antibiotics did not develop 

wound infections.  However, by day seven, there were wound infections in five out of 

eight pigs in the group that were not treated with antibiotics.  The authors recommended 

antibiotic treatment along with non-operative conservative management of small 

fragment injuries to reduce risk of infection (Bowyer, Cooper, & Rice, 1995; 1996). 

There was not a significant difference in soft tissue wound healing of animals with 

grenade fragments in situ treated with antibiotics and those that were surgically explored, 

debrided, dead tissue excised, and left with delayed primary closure (Bower, Cooper, & 

Rice, 1996).  In general, reports of adverse health effects associated with retained metal 

fragments are considered rare. Yet, there are very few longitudinal studies of human 

subjects with retained metal fragments. 
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2.4 Long-term health effects of embedded fragments 

         2.4.1     Long term effects:  Toxic metals 

 Many metals within ammunitions are considered toxic.  The International Agency 

for Research on Cancer (IARC) classified nickel compounds as carcinogenic to humans. 

Metallic nickel was classified as possibly carcinogenic to humans (IARC, 1990). IARC 

(2006) classified cobalt in hard metal and cobalt compounds as possibly carcinogenic to 

humans and cobalt metal with tungsten-carbide as probably carcinogenic in humans. The 

combination of nickel and cobalt created more extensive damage to cells than when 

exposed separately (Patel, Lynch, Ruff, & Reynolds, 2012).  The Agency for Toxic 

Substances and Disease Registry (ATSDR) provides toxicological profiles on the metals 

of concern and other hazardous substances that can adversely impact public health. 

ATSDR created a toxicological profile on tungsten (Keith, Moffett, Rosemond, & 

Wohlers, 2007), reporting that public exposure to tungsten (W) or tungsten compounds is 

unlikely.  In contrast, the Environmental Protection Agency (EPA) classified tungsten as 

an emerging contaminant in 2008 (http://nepis.epa.gov).  Evidence of possible adverse 

health effects related to tungsten exposure is increasing (Witten, Sheppard, & Witten, 

2012;  Guilbert, Kelly, Petrucelli, Lemaire, & Mann, 2011).  This means that tungsten 

could potentially have negative health effects on humans, the environment, or both.  

 Research has shown that industrial hard metal workers exposed to breathing metal 

dust may experience respiratory symptoms.  However, because tungsten is usually not the 

only metal present in that dust, it has not been directly attributed to any adverse health 

effects in humans (Koutsospyros, Strigul, Braida, & Christodoulatus, 2011; Keith, et al., 

2007).  Recent studies have shown that the effect of aerosolized heavy metal tungsten 
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alloys on human lung tissue is toxic (Roedel, Cafasso, Lee, & Pierce, 2012; Gold, Cheng, 

& Holmes, 2007).  Scientists have theorized a possible synergistic effect in the toxicity of 

cobalt when combined with tungsten (tungsten-carbide and cobalt (Co) alloy) (Lison & 

Lauwerys, 1992). This effect was also suspected with nickel (Ni) in the W-Ni-Co, and 

W-Ni-Fe alloys (Miller, et al., 2004). These metals along with many others are used in 

many weapons and munitions (Bogard et al., 1998; Kerley et al., 1996).  

         2.4.2 Long term effects: case reports 

 While the general response in the literature is that embedded metal fragments are 

inert, there are cases of adverse health effects associated with retained metal fragments. 

Very few longitudinal studies of human subjects with embedded metal fragments were 

found in the literature. Most of the information found was reported from case studies (see 

Table 1 for summary).  
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Table 1: Case Studies of Patients with Embedded Metal Fragments 
 
Author(s), Year 

Injury 
Location 

Age at 
Detection 

Time in 
Body  

Shrapnel 
Source 

Health  
Effect 

Chikkamuniyappa, 
Hussein, & 
Houshian, 2005 

 
 
Forearm 

 
 

89 

 
 
60 Years 

 
Not  
specified 

 
 
Cystic mass 

 
Dillman, Crumb, & 
Lidsky, 1979 

 
 
Hip Joint 

 
42 

  
26 Years 

 
Bullet  
(lead) 

Acute renal 
failure/ 
encephalo- 
pathy 

Dubeau & Fraser,  
1984 

Chest 55 40 Years Not  
specified 

Adeno- 
carcinoma 

Eguchi, et al., 
 2002 

 
Right Chest  

 
60 

 
36 Years 

Not 
 specified 

 Bile duct 
obstruction 

 
Eylon et al., 
 2005 

 
 
Limbs 

 
58, 38, 
54, 79 

 
9-36 Years 

  
Bullet/ 
Bomb 

Fluid filled 
 mass / 
fibrotic mass 

 
Ghislain, 2003 

 
Chin/face 

 
70 

 
60 Years 

 
Grenade 

Inflammatory  
Nodule 

Haymen &  
Huygens,1983 

Axilla 84  
58 Years 

 
Grenade 

 
Angiosarcoma 

Jennings, et al.,  
1988 

Thigh 79  
54 Years 

 
Bullet 

 
Angiosarcoma 

Knox, & Wilkinson, 
1981 

Chest 85 62 Years Not 
specified 

Abscess 

Lee & Kim, 2000 Brain 51 47 Years Grenade Abscess 
Mitchell, Kerr, &  
Barton, 1991 

  
Chest 

Age not 
annotated 

 
44 Years 

  
Grenade 

Bile duct 
obstruction 

Osawa, et al.,  
 2006 

 
Lower Jaw 

 
72 

 
6 Months 

 
Chain saw  

 
Granuloma 

Pencek &  
Burcheil, 1986 

 
Brain 

 
51 

 
15 Years 

 
Mortar 

 
Abscess 

Rieger, et al.,  
2008 

 
Leg 

 
79 

 
61 Years 

 
Grenade 

Basal Cell 
Carcinoma 

 
Saruwatari, et al.,  
2009 

 
 
Face/cheek 

 
 

59 

 
 
3 Months 

Lawn- 
mower 
 blade  

 
 
Granuloma 

 
 
Schneider, Renney, 
 & Hayman, 1997 

 
 
 
Leg 

 
 
Age not 
annotated 

 
 
 
46 Years 

 
 
 
Bullet 

Angiosarcoma 
with 
chronic 
osteomyelitis 

Schroeder, et al., 
 2010 

 
Thigh 

 
45 

 
20 Years 

 
Grenade 

Knee 
 Synovitis 

Somi, & Rezaeifar, 
2010 

Chest/ 
Abdomen 

 
42 

 
23 Years 

Not  
specified 

Bile duct 
obstruction 

Symonds, Mackay,  
& Morley, 1985 

 
Bowel 

 
38 

 
16 Years 

 
Grenade 

Bowel 
Perforation 

Wittich, 2001 Leg 60 35 Years Grenade Cystic Mass 
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 There are numerous case studies of individuals with retained metal fragments. 

Rieger and colleagues (2008) described the case of a white male World War II (WW II) 

veteran injured by grenade shrapnel. The veteran developed basal cell carcinoma (BCC) 

at the site of injury 61 years after being injured. X-rays of the left leg illuminated 

fragments remaining in situ. A review of the literature identified five additional cases of 

carcinoma in subjects with retained grenade fragments. Three of the subjects had 

fragments in their lungs and developed lung cancer, one had fragments in the right axilla 

from World War I (WWI) and developed angiosarcoma 63 years post injury while the 

other had metal in the ethmoid sinus and developed BCC (Reiger et al., 2006).  A 79 year 

man wounded in the thigh by a bullet in WWI sought medical care 54 years after the 

initial injury for a draining sinus in that thigh. The bullet was never removed and was 

easily seen on radiograph (Jennings et al., 1988).  Diagnosed with an abscess and 

bronchopneumonia initially, the patient succumbed to his illness and died. Autopsy 

revealed angiosarcoma in the metastatic pulmonary lesions. The bullet was made of an 

impure grade of antimony lead (Jennings et al., 1988). 

 Another WWI veteran injured by a grenade at the age of 21 years old recovered 

without complication for 63 years. At the age of 84 he sought medical care for pain and 

swelling in his right axilla. Two years later, after multiple trips to the hospital for 

excision and treatment of the mass the patient died. Histological exam showed that the 

tumor had formed around a metal fragment (Hayman & Hugo, 1983). Schneider, Renney 

and Hayman (1997) reported the case of a World War II veteran with a retained bullet in 

the left leg.  He was diagnosed with angiosarcoma 46 years after the initial injury 

(Schneider, Renney, & Hayman, 1997).  A 42 year old man developed lead poisoning 26 
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years after a gunshot wound to the hip (Dillman, Crumb, & Lidsky, 1979). While in 

surgery for a hip replacement, the surgeons found a metal foreign body and metal 

fragments.    

 Long term effects of retained grenade fragments have also included a perforated 

bowel 16 years after initial injury, a psoas muscle abscess (Symonds, Mackay, & Morley, 

1985), a brain abscess 47 years post injury (Lee, & Kim, 2000), and biliary obstruction 

from shrapnel 44 years after injury (Mitchell, Kerr, & Barton, 1991).  A Vietnam veteran 

suffered from a brain abscess around a retained mortar fragment 15 years after the initial 

injury (Pencek & Burcheil, 1986).  Another study by Eylon et al. (2005) detailed four 

specific cases of men with retained shrapnel in their limbs who required surgery due to 

delayed reactions related to the retained fragments. The need for surgery occurred as 

early as 9 and late as 36 years after the initial injuries occurred. Two men were injured by 

bomb explosions and two by GSW.  

 Osawa et al. (2006) reported the case of a 72 year old man seeking medical 

attention for a subcutaneous mass on his lower jaw. Upon exploration a piece of metal 

was removed.  Analysis identified a metal composition of tungsten, cobalt, argent, zinc, 

cadium and copper.  The gentleman had an employment history in forestry and used 

chain saws. The metal piece was evaluated as consistent with a chain saw blade (Osawa 

et al., 2006). Saruwattari et al. (2008) described the case of a 59 year old man seen for 

treatment of a left cheek mass. The tumor was excised and contained a piece of metal. 

The metal was composed of 80% tungsten and several other metals and described as a 

piece of a lawn-mower blade (Saruwattari et al., 2008).  A 70 year gentleman complained 

of an inflammatory nodule on his chin.  The mass was excised to find a metal fragment. 
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The patient remembered that a grenade exploded in front of him as a child (Ghislain, 

2003).  Case studies of patients with shrapnel injuries cover a variety of injury sites and 

pathologies ranging from relatively minor inflammation (Ghislain, 2003) to lung cancer 

(Dübeau & Fraser, 1984). The majority of adverse health effects related to retained 

metals take several years to manifest signs or symptoms.  

 2.4.3     Long-term effects: surveillance by military 

 A cohort of 77 United States veterans, some with retained depleted uranium (DU) 

fragments (n=14) from the 1991 Gulf War, is currently being followed in a medical 

surveillance program (McDiarmid et al., 2009).   Eighteen years after the war, urine 

excretion of uranium (U) continues to be elevated above normal levels. This indicates 

that the DU fragments are oxidizing where they are retained in the body giving rise to 

chronic systemic exposure to U (McDiarmid et al., 2011). While no one in this cohort has 

presently experienced adverse health events, the chronic exposure is still of concern to 

clinicians. 

 Hahn, Guilmette and Hoover (2002) found that Wistar rats implanted with DU 

pellets developed soft tissue sarcoma at or around the implant site. Hahn et al. (2002) 

described visible changes on x-ray as the DU implants corroded and progressively 

disintegrated. The original sharp angled well defined DU implants became rounded at the 

edges and appear jagged where it previously appeared smooth. The overall implant size 

expanded in appearance on x-ray. The changes in the metal’s appearance and the loss of 

density in the implant were associated with small tumor development. The breakup of the 

DU implants were visible on radiograph by the time large tumors were formed (Hahn et 

al., 2002).  McDiarmid, Engelhardt and Squibb (2006) presented an abstract at the 
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Society of Toxicology about the need to remove depleted uranium fragments when they 

start to dissolve and spread out as seen on x-ray. Figure 1 shows two radiographic images 

of the same embedded DU fragment in tissue close to the ankle, 10 years apart.  

Figure 1: Embedded DU Fragment in 1991 Gulf War Veteran 

      
                         1995 Film                                              2005 Film 
 
Source: McDiarmid, M., Engelhardt, S., & Squibb, K. S. (2006). Indications for surgical removal of 
depleted uranium (DU) shrapnel in Gulf War I veterans. Toxicological Science, 90(S-1), 2072.   With 
permission M McDiarmid. 
 
The change in DU fragment appearance over time suggests oxidation in situ and removal 

of the fragment is warranted.  

 Concerns over the possible adverse health effects of DU and lead exposure have 

stimulated the development of new munitions composed of various tungsten (W) alloys 

(Bogard et al., 1998; Kerley et al., 1996). Questions about possible health effects 

associated with exposure to W alloys have been the focus of several studies at the Armed 

Forces Radiobiology Research Institute (AFRRI) (Miller, Blakely et al., 1998; Miller, 

Xu, Stewart, Emond et al., 2000; Miller, Mog et al., 2001; Miller, Xu, Stewart, Prasanna 

& Page, 2002; Miller, Brooks, Smith & Page, 2004; Kalinich et al., 2005; Kalinich, 

Vergara & Emond, 2008; Kane, Kasper & Kalinich, 2009). In vitro studies of heavy 

metal tungsten alloys (HMTA) identified that they were capable of transforming non-
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tumorigenic human osteoblasts cells into neoplastic cells. HMTA was genotoxic and 

mutagenic (Miller, Xu, Stewart, Emond et al., 2000; Miller, Mog et al., 2001; Miller, Xu, 

Stewart, Prasanna & Page, 2002; Miller, Brooks, Smith & Page, 2004). Inhalation of 

aerosolized HMTA particles caused lung inflammation (Roedel, Cafasso, Lee, & Pierce, 

2012; Gold, Cheng, & Holmes, 2007; Machado et al., 2010) and DNA damage (Harris, 

Williams, Hodges, & Waring, 2011). Animal studies have demonstrated that sarcomas 

may develop near embedded fragments of certain weapons grade compositions of 

tungsten (W) alloys (Kalinich et al., 2005). Surveillance of affected veterans continues as 

the interest in how retained metals affect the body grows.  

         2.4.4     Long-term effects: surgical implants 

         Chronic exposure to medically implanted metals is of growing interest to medical 

providers. Oldenburg, Wegner and Baur (2009) described the case of a 55 year old man 

with a metal-on-ceramic hip prosthesis. The ceramic femoral head was shattered when 

the man fell and was surgically replaced with a metal-on-metal implant. Three months 

after the repair, the man became very ill (hypothyroidism, peripheral neuropathy and 

cardiomyopathy). Upon surgical reexamination of the patient’s hip, the metal femoral 

head component had degraded and pieces of the initial ceramic component were still in 

the tissues and broken down. Laboratory tests confirmed toxic serum cobalt and 

chromium levels. The patient’s wound was cleared of debris and the damaged metal 

femoral component was replaced; the patient’s cobalt and chromium levels receded. 

 Keel, Jaffe, Neilsen and Rosenberg (2001) explored 12 cases of metal implant 

related sarcomas. The patients ranged in age from 18 to 85 years of age with nine men 

and three women. The mean patient age at the time of cancer diagnosis was 55 years. The 
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implants varied with five hip prosthesis, four intramedullary (IM) nails, two staples and 

one hardware set for bone fracture repair. The time from initial metal implantation until 

the patient diagnosis with sarcoma ranged from 2.5 to 33 years (mean 11 years). There 

was one case of malignant peripheral nerve sheath tumor, four cases of malignant fibrous 

histiocytoma, and seven cases of osteosarcoma. Mcguff et al. (2008) shared a case study 

of a 38 year old woman who developed osteosarcoma of the right maxilla 11 months after 

receiving a titanium implant. 

 Concern over patient long term exposure to cobalt levels led a research team to 

conduct a prospective study of total hip arthroplasty (THA) patients (n= 109 patients, 134 

joints replaced) over seven to eleven years (mean nine years) (Lazennec et al., 2009). 

They found that the patients’ elevated serum cobalt levels remained statistically constant 

from initial implantation (1.4 µg/L after one year) up to nine years post implantation (1.6 

µg/L after nine years). In another study, investigators measured serum chromium, cobalt 

and molybdenum in a cohort of total hip arthroplasty patients (n=74), hip resurfacing 

patients (n=111) and a group of non-implanted controls (n= 130) for two years after 

surgery (Witzleb, Zeigler, Krummenauer, Neumeister, & Guenther, 2006). Serum 

chromium (5.1µg/L) and cobalt (4.3µg/L) levels were significantly higher when 

compared to controls. Patton, Lyon and Ashcroft (2008) investigated the metal ion levels 

released from implanted intramedullary nails (IM). A sample size of 61 patients was 

recruited. Participants belonged to one of three groups: stainless steel IM nails implanted, 

titanium IM nails implanted, and a non-implanted control group. Groups were matched 

on age sex, and body mass index (BMI). Chromium levels in the group with the stainless 
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steel IM nails were 2.5 times higher than levels in the control group. Titanium was also 

elevated in the group with the titanium IM nails (Patton, Lyon, & Ashcroft, 2008). 

  Marker, Grübl, Riedl, Heinze, Pohanka and Kotz (2008) conducted a ten year 

follow up study to examine the effects of chronic exposure to cobalt and chromium on 

renal function in patients with metal on metal hip prosthesis. The study began with a 

sample of 98 participants, 44 men and 54 women. However, 15 participants died and 

eight were lost to follow up by the tenth year. Serum creatinine and creatinine clearance 

laboratory values were used to measure renal function. No adverse effects from chronic 

exposure to cobalt and chromium on renal function were found. 

 Jacobs et al. (1998) led a three year prospective study to examine the metal ion 

levels in hip replacement patients. They measured titanium, aluminum, cobalt and 

chromium in serum and chromium in urine. The sample consisted of 75 participants who 

were assigned to one of four groups. Three of the groups had patients receiving one of 

three types of hip prosthesis. The fourth group was a non-implanted control group.  

Patients implanted with titanium prosthesis had three times the level of serum titanium 

than the control group. Patients with the cobalt alloy prosthesis had five times the cobalt 

and eight times the chromium in serum and urine than the control group. Although there 

were no adverse effects associated with the surgical implants, the metal ions in the 

prosthesis were being transferred within the bodies of the participants. 

 Urban, Tomlinson, Hall and Jacobs (2004) explored the migration of metal 

particles in total hip arthroplasty patients (THA). The exams were post mortem and 

included 30 patients ranging in age from 43 to 91 year with a mean age of 73 at the time 

of death. The sample was composed of 17 men and 13 women. No deaths were related to 
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the joint surgery. Thirteen patients died of cardiac disease, 10 of metastatic cancer, 2 of 

pneumonia and the remaining five were not reported.  Hip implants were maintained for 

an average of 5.8 years. Half of the sample had a revised THA while the other only had a 

primary THA. Thirteen percent of patients with a primary THA had metal particles 

identified in the liver, spleen or both organs, while 73% of patients with a THA revision 

had metal particles identified in the liver, spleen or both organs (Urban, et al. 2004).  

         2.4.5 Summary long-term health effects 

 The GWOT with IEDs, suicide bombers, grenades, rockets and mortars, has 

increased the number of shrapnel injuries worldwide. There are conflicting views on the 

necessity of excising all embedded metal fragments from the wounded.  In general, 

reports of adverse health effects associated with retained mental fragments are considered 

rare. Yet, there are very few longitudinal studies of human subjects with retained metal 

fragments. While some medical professionals advocate complete removal all shrapnel, 

others support leaving small fragments in place. While there is some evidence to support 

non-operative conservative wound treatment (i.e., leaving fragments in situ), there are 

cases of complications from embedded metal fragments 10 to 60 years after initial injury. 

It can take 10 or more years for cancers to develop (Hayat, Howlander, Reichman & 

Edwards, 2007; Huang et al., 2006). Thus, the long term health implications of exposure 

to toxic embedded metal fragments remains a concern. 

2.5  Overview of PET-CT   

 Officially introduced to the medical community in the 1970s, Positron Emission 

Tomography technology is relatively new. Radionuclide 18F-fluoro-2-deoxy-D-glucose 

(FDG) was first used in 1976 to measure glucose metabolism at the cellular level. PET 
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scanners designed for animals were constructed in the early 1990s. PET images can be 

directly correlated with their anatomic location on the CT scan. The addition of the CT 

improved the sensitivity of PET for lesion detection (Chatziioannou, 2002). Adoption of 

this technology is rapid and widespread as a diagnostic tool and for clinical research 

using human subjects and preclinical research using animal models.  

  Small animal PET-CT is a noninvasive three dimensional (3-D) nuclear imaging 

procedure. It is a method of producing images of the rats and mice for clinical or 

scientific purposes.  A PET scanner is composed of a ring of detectors which surround 

the subject. PET technology is based on the physics of radionuclides that decay by 

positron emission. The most commonly used radionuclides are carbon-11, nitrogen-13, 

oxygen-15and fluorine-18. A radionuclide is introduced into the body on a biologically 

active molecule. A positron is emitted from the nucleus and collides with an electron in 

the tissue. This collision is called annihilation and results in the emission of two 511 kilo 

electron volt (keV) gamma rays that are 180 degrees apart (see Figure 2).  

Figure 2: Positron Emission Tomography (PET) imaging illustration 

 

 

 
 

 
                                                                                                
 
 
  

 

 

 
 

The mouse is in the 
detector ring. The 
arrows are the 511 keV 
gamma rays at 180 
degrees proceeding to 
annihilation when the 
positron and electron 
collide in a coincidence 
event 
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When the pairs of gamma rays can be externally detected and localized in space by the 

detectors, it is called a valid coincidence event.  The valid coincidence event determines 

the line that passes through the subject that intersects the point of annihilation. A PET 

scan is a collection of large numbers of coincidence events.  

  Mathematical reconstruction methods and correction factors for attenuation and 

scatter are used to compute cross-sectional images. These images quantitatively reflect 

the concentration of radionuclide inside a subject. The uptake of the radionuclide is 

quantified by using the standardized uptake value (SUV). The SUV is calculated by 

determining the ratio of the radioactivity in micro-curie (µCi) within the region of interest 

(ROI) placed over the lesion to the injected dose of radionuclide divided by the animal’s 

weight (LeBlanc & Daniel, 2007).  

 
SUV =       µCi/ml within ROI____                                         
             Total µCi injected/ weight 
 
  CT uses x-ray to obtain 3-D images. X-rays are rotated around the subject and the  

intensity of the transmitted x-rays from various angles is measured. X-ray absorption is  

measured as it passes through the tissues and quantified in an attenuation coefficient (µ).  

The attenuation coefficient is defined as a number of x-ray interactions per unit length.  

The greater the density of the tissue the x-ray passes through, the higher the attenuation 

coefficient will be. For example, bone would have a higher attenuation coefficient than a 

dispose tissue.  The attenuation coefficient is two dimensional and is expressed as a 

distribution [µ(x, y)].  Computation of these data generates the 3-D image.  Although the 

raw data from the CT provide the attenuation coefficient call the CT Number (Paulus et 

al., 2001).  The CT Number is computed as follows: 
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                                CT Number = (µ(x, y))(µwater) x 1000  

                                                              µwater  
 
 In the combined PET-CT the mathematical reconstruction and correction factors for 

attenuation and scatter are computed in the CT. Small animal PET-CT technology is 

comparable to large PET-CT used on humans in medicine and clinical research. Small 

animal PET-CT provides a bridge to translate imaging experiments across species. 

 The final resolution of a PET image is dependent on three things: detector 

dimensions, positron range, and noncollinearity of the two 511 kilo electron volt (keV) 

gamma rays (Green, Seidel, Vaquero, Jagoda, Lee, & Eckelman, 2000). The positron 

range is the distance the positron traveled before annihilation. The higher the energy of 

the radionuclide, the farther it must travel to annihilation. Noncollinearity is the amount 

of variation of the gamma rays from the 180 degree line. Detector dimensions are 

normally not a problem in small animal PET-CT due to the small diameter of the detector 

rings. PET offers high sensitivity and little anatomical precision. This means that PET 

can image and quantify the amount of radionuclide uptake in tissues but has very poor 

accuracy in identifying the exact location of that radionuclide uptake in the body. CT 

provides low sensitivity (ability identify/quantify the amount of radionuclide uptake in 

the body with accuracy) but high spatial resolution or anatomical location. When 

combined, PET-CT three dimensional images can quantitatively reflect the concentration 

of the radionuclide or labeled compound in a subject with anatomical precision as a 

function of time (Cherry, 2006). 

 The use of radio-labeled tracers with PET-CT imaging is a method by which to 

examine abnormal changes in tissue associated with the progression of cancers and to 
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follow the effectiveness of anti-cancer therapies. The rate that these tracers accumulate in 

different cell types is dependent upon the specific characteristics of the cells. FDG and 

FLT are both labeled with the fluorine-18 ([18F]) isotope which allows the kinetics of the 

molecules to be imaged with PET-CT. The signal that is produced indicates uptake and 

trapping in the cells. This isotope easily combines with a biologically active molecule to 

be transported into the cell. FDG is an analogue of glucose and transported into cells by a 

transporter. Cells with high glucose demands such as brain, liver, and many types of 

cancer will have high tracer uptake. Hexokinase does not metabolize the 18 F-FDG so it 

accumulates and is trapped in the cell until the isotope decays (see Figure 3).  

 
Figure 3: How 18 F-FDG is Transported and Trapped in Cells 

 
            Glucose             Hexokinase 
FDG      →                 FDG             →     FDG-6-PO4     →X→ 
              ←        ←X←    Glycolysis 
          Transporter  Glucose-6-phosphatase 
 

Half-life of 18F isotopes is approximately 110 minutes.  

 
 FLT is a pyrimidine analog that is phosphorylated by the enzyme thymidine kinase1 

(TK1). Thymidine kinase1 is expressed in the DNA synthesis phase of the cell cycle. The 

FLT monophosphate accumulates in the cell and is unable to cross the cell membrane 

(see Figure 4.).  

Figure 4: How 18 F-FLT is Transported and Trapped in Cells 
            

                                                Thymidine 
 Pyrimidine    Kinase1  
FLT      →                 FLT            →    FLT-6-PO4     →X→ 
              ←     ←X←     DNA 
          Transporter  Thymidine- 
    Dephosphorylase 
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Therefore FLT monophosphate is trapped in proliferating cells. 

  Small animal PET-CT is a method of producing images of the rats and mice for 

clinical or scientific purposes. The key factor is that tomographic imaging allows specific 

measured slices of the subject to be obtained in a quantitative manner and displays 

anatomic structures like tumors. Most small animals are anesthetized prior to being 

placed in the scanner (Cherry, 2006). 

         2.5.1     PET-CT: Assessment of tissue change  

  Research studies using small animal PET-CT imaging have been conducted in 

animals to model human diseases such as different types of cancer (Weber et al., 2004; 

Yang et al., 2005; Flores et al., 2009; Foss et al., 2005) drug treatments (Eckelman, 

2006), tracking cancer recurrence after surgery, chemotherapy and or radiation (Raabe et 

al., 2006), tracking metastasis (Buck et al., 2003), monitoring organ lesions (Martiniova 

et al., 2009), vasculature (Davies et al., 2006, Lederman et al., 2001), brain 

pathophysiology (Lancelot & Zimmer, 2010), infarcted myocardium  (Higuchi et al., 

2007) and a number of other purposes. Multiple studies involved the use of PET-CT to 

investigate the effect of human cancers on rodents (Weber et al., 2004; Yang et al., 2005; 

Flores et al., 2009; Foss et al., 2005). Some studies test pharmaceuticals and cancer 

therapies (Eckelman, 2006). Others used PET-CT to track cancer recurrence (Raabe et 

al., 2006), metastasis (Buck et al., 2003) or monitor organ lesions (Martiniova et al., 

2009).  

 In four separate international studies, investigators implanted rodents with 

rhabdomyosarcoma (RMS). Rommel and colleagues (2009) grafted syngenic RMS in 
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both thighs of 22 rats to examine the uptake of choline using 18F-fluoromethylcholine 

(FCH) PET and a magnetic resonance system. The results showed that choline 

concentration was not correlated with 18F-FCH tumor uptake. Nanni and colleagues 

(2003) explored the accuracy of early detection of malignant cells with 18F-FDG PET. 

Human alveolar RMS xenografts (RH-30 cell line) were injected in female nude mice. 

Sixteen of the twenty three injected mice developed tumors. Each mouse was scanned 

four times. Ten of the mice had positive PET scans. Results showed the PET scans had a 

90% (9/10) positive predictive value and a 46% (6/13) negative predictive value.  

 Dewit and colleagues (2004) explored the sensitivity and specificity of 18F-FDG 

PET in detecting recurrence of RMS in R1H rats after treatment with fractionated 

radiotherapy. 18F-FDG PET was determined to be reliable in detecting tumor recurrence. 

Sensitivity increased with time but specificity was not affected by time. Raabe, Buchert, 

Seegers and de Wit (2006) used 18F-FDG PET to assess the recurrence of RMS (R1H-

tumors) in a rodent model. The tumors were transplanted subcutaneously to the back of 

the animals. The rodents were assigned to one of three groups. One group had surgery 

(tumor excision), another had radiotherapy and the last group had chemotherapy.  

Animals were followed over six months. Recurrence was evaluated in three groups. The 

investigators concluded that 18F-FDG PET was beneficial in detection of reoccurrence of 

RMS following radio therapy as well all as a time benefit of 26 to 67 days.  Only four 

animals had repeat scans and a small animal PET was not used for the rats. The authors 

documented several problems with the machine that limited the number of scans 

accomplished. PET imaging was successfully used in preclinical research to detect tumor 

recurrence.  
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         2.5.2     Summary of PET-CT studies 

 The studies reviewed covered a variety of uses of small animal PET-CT such as 

pharmacological, diagnostic, tracking metastasis and recurrence of cancers. Several 

studies focused on human illnesses such as rhabdomyosarcoma in an animal model. None 

of these studies included CT and all of these studies began with the implantation of 

cancer into the rodent. They are also focused on the embryonal or alveolar forms of RMS 

found in children rather than the anaplastic or pleomorphic type of RMS that is most 

often found in adults. Studies in which researchers used PET-CT imaging to monitor 

tissue changes around implanted or embedded metals were not found in the literature.  

2.6   Conceptual Framework 

The conceptual framework for this study is the model of multistage 

carcinogenesis (Klaassen, 2008, Chapter 8). Carcinogenesis is comprised of three stages, 

initiation, promotion and progression (see Figure 5).  

Figure 5: Multistage Model of Carcinogenesis 

 Normal Cell      Initiated Cell              Focal Lesion                                  Cancer 
                Repair                  Apoptosis                      Apoptosis 
 
 
 
 
           DNA Damage       Proliferation                     Proliferation 
         Initiation                                Promotion                           Progression          

Source: Klaassen, C.D.(7th Ed.). (2008). Figure 8-2. Multistage model of carcinogenesis. Casarett & 
Doull’s Toxicology The Basic Science of Poisons. New York, NY: McGraw-Hill Medical (p. 333). 

 
In the initiation stage, a chemical or physical agent (toxic metal) initiates or starts the 

reversible process. This leads to genetic changes. The affected cells can stay in a non- 

dividing state among normal cells, die from mutations incompatible with life (apoptosis) 

or the cells can be stimulated to divide and begin proliferation. The promotion phase 
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involves the growth and division of initiated cells in to a preneoplastic lesion. The cells in 

this stage are stimulated by either endogenous or exogenous substances called tumor 

promoters. Promotion is reversible if the promoting agent is removed. The final stage is 

progression. This involves the transformation of the benign preneoplastic cell into cancer 

cells. This final stage is not reversible. Most agents that impact this stage are genotoxic. 

Carcinogens can function in any of the three stages (Klaassen, 2008, Chapter 8).  

 Otto Warberg (1956) was credited with discovering that malignant cells switch 

from oxidative phosphorylation to glycolytic metabolism. Cancer cells use more glucose. 

It is expected that glucose metabolism increases as the muscle tissues around the W alloy 

implant become neoplastic. This model also is ideal for looking at the physiological 

changes occurring in the cells. The physiological changes in striated muscle cells can be 

observed during histopathological study. 

2.7 Summary of Literature 

 While there are no definitive studies quantifying the risk of cancer to retained metal 

fragments, the case studies and the animal models suggest the need for better 

surveillance.  The PET-CT may provide better characterization of tissue changes. 
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CHAPTER 3 

Methods 

3.1 Design 

 An experimental design using longitudinal repeated measures was used to 

accomplish the study aims.  The animals were age matched (6 – 8 weeks old at time of 

delivery) Fischer 344 (F344) male rats which are commonly used in studies of 

carcinogenesis.  Researchers at the Armed Forces Radiobiology Research Institute 

(AFRRI) have already shown that embedded pellets of a weapon’s grade 

tungsten/nickel/cobalt alloy cause cancer in the F344 male rat. This study used that model 

to induce carcinogenesis in an animal model. The number and dimensions of the pellets 

(HMTA, tantalum) are based on research previously conducted at AFRRI (Kalinich et al., 

2005). 

3.2 Study setting, laboratory, and equipment 

 Most experiments were conducted at the Uniformed Services University of the 

Health Sciences (USUHS). USUHS has an abundance of resources and is collocated with 

AFRRI. Urine and blood specimen were analyzed at AFRRI. Specific laboratory 

resources are described below. 
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         3.2.2     Laboratory 

         Dr. Christine Kasper’s lab, equipment and supplies for histopathology work and 

tissue storage were used for the study. The lab also had desks, chairs, telephones and 

computers available for data collection, management, and analysis. Dr. Kasper trained the 

student investigator in rat muscle excision and basic H & E staining and histopathology 

techniques. 

         Dr. John Kalinich’s labs at the Armed Forces Radiobiology Research Institute 

(AFRRI) processed the blood and urine specimens. Dr. Kalinich and /or his technician 

(Ms. Christy Emond) trained the student investigator in ELAMS transducer, metal pellet 

implantation and rat necropsy specimen collection.  

          3.2.3     Department of Laboratory Animal Medicine (LAM) 

         The USUHS LAM is an Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC) accredited facility in accordance with the Guide for 

the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 

National Research Council, 2010). LAM personnel provided assistance in the daily 

handling and care of animals. They also have areas of animal husbandry and veterinary 

surgery. The LAM provided operating rooms for the pellet implantation as well as 

anesthesia equipment, surgical instruments and sterile process. All animals were cared for 

in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of 

Laboratory Animal Resources, National Research Council, 2010). Procedures performed 

were in accordance with the USUHS Institutional Animal Care and Use Committee 

(IACUC) approved protocol. 
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          3.2.4     The Center for Neuroscience and Regenerative Medicine (CNRM): 
                         PET-CT 

 The CNRM has a Translational Imaging Core located at USUHS. CNRM staff 

provided state of the art neuro imaging techniques to support in-vivo pre-clinical 

assessments using Siemens Inveon small animal PET Multimodality System with micro 

CT scanner (Siemens Medical Solutions USA, Inc., Knoxville, TN). They also 

maintained necessary assurances to access and work with 18 F-FDG and 18 F-FLT. See 

Appendix A for CNRM standard operating procedures number three.    

          3.2.5     Equipment  

 Dr. Kalinich allowed the use of the BioMedic Data System’s Electronic Lab 

Animal Monitoring System (ELAMS) and transducers to identify the rats in the protocol. 

He also supplied all of the HTMA and Ta pellets and instrumentation for implantation. 

3.3  Overview of experiments 

In the first experiment two rats were implanted (one with HMTA pellets, the other 

with tantalum (Ta) pellets) and one rat was a non-implanted sham control. The sham 

control had the surgery without any pellet implantation. The animals were x-rayed and 

scanned over six time points (week 1, 4, 7, 10, 13 and 16 post surgery) to determine if the 

18F-FDG PET-CT scanning intervals were adequately spaced to capture changes in tracer 

uptake and to compare the18F-FDG and 18F-FLT radionuclides.  The time intervals for the 

second part of the study were adjusted based on the findings.  

In the second experiment, 32 rats were randomly assigned to one of three groups: 1) 

rats implanted with two heavy metal tungsten alloy (HMTA) pellets; 2) rats implanted 

with two tantalum (Ta) pellets as a control for fragment implantation; and 3) rats that are 
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not implanted and are sham controls. The total number of implanted fragments in all 

animals was constant. The study of the 30 rats provided sensitivity and specificity data 

for one  HMTA dose as well as one Ta dose (to serve as a control metal) over five time 

points (1, 7, 10, 13, and 16 weeks post surgery).  

The number and dimensions of the metal pellets were based on research previously 

conducted at AFRRI (Kalinich et al., 2005). HMTA pellets (1-mm diameter x 2 mm 

long) were obtained from AFFRI. (AFFRI acquired the metal pellets from Aerojet 

Ordnance Tennessee, Jonesborough, TN).  The pellets contained metal similar to the 

alloy used in tungsten-containing munitions, consisting of 91.1% tungsten, 6% nickel, 

and 2.9% cobalt. HMTA pellets had a mean weight of 27.56 ± 0.55 mg. Tantalum 

(99.95%) pellets (1 mm x 2 mm) were also obtained from AFFRI. (AFFRI acquired 

pellets from Alfa Aesar Products,Ward Hill, MA). Tantalum (Ta) was the implantation 

control metal. Ta pellets had a mean weight of 27.21 ± 0.25 milligrams (mg). 

 Before the implantation surgery, the pellets were cleaned and sterilized (Pellmar et 

al.,1999). Anesthesia was induced by continuous administration of isoflurane using an 

open circuit system with a scavenger/recapture system. Refresh Lacri-lube lubricant eye 

ointment (Allergen Inc., Irvine, CA) was applied the animal’s eyes to prevent drying of 

their eyes. The surgical sites were clipped and cleansed with 70 percent isopropyl alcohol 

and excess hair removed. Then the areas were prepped with ten percent betadine paint.  

Pellets were implanted in the gastrocnemius muscle spaced approximately 1.5 mm apart 

on the lateral side of the right leg. Implantation was accomplished by placing the pellet in 

a 16-gauge needle, putting a specially designed plunger inside that needle, pushing the 

needle into the rat muscle, then depressing the plunger. This forces the pellet out of the 
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needle and into the rat muscle. Surgical site was sealed with 3M Vet Bond tissue 

adhesive (3M, St Paul, MN). The pellet cleaning and surgical implantation procedures 

have been used in AFRRI laboratories to implant over 22,000 pellets. Rodents showed no 

observed signs of infection, or discomfort post-operatively. 

After implanting the metal pellets, a low grade inflammation and wound repair 

involving remodeling of skeletal muscle was expected.  This would be followed by a 

return to normal levels of cellular metabolic activity and cell proliferation in tissue 

surrounding the implanted pellets. HMTA implanted animals were expected to show 

gradual tissue changes over time. Based on past a study with HMTA pellets (Kalinich et 

al., 2005), the feel of palpable tumors near the HMTA embedded fragments after about 

3.5 months was expected (14-16 weeks after implantation).   

At specified times, rats were euthanized and tissues taken in order to assess overt 

signs of inflammation and cellular changes over time. Tissues around the implants were 

excised for assessment of muscle histopathology. Images were compared for changes 

over time and resulting from chronic in vivo exposure to HMTA and Ta (see Appendix 

C).  X-ray images were compared to each corresponding PET-CT (see Appendix D, 

Appendix E). Imaging results were also compared to corresponding histopathology 

results. Blood samples were drawn for hematological assessment. Urine was collected 

and analyzed for metal content.  Table 2 summarizes the total number of rats required for 

each experiment, the groups and the number euthanized at time points.  

 

 

 



 

35 

 

 

Table 2: Total Number Of Rats Required, Number Of Rats Euthanized At Each Time 
Point 

Treatment  
Group 

Week 1 Week 4 Week 7 Week 10 Week 13 Week 16 

Experiment 1       
Sham Control 1     (1) 
HTMA 1     (1) 
Ta 1     (1) 
Back-up rats 1      
Total rats 
Required for  
Experiment 

 
 

4 

     

Experiment 2 Week 1 Week 7 Week 10 Week 13 Week 16 
Treatment  
Group 

         

Sham Control 2        (2) 
HTMA     15 (2) (2) (2) (2) (11) 
Ta     15 (2) (2) (2) (2) (11) 
Back-up rats       4    (4) 
Total rats 
Required for  
Experiment 

 
 

    36 

    

   Note. HMTA = Heavy Metal Tungsten Alloy; Ta = Tantalum 

The total number includes an additional five rats required for quality control and to 

account for any deaths during surgery or in the post-implantation period. The extra rats 

ensured that a statistically valid number of rats were maintained for both experimental 

groups. 

3.4 Materials and Methods   

 Experiment 1 was an optimization study. One rat was implanted with two heavy 

metal tungsten metal alloy (HMTA) pellets, one rat was implanted with two tantalum 

(Ta) pellets and one rat was a sham control. One animal died during implantation and the 

back-up animal was successfully implanted to replace it. Rats had x-rays taken prior to 

each PET-CT scan for comparison. The Ta implanted rat died shortly after the 18F –FLT 

dose was injected and was not replaced.  The remaining animals had 18F-FDG and 18F-

FLT PET-CT scans over the course of 16 weeks (week 1,4,7,10,13 and 16 post 
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implantation) and verified that the set time points were adequately spaced to capture 

changes in tracer uptake over the six time points. The sham control and HMTA rat were 

euthanized followed by tissue excision for histopathology after sixteen weeks.  

 Experiment 2, a study of 30 rats, provided sensitivity and specificity data for one  

heavy metal tungsten alloy (HMTA) dose  as well as one Ta dose (to serve as a control) 

at five time points (1,  7, 10, 13, and 16 weeks). Rats were randomly assigned to one of 

three groups (15 rats per HMTA and Ta groups, 2 Sham controls).  Rats in the HMTA 

and Ta treatment groups were implanted with two HMTA pellets and the control metal 

group was implanted with two tantalum pellets. X-rays were taken prior to each 18F-FDG 

PET-CT scan for comparison at each time point. Selected rats from each group were 

sacrificed at each time point (week 1, 7, 10, 13, 16) after 18F-FDG PET/CT scans were 

completed. Animals were euthanized and muscle tissues isolated for histopathology. 

         3.4.1     Metal Pellets 

 Metal pellets (91.1% tungsten/6% nickel/2.9% cobalt/99.95%) were obtained from 

AFRRI. They were weapons grade pellets which had been obtained for a previous study 

(Kalinich et al., 2005). Metal pellets were originally obtained from Aerojet Ordnance 

Tennessee (Jonesborough, TN). All of the pellets were 1 mm diameter x 2 mm long 

cylinders. Tantalum was used as the implantation control metal because it is biologically 

inert (Johansson et al., 1990) and used frequently in human prostheses (Kasprzach et al., 

1983; Lison et al., 2001). It was also used as the negative control in the AFFRI studies 

which produced rhabdomyosarcoma in F344 rats (Kalinich et al., 2005).  
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         3.4.2     Subjects 

 Fischer 344 (F344) inbred male (species Rattus norvegicus) rats (age matched 

approximately 8 weeks of age; Harlan Sprague Dawley Inc., Indianapolis, IN), which are 

commonly used in carcinogenicity research, were secured for this study. Animals arrived 

in two separate shipments with one group for each experiment.  Rats were maintained at 

the Uniformed Services University of the Health Sciences (USUHS) department of 

Laboratory Animal Medicine (LAM).  USUHS LAM is an Association for the 

Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility 

in accordance with the Guide for the Care and Use of Laboratory Animals (National 

Academy of Sciences, 2010). All procedures were approved by both the USUHS and the 

University of Maryland Institute Animal Care and Use Committees (IACUC). (see 

Appendix A).  

 Rats were housed in plastic cages with hardwood chips (Teklad Aspen Bedding 

7093, Harlan Laboratories Inc., Indianapolis, IN) for bedding. The animals were 

randomly assigned to be implanted with Ta, HMTA, or the Sham control group. The 

remaining animals were kept as back-up replacements.  Rats were housed individually in 

the first experiment for the duration of the experiment. This helped prevent cross 

contamination between the animals from metals excreted through urine and feces. Rats in 

the second experiment were housed in pairs except for the first week post surgery. The 

rats were housed separately for the first seven to ten post operative days to allow optimal 

recovery. The rats had access to food and water ad libitum. Rats were provided a diet 

(Tekland Global Diets 2018, Harlan Laboratories Inc., Indianapolis, IN) in accordance 

with USUHS Laboratory Animal Medicine Department (LAM) standard operating 
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procedures (SOPs).  Rats were in a climate controlled room (temperature 72-74 degrees 

Fahrenheit, 40-55% humidity) on a 12-hr light/dark cycle, with no twilight (lights on at 

0600) and were weighed weekly for the duration of the experiment.  

         3.4.3    Sample Size 

Experiment 1: N=3 (1 – HMTA/1- Ta/ 1- sham control) 

 This experiment allowed for comparisons in radionuclide uptake over time. This 

experiment also helped determine if the time intervals are at an adequate distance to 

capture changes by PET-CT scan and histopathology. 

Experiment 2: N =32 (15 – HMTA/15- Ta/2- sham control) 

 A sample size of 6 in each group at each time point provides 80% power to detect a 

difference between groups of 1.8 standard deviations and a difference of 1.6 standard 

deviations between time points. Calculations were based on a 5% two-sided significance 

level and assume that the within-subject correlation is .4. Power for comparisons at early 

time points were slightly higher because more animals are available for imaging. 

Sensitivity was determined from the proportion of disease positive rats that test positive. 

Specificity was determined by the proportion of disease negative rats that test negative.  

A sample size of 15 per group is sufficient to estimate sensitivity and specificity with a 

margin of  error of 25 percentage points, based on a 95%, two-sided confidence interval 

and a sensitivity (or specificity) of 50%. If sensitivity (or specificity) is higher, the 

margin of error will be lower. For example, if all tumors are identified using imaging, we 

will be 95% confident that the true sensitivity of the imaging technique is at least 80%. 

Statistical software, IBM SPSS 17.0, was used for analysis. 
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         3.4.4     Animal identification 

 Animals were identified by the BioMedic Data System’s Electronic Lab Animal 

Monitoring System (ELAMS) (BioMedic Data Systems Inc., Seaford, DE). The ear 

punch system was used as a secondary system for possible transponder failure (see Figure 

6).  

  Figure 6: Diagram Example of Ear Punch Sequence 

 

 
 

A small transponder (11 mm x 2 mm) is injected subcutaneously in the mid-dorsal region 

with a 12-gauge needle. Both the transponder and the injection device come pre-

sterilized. Although the transponder can be injected while the animal is conscious,  the 

animals were lightly anesthetized via isoflurane inhalation before injection in order to 

reduce undue stress. The transponder was programmed by personal computer (PC), with 
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a unique animal identification number. The animal identification number could be read 

with a low-power radio-frequency reader. By interfacing with a PC, body weight and 

other health assessments could easily be ascribed to an individual animal.  

 No adverse health effects have been observed in either mice or rats that have carried 

the transponder for periods of up to one year (Vlach et al., 2000; Kort et al., 1998; Ball et 

al., 1991). No adverse health effects from the transponders were observed during this 

study. An additional benefit is that the transponder can also record body temperature, 

which can be used as an indication of impending morbidity (Kort et al., 1998). There 

were also identification cards on all animal cages. The wand used to detect the 

transponder information from the animals stopped working midpoint through the second 

experiment. The ear punch system provided an easy way to verify identification of the 

animals.  

          3.4.5     Anesthesia/Analgesia/Tranquilization 

   Anesthesia was induced with 5% isoflurane in an induction chamber and 

maintained by continuous administration of isoflurane at 1-3% through an open circuit 

system via a rodent mask with an attached scavenger/recapture system. An injection of 

0.6 ml of (normal saline) diluted 0.015 mg/ml Buprenorphine (subcutaneous injection, 25 

gauge needle) was administered after induction and prior to ear punch and ELAMS chip 

placement.  

         3.4.6     Preoperative procedures 

 Rats were maintained in the vivarium under usual standards of care until prepared 

for surgery. On the morning of surgery, rats were transported to a temperature and 

humidity-controlled operating room maintained in the Laboratory Animal Medicine 
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(LAM) department. The room was separated into three sections (surgical preparation, 

surgery, recovery). Before surgery, rats were moved individually to the prep area, where 

they were anesthetized and prepared for surgery. Before implantation surgery, pellets 

were cleaned and chemically sterilized using the following method. Pellets were washed 

in 100% ethanol, soaked in 50% nitric acid for 3 min, rinsed with sterile distilled water, 

then 70% ethanol, and then air-dried. Refresh Lacri-lube lubricant eye ointment (Allergen 

Inc., Irvine, CA) L was applied to the animal’s eyes to reduce the drying effects of the 

oxygen and anesthetic gas. Right hind leg surgical sites were clipped to remove hair and 

cleansed with 70% isopropyl alcohol and excess hair removed followed by prepping the 

surgical site with a 10% betadine paint solution. 

         3.4.7     Surgical procedure  

 Aseptic technique was maintained throughout the implantation process. A number 

ten scalpel blade was used to make an incision in the skin approximately two mm long to 

access the gastrocnemius muscle for pellet injection. Two pellets were implanted and 

spaced approximately 1.5 mm apart on the lateral side of the right hind leg. Implantation 

was accomplished by placing the pellet in a 16-gauge needle, putting a specially designed 

plunger inside that needle, pushing the needle into the rat muscle, then depressing the 

plunger.  This forced the pellet out of the needle and into the rat muscle.  Surgical sites 

were sealed with tissue adhesive Vet-bond (3M Corporation, St. Paul, MN). The pellet 

cleaning procedure and the surgical technique were used by researchers at AFRRI to 

implant over 22,000 pellets in rodents without observed complications.  Rodents in this 

protocol showed no signs of infection from surgery or post-operative discomfort. The 

dosages used and manner in which the animals are exposed are based on successful 
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mouse and rat pellet implantation models designed at AFRRI and have been successfully 

used for nearly a decade (Pellmar et al., 1999). All animals including the back-up rats 

were implanted in the second experiment except for the sham controls (17 Ta and 17 

HMTA). This allowed for easy replacement of animals as needed. 

         3.4.8     Post-surgical procedure 

 After surgery, rats were placed in a heated recovery chamber (clean empty cage on 

top of a heating pad) and closely monitored until ambulatory. The analgesic 

Buprenorphine, (0.1-0.5 mg/kg, subcutaneous injection, 25 gauge needle) was available 

for post-operative pain but not required. The criteria for analgesic administration 

included: dehydration, decreased body weight, abnormal posture, hypothermia, swelling, 

tissue masses, alopecia, ruffled fur, reddened eyes, eye discharge, head tilted, salivation, 

sneezing, dyspnea, diarrhea, hypoactivity, and prostration (Tomasovic, 1988). Surgical 

sites were examined by study personnel for signs of inflammation, infection, and local 

metal-induced toxicity daily for two weeks following surgery and weekly thereafter for 

the duration of the study. Such toxicological signs include impairment of ability to walk 

normally, infection of the surgical site, and failure of the incision to close properly.  If an 

animal appeared to be experiencing pain or distress that could not be relieved, it would be 

euthanized via isoflurane overdose, followed by exsanguination and confirmatory 

pneumothorax, blood and urine sample drawn, and the tissues excised.  In addition, a 

veterinary technician/veterinarian performed animal health assessments daily during the 

performance of rounds.  

 Rats were weighed on a weekly basis and observed for any changes indicative of 

developing pathology (e.g. tumor development, respiratory distress, paresis, paralysis, 
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anorexia, lethargy, etc.). At scheduled time points and at the end of the 16 week period 

rats were sacrificed. At the time of sacrifice, blood and urine were drawn for 

hematological and metal assessment. Necropsy was conducted preserving selected tissues 

and organs and preparing tissues for histopathological examination as required.   

         3.4.9     Radiological imaging 

 Each animal was x-rayed with the Fluoroscan InSight 2 mini C-arm (Hologic, Inc., 

Bedford, MA) while anesthetized with 5% isoflurane in an induction chamber prior to 

PET-CT imaging. X-ray acquisition mode selected was snapshot with noise suppression 

set at auto, with the average kilo voltage (kV) and milliamperage (mA) at 50 and 0.56 

respectively. Positron Emission Tomography (PET)-Computed Tomography imaging was 

performed on the Siemens Inveon PET system in the Center for Neuroscience and 

Regenerative Medicine (CNRM) Translational Imaging Facility (TIF). All imaging was 

performed in accordance with (IAW) CNRM standard operating procedure (SOP) 

number three (Appendix A) which was approved by the USUHS IACUC. 

 Rats were fasted six hours prior to 18F-FDG PET-CT imaging for uniformity in PET 

results by decreasing blood glucose levels. Rats were anesthetized with isoflourine 1-2% 

to reduce stress on animal before intravenous 18F-FDG or 18F-FLT (Cardinal Health 

Nuclear Pharmacy Beltsville, Maryland) tail injection (approximately 1.5 µCi). All 

solutions were prepared using distilled deionized water.  The rats remained anesthetized 

on a temperature controlled heating pad with vital signs (respirations, heart rate, 

temperature) monitored until it was time for the scan (approximately 30 minutes). When 

the uptake period was complete the animal was positioned on the heated bed of the PET-

CT scanner and first had a CT scout scan followed by the PET scan for 30 minutes. Rats 



 

44 

 

 

were recovered in a heated recovery chamber (plastic box on top of a heating pad) and 

closely monitored until ambulatory.  PET-CT imaging began for the animals seven to ten 

days post pellet implantation. Animals were be scanned every three weeks over a total of 

16 weeks in the first experiment (see Table 3).  

Table 3: Experiment 1: Total Number of PET-CT Scans Each Time Interval 
Treatment 
group 

 
Week 1 

 
Week 4 

 
Week 7 

 
Week 10 

 
Week 13 

 
Week 16 

18F-FDG Day 1 Day 1 Day 1 Day 1 Day 1 Day 1 
HMTA 1 1 1 1 1 1 
Ta 1      
Sham Control 1 1 1 1 1 1 
18F-FLT Day 2 Day 2 Day 2 Day 2 Day 2 Day 2 
HMTA 1 1 1 1 1 1 
Ta Died      
Sham Control 1 1 1 1 1 1 
Total scans  
each week 

 
5 

 
4 

 
4 

 
4 

 
4 

 
4 

Total Required  25      
  Note. 18F-FDG = 18F-fluoro-2-deoxy-D-glucose; 18F-FLT =18F-3'-fluoro-3'-deoxy-L-    
            thymidine; HMTA = Heavy metal tungsten alloy; Ta = Tantalum 
 
The number of times the rats receive PET-CT scans varied from one to five scans over 

the 16 week period in the second experiment (see Table 4).   

Table 4: Experiment 2: Total Number of PET-CT Scans Required at Each Time Interval 
 Treatment Group Week 1 Week 7 Week 10 Week 13 Week 16 
18F-FDG      
HMTA 8 8 8 8 7 
Ta 8 8 8 8 7 
Total scans each week 16 16 16 16 14 
Total Required 78     

        Note. 18F-FDG = 18F-fluoro-2-deoxy-D-glucose; 18F-FLT =18F-3'-fluoro-3'-deoxy- 
                  L-thymidine; HMTA = Heavy metal tungsten alloy; Ta = Tantalum 
 
In the second experiment a core group of six Ta rats and six HMTA rats had five repeated 

scans over the sixteen weeks. The sham controls did not have scans in the second 

experiment while the animals sacrificed at the first four time points only had one scan. 
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Two of the implanted back-up animals (one Ta and one HMTA implanted) were scanned 

week 16. This provided one single scan for those animals at the fifth time point. The 

parsimonious use of scans reduced animal exposure to radiation and anesthesia.  

       Siemens Inveon Acquisition Workplace (Siemens Medical Solutions USA, Inc., 

Knoxville, TN) software was used acquisition and reconstruction of the PET-CT images. 

The reconstruction algorithm used was Ordered Subset Expectation Maximization with a 

three dimensional sinogram (OSEM3D)/Maximum a Posteriori (MAP) (fast MAP). There 

were two OSEM3D iterations and eighteen MAP with a one millimeter requested 

resolution.   The projection filter used was Ramp and the images were attenuation and 

scatter corrected.  Siemens Inveon Research Workplace (Siemens Medical Solutions 

USA, Inc., Knoxville, TN) software was used for analyzing the images. 

          Partial volume effect (PVE) is described as a phenomena that can bias SUV 

measurements.  PVE refers to the image blurring caused by the finite spatial resolution of 

the imaging system. This can result in spill over or spreading out of the signals which can 

lead to lower tracer uptake values in the region of interest (ROI). There is also a tissue 

fraction effect due to the different types of tissues the tracer passes through which also 

effect the signal intensity. Even the rise and fall of the animal’s chest during respiration 

can contribute to this blurring effect (Soret, Bacharach, & Buvat, 2007). Therefore, trying 

to minimize PVE as much as possible is important. The maximum SUV (SUVmax) was 

used to help reduce PVE. It is based on the one pixel in the ROI with the highest intensity 

within the tumor and is the least affected by PVE when compared to the minimum or 

mean SUV. Since the SUVmax is based on the pixel intensity, the measurement is 

independent of the observer (Soret, Bacharach, & Buvat, 2007).  The ROI was set at a 
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fixed size (first experiment 10 mm ³, second experiment 10.1 mm ³) to reduce observer 

variability that can be introduced by manually drawing the ROI for each image.  

         3.4.10     Pain Relief / Prevention 

 Measures to alleviate pain were implemented. There was no alternative for surgical 

implantation of the metal pellets.  Procedures were to minimize time spent under 

anesthesia, as well as minimal incision and no actual cutting of the muscle tissue. 

Rodents showed no observed signs of infection from the surgery, or post-operative 

discomfort. There was no expected pain from carrying implanted pellets.  

 If any rat became moribund or appeared to be in pain that could not be relieved 

based upon specific criteria, they would have been immediately euthanized including 

histopathology. This criteria included: dehydration, decreased body weight, abnormal 

posture, hypothermia, swelling, tissue masses, alopecia, ruffled fur, eye discharge, head 

tilted, salivation, sneezing, dyspnea, diarrhea, hypoactivity, and prostration, and they 

were considered moribund if they demonstrated an inability to remain upright, are cold to 

the touch, or display decreased or labored respiration (Tomosavic et al., 1988).   

         3.4.11     Euthanasia 

 Rats were euthanized by isoflurane overdose followed by exsanguination and 

confirmatory pneumothorax prior to removal of tissues. Euthanasia was accomplished 

consistent with the current AVMA Guidelines on Euthanasia (2007). 

          3.4.12     Tissue Collection and Processing 

 Necropsy followed euthanasia. A variety of tissues including lungs, kidney, liver, 

testes and spleen were weighed, normalized to the animal’s body weight and placed in 

10% Formalin stored for future histological evaluation. Blood samples were collected 
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from the abdominal aorta (21-23 gauge needle, vacutainer holder and blood tubes) of 

isoflurane anesthetized rats for hematological assessment. Blood tubes contained 

ethylene-diamine-tetra-acetic acid (EDTA) to prevent samples from clotting. A complete 

blood count (CBC) was performed using the scil Vet abc Hematology Analyzer (Scil 

Animal Care Company, Gurnee, IL).White blood cell (WBC) and red blood cell (RBC) 

counts were quantified as well as hemoglobin (Hgb), hematocrit (Hct), mean corpuscular 

volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 

concentration (MCHC), red cell distribution width (RDW), platelets, mean platelet 

volume (MPV), lymphocytes, monocytes and granulocytes. 

 Urine was collected from the bladder (3 ml syringe, 23-25 gauge needle) for analysis of 

metal content. Metal content of the collected samples was determined using an 

inductively coupled plasma-mass spectrometer (XSeries 2 ICP-MS, ThermoElectron 

North America, LLC., Madison, WI) equipped with a Cetac ASX520 Autosampler (Cetac 

Technologies, Omaha, NE).  The plasma gas was high-purity (99.997%) liquid argon.  

Instrument calibration was accomplished using the appropriate metal standards in 2% 

HNO3.  Metal concentration levels were obtained by reference to the slope of the 

calibration curve (counts per second/ng per liter) as well as an internal standard.  Urine 

data were normalized to creatinine levels with creatinine content determined by a 

modified Jaffe reaction (Slot 1965; Heinegard and Tiderstrom 1973) and a commercially 

available kit (Oxford Biomedical Research, Oxford, MI).   

         3.4.13     Histopathology 

 Right hind leg gastrocnemius (GTR), plantaris (PLN) and soleus (SOL) muscles 

tissue were dissected free, weighed, normalized to the animal’s body weight  and 
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prepared for histopathologic examination. Other muscles (tibialis anterior, flexor 

digitorum profundus, extensor digitorum lateralis, peroneal and deep flexor muscles) 

observed to have the implanted pellets were also excised for examination. Smith and 

Schenk’s “Dissection Guide & Atlas to the Rat” (2001) was used as a reference for the 

dissection. Tissues were mounted on tongue depressors in Tissue-Tek O.T.C. Compound 

(Sakura Finetek Inc., USA), snap frozen in liquid nitrogen, and stored in a -80 Fahrenheit 

(F) freezer in the first experiment. Unfortunately, the muscle tissues revealed extensive 

freeze damage when examined under bright field microscope. In an attempt to reduce the 

freeze damage, muscle tissue from the second experiment were frozen in liquid nitrogen 

cooled 2-methylbutane and placed on dry ice until stored in a -80F degree freezer. 

 When prepared for histopathology, the tissue was allowed to warm in the -20 

cryostat. Small sections of the individual muscles were transversely cut approximately 

midbelly and mounted with Tissue-Tek O.T.C. Compound (Sakura Finetek Inc., USA) 

tissue embedding medium and sliced into 10 micron (µm) frozen cross sections in a -20 F 

cryostat (Leica CM 3050S, Bannockburn, IL) with a microtome. The medial (M) and 

lateral (L) heads of the gastrocnemius muscle were divided into two separate segments 

and sectioned separately. Cross sections were placed on glass slides and stained with 

hematoxylin (Harris Modified Hematoxylin, Fisher Scientific) and eosin stain (Protocol 

Eosin Intensified, Fisher Scientific) (H & E) (Luna, 1968). Additional cross sections were 

placed in a slide case and placed in the -80 freezer for additional staining at a later time. 

Tissue changes observed in HMTA-implanted rats were compared with tissue from Ta 

and sham control rats. 
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Hematoxylin & Eosin (H & E) 

 Slides with the muscle tissue cross sections were run through a timed sequence of 

solutions prepared in coplin jars.  They were first placed in absolute methanol for five 

seconds followed by hematoxylin for 60 seconds. Next slides were rinsed through two 

jars of de-ionized water. They were dipped twice in the first jar then soaked for 20 

seconds in the second before allowing excess water to drain and dipping in the eosin. 

Next the slides were processed through three jars of ethyl alcohol for dehydration. They 

were placed in 95% ethanol for five seconds followed by dips in two jars of 100% 

ethanol until streaks from the stain ceased. Slides were then cleared in two separate jars 

of xylene. The specimen were then mounted with Permount (Fisher Scientific) and 

covered with a cover slip. Slides were allowed to dry 24 hours before viewing with Nikon 

Eclipse 80i advanced research microscope (Nikon Instruments Inc, Melville, NY).  

Pictures were taken using the Nikon DS-Fi1 digital camera and NIS Elements Advanced 

Research 4.0 software system (Nikon Instruments Inc, Melville, NY). 

Immunohistochemistry 

        Immunohistochemical staining was performed on a representative number of slides 

from each time point for the Ta and HMTA implanted animals using Desmin and MyoD1 

(ABCAM, Cambridge, MA) with 4´-6-Diamidino-2-phenylindole (DAPI) nucleic acid 

stain as a counterstain. Tissue slides were removed from the -80 freezer and allowed to 

warm to room temperature for 20 minutes then hydrated with phosphate buffer solution 

(PBS) for 10 minutes. Ammonium chloride was applied and allowed to set for one hour 

to reduce possible background effects. Specimens were then rinsed three times with PBS 

and 0.6% Triton X-100 (Sigma-Aldrich) in PBS (200 µl 3% Triton X-100 with 300 µl 
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PBS) was applied for one hour to reduce surface tension. Slides were then incubated for 

an hour in a blocking solution of 5% goat serum and 0.6% Triton X-100 in PBS. The 

primary antibody (MyoD1, monoclonal) 1:250 dilution in blocking solution was 

incubated overnight at four degrees Celsius. The next day the slides were washed three 

times with PBS for 10 minutes each. The second antibody is added (Desmin, polyclonal) 

1:100 dilution in blocking solution was incubated for two hours at room temperature. 

DAPI was then added and the slides were incubated overnight at four degrees Celsius 

before viewing. 

Muscle Morphometry 

 Basic muscle fiber morphometry was performed to determine if the animals 

experienced muscle atrophy. Methodology for skeletal muscle morphometry was adapted 

from established procedures described in the literature (Armstrong, & Phelps, 1984; 

Eisenberg, 1983; Kasper, 1999). Nuclei and fiber numbers were counted within randomly 

selected rectangular sample areas around the periphery and core of the cross section. The 

mean muscle fiber cross sectional area was determined by dividing the area (µm²) of the 

sample by the total number of fibers counted within that sample area without 

consideration of fiber type. The mean number of nuclei per fiber was calculated by 

dividing the total number of nuclei counted within the fibers counted in the sample by the 

number of fibers counted in the sample. Tracings from 150-200 muscle fibers per muscle 

per rat (2 Ta and 2 HMTA animals at each time point) were drawn using the Nikon 

Eclipse 80i microscope and NIS Elements Advanced Research 4.0 computer software 

system (Nikon Instruments Inc, Melville, NY). Samples included the muscle fibers that 
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crossed the top and right boundaries of the rectangular area and excluded those that 

crossed the bottom and left boarders.   

3.5 Data Collection 

The major variables collected during the study include: 

Independent variables              Dependent variable                    Outcome measures 

  18F-FDG PET – CT                Tissue Changes                18F- FLT/18F FDG uptake                         

  18F-FLT PET – CT                                                          CBC                                                          

  X-ray                                                                               Urine/Creatinine/metal 

              Ta (control)                                                                     Muscle cell Morphology    

              HTMA                                                                            H&E Slides 

             Sham control                                                                   Pellet measurements                     

 Imaging data were collected on each rat after each x-ray and PET-CT scan was 

completed. Perimeters of the implanted pellets were measured in millimeters from the x-

rays images to quantify changes in the pellet size over time. PET scan data were 

quantified by measuring the 18F- FLT/18F- FDG uptake using the maximum SUV. 

Complete blood counts (CBC) were measured as an indicator of inflammation. Urine 

metal levels were measured as an indication of metal released from the pellets into the 

tissues. Data on the rat weight, temperature, appearance were collected once each week to 

regularly assess the animal’s wellbeing. Animal body weight was used to calculate the 

organ (liver, kidney, spleen, testes) to body weight ratio and the muscle (soleus, plantaris, 

gastrocnemius) to body weight ratios. Data were stored in the primary investigator’s (PI) 

lab on a password locked computer to limit access. A portable hard drive was maintained 
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as a backup for data storage. 

 There were varied end-pints for the study.  For Experiment 1, the study endpoint for 

100% of the rats was 16 weeks post-implantation for the implanted rat and the sham 

control rat. For Experiment 2, the study endpoint for 11.43% (4) of the rats was one week 

post-implantation.  The study endpoint for another 11.43% (4) of the rats was seven 

weeks post-implantation. The study endpoint for another 11.43% (4) of the rats was ten 

weeks post-implantation.  The study endpoint for another 11.43% (4) of the rats was 

thirteen post-implantation.  The study endpoint for the final 54.28% (14) of the rats was 

sixteen weeks post-implantation and included the (2) non-implanted control rats and (3) 

implanted back-up rats (one of the original four back-up rats was used as a replacement 

in week one post implantation). A total of 19 animals were euthanized week sixteen post-

implantation.  All rats were euthanized by isoflurane, exsanguination, and pneumothorax 

prior to removal of tissues. Euthanasia was accomplished (IAW the current AVMA 

Guidelines on Euthanasia  

3.6 Data analysis strategy 

 The first specific aim was to investigate changes in inflammation and cell 

proliferation rates over time after HMTA alloy pellets were embedded in the hind leg 

muscles of F344 rats using 18F-FDG and 18F-FLT PET-CT imaging. 18F-FLT was not 

used in the second experiment due to cost constraints. However, imaging analysis to 

quantify 18F- FDG as a measure of glucose uptake used the standardized uptake value 

(SUV). Quantified PET-CT imaging data were compared within and between HMTA and 

Ta groups overtime using repeated measures analysis of variance (ANOVA).  The two 

groups were compared over 5 separate time periods (weeks 1, 7, 10, 13, 16). Animals 
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were sacrificed at each time point for histopathology of tissues. This means that the 

number of animals changes for each time point. There were two groups of six (one Ta, 

one HMTA) for comparison across all the time points. The strength of the findings was 

dependent upon whether or not the assumptions of the statistical technique were violated. 

The assumptions of normality, sphericity, homogeneity of variances should all be met. 

 The second specific aim was to compare phased radiograph (x-ray) images with 

PET-CT images of the implants over time. X-ray and PET-CT image interpretation were 

conducted by another investigator who was blinded to the animal group category to 

reduce bias. X-ray and PET-CT imaging results were compared at each of the five time 

points (weeks 1, 7, 10, 13, 16). Imaging interpretations were compared with the 

histopathology findings (gold standard) from each time point. Perimeters of the implanted 

pellets were measured on the x-rays in millimeters and compared using descriptive 

statistics. 

 The third specific aim was to determine the sensitivity and specificity of using (18F-

FDG) PET-CT imaging as a marker of chronic inflammation in tissue surrounding an 

embedded heavy metal tungsten alloy (HMTA) fragment, when using histopathology as 

the gold standard. Sensitivity was determined from the proportion of disease positive rats 

that test positive for chronic inflammation. Specificity was determined by the proportion 

of disease negative rats that test negative for chronic inflammation.  

 The fourth specific aim was very similar to the first except it is to determine the 

sensitivity and specificity of using (18F-FDG) PET-CT imaging as a marker of tumor 

formation in tissue surrounding an embedded heavy metal tungsten alloy (HMTA) 

fragment using histopathology findings as the gold standard. Sensitivity was determined 
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from the proportion of disease positive rats that test positive for rabdomyosarcoma 

(RMS). Specificity was determined by the proportion of disease negative rats that test 

negative for RMS. 

 Sensitivity =                 Test Positive (RMS present)                                                   
                        Test Positive (RMS present) + Test Negative (RMS present)    
 
                  =                  True Positive                 
                          True Positive + False Negative    
 
Specificity =                 Test Negative (RMS Absent)                                
                      Test Positive (RMS absent) + Test Negative (RMS absent)   
 
                  =                  True Negative           
                       False Positive + True negative  
 

Receiver Operating Curves with a 95% confidence interval (CI) were plotted with 

sensitivity as the y coordinate versus and false positives plotted as the x coordinate. The 

area under the curve (AUC) was determined as the general measure of overall sensitivity 

and specificity. The closer the AUC is to one, the more accurate the test.   

3.7  Protection of animal subjects 

 There was no alternative for surgical implantation of the metal pellets.  Procedures 

were refined to allow for minimal time spent under anesthesia, as well as minimal 

incision and no actual cutting of the muscle tissue.  Over 22,000 pellets have been 

implanted at AFRRI without any complications.  There were no observed signs of 

infection from the surgery, or any discomfort post-operatively in the rodents. Animals 

were only used in activities animals authorized in accordance with the IACUC approved 

protocol.  
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CHAPTER 4 

Results 

 
The results addressing the fours aims are presented in this chapter.  Findings of 

Experiment 1 are discussed first as the results influenced some of the methods for 

Experiment 2. For Experiment 2, tissues changes are described as seen in the PET-CT, X-

ray, and histopathology. Changes in hematology and urinalysis are then presented.  

4.1 Experiment 1 

The purpose of Experiment 1 was to address two of the specific aims:  

1. To investigate changes in inflammation and cell proliferation rates over time after 

HMTA alloy pellets are embedded in the hind leg muscles of F344 rats using 18F-FDG 

and 18F-FLT PET-CT imaging. 

2. To compare phased radiograph (x-ray) images with PET-CT images of the 

implants over time. 

 This experiment was also used as an optimization study to determine if the sixteen 

week time window was long enough to capture tracer uptake changes in the implanted 

animals using PET-CT imaging. Only two rodents were available for comparison. One rat 

died during pellet implantation and was replaced with the back-up animal. The Ta 

implanted animal died the first week post implantation after tail vein injection of 18F-FLT 
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radionuclide. The sham control and the HMTA rats were successfully x-rayed and 

scanned over the six time points.   

 The mean weight in grams for the sham control and HMTA rats were 264 + 11.6 

and 269 + 10.4 respectively. Mean temperatures in Celsius for the sham control and the 

HMTA rats were 37.4 + 0.1 and 36.9 + 0.2 respectively. ImageJ (Rasband, & U.S. 

National Institutes of Health, Bethesda, Maryland, 1997-2012) software was used to 

measure the perimeters of the two implanted pellets on tagged image file format (TIFF) 

copies of the x-ray images. Perimeters of the implanted pellets were measured in 

millimeters (mm) and showed only a small amount of variation. The mean perimeter was 

8.8 ± .03 mm for one pellet and 8.7 ± .05 mm for the second pellet. Changes in the pellet 

shapes were not observed visually by reviewing the x-rays. However, the pellets had 

moved within the hind limb (see Figure 7).  

Figure 7: Experiment 1 x-ray images of HMTA animal 
 

    
 Week 1            Week 4       Week 7           Week 10        Week 13     Week 16 
 
 
 There was a difference between the 18F-FDG SUV max values for the sham control 

(mean 0.38+ 0.04) and HMTA (mean 1.74 + 0.40) (see Figure 8).  
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             Figure 8:  Graph of sham control versus HMTA 18F-FDG maximum SUV values 

 
 

There was very little difference between 18F-FLT SUV max values for the sham control 

with a mean 0.44+ 0.03 and the HMTA mean 0.43 + 0.04 (see Figure 9).  

              Figure 9: Graph of sham control versus HMTA 18F-FLT maximum SUV values 

 
 

The PET-CT scan images offer another visual image of the changes in 18F-FDG uptake 

(see Figure 10).  

 

Maximum FDG Standardized Uptake Values (SUV) 

Over 16 Weeks

0

1

2

3

4

0 2 4 6 8 10 12 14 16 18

Weeks

M
ax
 S
U
V Control

HMTA

 Maximum FLT Standardized Uptake Values 

(SUV) Over 16 Weeks

0
0.1

0.2
0.3
0.4
0.5

0.6
0.7

0 2 4 6 8 10 12 14 16 18

 Weeks

M
ax

  S
U
V

Control

HMTA



 

58 

 

 

Figure10: Experiment 1 PET-CT images 

 
                Week 1                           Week 4                         Week 7 
 

 
                   Week 10                    Week 13                        Week 16         

 

There was an illuminated area on the right leg around the area where the pellets were 

implanted at week one post implantation. This is representative of the increased glucose 

consumption to heal and repair the area of tissue trauma. The illuminated area of the leg 

is not visible the fourth or the seventh week post implantation. A small illuminated area is 

visible by week 10, 13 and is much larger by week 16.  

 The animals healed very quickly from the surgery. The sham control animal did not 

have an illuminated area on the right leg at any of the time points (no images displayed).  
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While changes 18F-FDG uptake in the implanted area were evident over the 16 weeks, 

there was no indication of increased 18F-FLT uptake in that area.  

 Histology slides stained with H&E offered limited results due to small sample and 

artifact from some of the freeze damaged tissue. However, there was an area of the soleus 

muscle exposed to the HMTA pellet which showed a large area of nuclei which appear to 

be invading the muscle fibers (see Figure 11).  

Figure 11: Experiment 1 Hematoxylin & Eosin stained slides comparing Sham to HMTA 
animal  
 

                  
    Sham Control Soleus Week 16 (10x)                        HMTA Soleus Week 16 (10x) 
 
It looks quite different when compared to the control animal. The cross sectional area of 

the muscle fibers sampled in soleus, plantaris and medial gastrocnemius muscles were 

smaller in the HMTA rat than in the sham control (see Table 5).  
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Table 5: Experiment 1 Cross Sectional Area of Muscle fibers, Muscle Fiber and  
              Nuclei Counts 
 

 Sham Control 
 
Muscle 

Fibers 
Sampled 

Muscle Fiber  
CSA µm² 

Number of  
Nuclei in 
Sample 

Number  
Nuclei  
per Fiber 

Soleus 156 1564.70 ± 156.45 462 3.07 ± 0.22 
Plantaris 154 1976.61 ± 394.25 388 2.59 ± 0.33 
Gastrocnemius (M) 171 1905.02 ± 141.38 622 3.69 ± 0.15 
Gastrocnemius  (L) 175 1637.16 ± 135.51 616 3.49 ± 0.16 

 
 Heavy Metal Tungsten Alloy 
 
Muscle 

Fibers 
Sampled 

Muscle Fiber  
CSA µm² 

Number of 
Nuclei in 
Sample 

Number 
 Nuclei 
per Fiber 

Soleus 185 1158.79 ± 22.24 702 3.77 ± 0.24 
Plantaris 174 1291.15 ± 86.38 692 4.03 ± 0.29 
Gastrocnemius (M) 170 1789.24 ±138.37 620 3.62 ± 0.10 
Gastrocnemius  (L) 159 1602.25 ± 98.91 503 3.15 ± 0.10 

    Note.  Mean ± standard error of the mean were annotated for the CSA µm² and the number of nuclei  
              per fiber; CSA – Cross sectional area; µm – micrometer; (M) – medial head of the muscle; 
             (L) – lateral head   of the muscle  
 
 Only slight differences in weight were noted for liver, kidney, spleen, and testes 

weights between the two animals (see Table 6). 

 
Table 6: Experiment 1 Organ Weight Parameters for Euthanized Rats 
 
                          Sham                                                    HMTA 
 
Organ 

Organ 
wt (mg) 

Organ wt/bw 
(mg)/(g) 

Organ 
wt (mg) 

Organ 
wt/bw(mg)/(g) 

Liver 9820 30.31 10440 32.63 
Kidney 1900   5.86   2130   6.66 
Spleen   500   1.54     480   1.50 
Testes 2230   6.88   2330   6.97 

   Note. Data from one sham control rat and one HMTA rat euthanized at 16 weeks post implantation  
   surgery;  mg – milligram; g – gram;  bw – body weight;  Ta Tantalum implanted animals; Sham Control –  
   animals had surgery without any metal pellets implanted; HMTA – Heavy Metal Tungsten Alloy 
   implanted animals 
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         4.2  Experiment 2 

The purpose of Experiment 2 was to address the following aims of the study:  

1. To compare phased radiograph (x-ray) images with PET-CT images of the 

implants over time.   

2. To determine the sensitivity and specificity of using (18F-FDG) PET-CT imaging 

as a marker of chronic inflammation in tissue surrounding an embedded heavy metal 

tungsten alloy (HMTA) fragment known to cause aggressive rhabdomyosarcoma in male 

Fischer (F) 344 rats when using the gold standard of histopathology. 

3. To determine the sensitivity and specificity of using (18F-FDG) PET-CT imaging 

as a marker of tumor formation in tissue surrounding an embedded metal fragment 

(HTMA) known to cause aggressive rhabdomyosarcoma in F344 rats when using the 

gold standard of histopathology.  

 The animals were grouped two different ways. First they were randomly assigned to 

the sham control (n = 2 rats), Ta (n = 17 rats), or HMTA (n = 17 rats) group. Six rats 

from the Ta and HMTA groups were selected as a core group and received five repeated 

x-rays and PET-CT scans over 16 weeks. Four rats were implanted as back-up 

replacements (two Ta and two HMTA). One Ta replacement was used to replace one of 

the core group animals that died after the 18F-FDG tracer injection the first week post 

pellet implantation. Four animals (two Ta and two HMTA) had single PET-CT scans and 

were sacrificed for histopathology at each of the first 4 time points (week 1, 7, 10 and 

week 13). Only two rats (one Ta and one HMTA) had single PET-CT scans week 16. 

 Mean body weights in grams for the Ta and HMTA rats were very similar from the 

first week after the metal pellets were implanted (Ta 213.59 ± 8.10, HMTA 208.53 ± 
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4.28) to week sixteen (Ta 370.63. ± 6.97, HMTA 373.33 ± 6.45). Sham control animals 

weighed less at a mean of only 180 ± 5.0 grams week one but quickly reach 362.50 ± 

12.5 by week sixteen. Body temperatures for the Ta, HMTA, and sham control animals 

were very close over the first nine weeks with mean temperatures of 36.72 ± .10, 36.73 ± 

.12, and 37.2 ± .01 Celsius, respectively. 

         4.2.1.     PET-CT Scans 

 Mixed between–within analysis of variance (ANOVA) was conducted to examine 

the differences in maximum SUVs (SUVmax) for the Ta and HMTA animals over the 16 

weeks. The data were transformed to make the distribution near normal. Unfortunately, 

there were still several other assumptions violated such as homogeneity of variances and 

sphericity. Therefore nonparametric comparisons were employed. The Kolmogorov-

Smirnov Z test was performed to determine if there was a significant difference in 

SUVmax values for the Ta and HMTA animals. There was a significant difference 

between the Ta and HMTA SUVmax values (Z = 1.73, p = .005). Friedman’s ANOVA 

was used to determine if there were significant differences in SUXmax values within the 

same groups over the sixteen weeks. There was no significant change in SUVmax values 

for the Ta animals over the sixteen weeks (X² (4) = 7.07, p = .132). A significant change 

on the SUVmax values for the HMTA animals occurred over the sixteen weeks (X² (4) = 

15.07, p = .005). Wilcoxon signed-rank test was used for post hoc follow up. SUVmax 

values for the HMTA were significantly higher in week sixteen (Mdn = 2.77) than in 

week one (Mdn = 1.51), T = 6, p = .028, r = -.64. The mean group differences in 

SUVmax values are illustrated in Figure 12. 
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Figure12: Mean maximum SUV values for tantalum (Ta) and heavy metal tungsten 
                Tungsten alloy (HMTA) groups 

 
Note. Mean maximum SUV values for tantalum (Ta) and heavy metal tungsten alloy (HMTA) groups.  
 

 Areas of increased illumination were easily identified on the PET images in the area 

of the pellets for one HMTA animal as early as week seven, three animals by week ten, 

six animals by week thirteen and six animals by week sixteen. Ta pellets were visible on 

PET –CT images but there were no associated hot spots or increased illumination was 

observed as an indication of tracer uptake (see Appendix E PET-CT images). 

 A decision matrix described by Park, Goo and Jo (2004) with a scale from one to 

five was used to classify disease status based on SUX max value (1= definitely benign, 2 

= probably benign, 3= possibly malignant, 4= probably malignant, 5 = definitely 

malignant) was used to address aim three (see Appendix B Table 16). Any SUXmax less 

than one were classified as definitely benign. A SUVmax from one up to but less than 

two was probably benign. A SUVmax of two up to but less than four was possibly 

malignant. A SUVmax of four or greater but less than five was probably malignant and a 
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SUVmax of five or greater was definitely malignant. A Receiver Operator Characteristic 

(ROC) analysis (Figure 13) was performed to determine the ideal SUVmax cut off value.  

Figure13: Receiver Operator Characteristic curve of SUVmax changes 

 
The cutoff value was a SUVmax of two with a sensitivity of 86%, specificity of 100%, 

and the area under the curve (AUC) =.938. All SUVmax values less than or equal to two 

were benign and all values greater than two were malignant. Specificity of the PET-CT 

was equal to one for each of the five time points. There were no false positives at any 

time points and all of the animals that were disease negative were correctly identified. 

Sensitivity progressively increased from week one (0.13) to week sixteen (0.86) (see 

Table 7).   
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Table 7: Sensitivity and Specificity of  18F-FDG SUVmax Each Time Point 
 Shape 
Week1 Sensitivity Specificity False Positive Rate 
TP (1/8) TN (8/8) 0.13 1.00 0 
FP (0/8) FN(7/8)    
Week 7     
TP (3/8) TN (8/8) 0.38 1.00 0 
FP (0/8) FN(5/8)    
Week10     
TP (4/8) TN (8/8) 0.50 1.00 0 
FP (0/8) FN(4/8)    
Week 13     
TP (4/8) TN (8/8) 0.50 1.00 0 
FP (0/8) FN(4/8)    
Week 16     
TP (6/7) TN (7/7) 0.86 1.00 0 
FP (0/7) FN(1/7)    
Note. TP – true positive; TN – true negative; FP – false positive; FN – False negatives 
    4.2.2     Changes observed in X-rays 

 
 X-rays were taken one week post pellet implantation and the day before each PET-

CT scan (see Appendix D for x-rays). The perimeter of the implanted pellets was 

measured on the x-ray images in millimeters using ImageJ (Rasband, & U.S. National 

Institutes of Health, Bethesda, Maryland, 1997-2012) on tagged image file format (TIFF) 

copies of the x-ray images. Perimeters of the implanted pellets were measured in 

millimeters (mm) and showed only a small amount of variation over the study period. 

Fifty-six of the 66 total implanted pellets were included for measurements. Pellets that 

overlapped and were not able to be measured independently were excluded from analysis. 

The mean perimeter of the pellets was 10.25 + .23 mm for the Ta animals and 10.98+ .23 

mm for the HMTA animals.  

 Changes in the pellet shapes were not observed by visually inspecting the x-rays 

although some pellets moved and one disappeared (Figure 14).  
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Figure14: HMTA animal with change in pellet number 
 
 

                                                         
ID# 20 Week 1 Post Implantation            ID# 20 Week 7 Post Implantation 
 
There was not a significant difference in pellet parameters between the Ta and HMTA 

rats (Kolmogorov-Smirnov Z, Z = 1.12, p = .164).  Friedman’s ANOVA was performed 

and there was a significant difference in the perimeter of the pellets in the Ta rats (X²(4) = 

25.92, p< .001) and the HMTA rats over the sixteen weeks (X²(4) = 32.67, p< .001). 

Wilcoxon signed-rank test was performed for post hoc follow up and Bonferroni’s 

correction (.05/4) was applied and the level of significance was measured at p < .013.  

TA animals did not have a significant change in pellet perimeter the from week one (Mdn 

= 8.73 )  (T = 18 , p = .333, r = -0.22) to week seven (Mdn= 8.74) nor from week one to 

week ten (Mdn = 8.81) (T = 22 , p = .953, r = -.01)  However, there was significant 

change from week one to week thirteen (Mdn= 12.30) (T = 3 , p = .012, r = -0.56)  and 

week one to week sixteen (Mdn= 12.23) (T = 3, p = .013, r = -0.56). There were 

significant changes in the HMTA pellet perimeters from week one (Mdn= 12.54) to week 

seven (Mdn=8.76 ) (T = 0 , p = .005 r = -0.63), week one to week ten (Mdn= 8.81) (T = 0 

, p = .005, r = -0.63) and week one to week thirteen (Mdn=  12.35) (T = 3, p = .013 r = -
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0.56);  no significant change was noted  from week one to week sixteen (Mdn= 12.34) (T 

= 2 , p = .024, r = -0.50). 

 
         4.2.3     Histopathology Results 

  Liver, kidney, spleen and testes weights were very similar between the TA and 

HMTA animal groups over all five time points (see Appendix B Table). Sham control 

organ weights in week 16 were also very close to those of the other groups. An 

independent t- test was performed to compare differences in HMTA and Ta animal organ 

weights. There were no significant differences in any of the organ weights for the two 

animal groups (see Table 8).  

Table 8: Organ Weight T-Test Comparison for Ta and HMTA Groups   
               (N = 15) 
 Shape 
Organ Group Mean ± SEM t (df) p r 
Liver Ta 37.43 ± 1.0 -.126 (28) .901 .02 
 HMTA 37.67 ± 1.6    
Kidney Ta   5.86 ± .13 -.114 (28) .910 .02 
 HMTA   5.88 ± .15    
Spleen Ta   2.06 ± .05   .567 (28) .575 .01 
 HMTA   2.02 ± .03    
Testes Ta   8.66 ± .32   .448 (28) .657 .08 
 HMTA   8.43 ± .39    

  Note. Organ weight (mg) to body weight (g) ratio (mg/g) used; t- t-test statistic; df –degrees of freedom; 
SEM – standard error of the mean; p – significance, significance is p < .05 (two tailed); r – effect size ( .10 
small, .30 medium, .50 large); Ta – Tantalum implanted animal; HMTA – Heavy Metal Tungsten Alloy 
implanted animal. 
 
Muscle to body weight ratios for the soleus, plantaris and gastrocnemius muscles were 

also compared using a t-test and no significant differences were noted (see Table 9).   
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Table 9: Muscle Weight T-Test Comparison for Ta and HMTA Groups  
              (N = 15) 
  
Muscle Group Mean ± SEM t (df) p r 
Soleus Ta  .35 ± .01 -.096 (28) .924   .02 
 HMTA  .35 ± .01    
Plantaris Ta  .88 ± .02 -.892 (28) .380   .05 
 HMTA  .91 ± .02    
Gastrocnemius Ta    4.66 ± .06  .019 (28) .985 .004 
 HMTA    4.66 ± .07    

Note. Muscle weight (mg) to body weight (g) ratio (mg/g) used; t- t-test statistic; df –degrees of freedom; 
SEM – standard error of the mean; p –significance, significance is p < .05 (two tailed); r – effect size ( .10 
small, .30 medium, .50 large); Ta – Tantalum implanted animal; HMTA – Heavy Metal Tungsten Alloy 
implanted animal. 
 
The mean cross sectional area of the muscle fibers, number of muscle fibers and nuclei in 

the soleus, plantaris, medial and lateral gastrocnemius muscles of the euthanized rats 

were compared at each of the five time points (see Table 10).   
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Table 10: Mean Cross Sectional Area of Muscle fibers, Muscle Fiber and  
                Nuclei Counts 

Week 1 
 TA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus     85 ± 5   .35 ± .01 173 ± 3   951 ± 7.7 673 ± 9  4 ± .01 
Plantaris   190 ±10   .82 ± .03 180 ± 13   953 ± 73.2 602 ± 42 3 ± .01 
Gastrocnemius M   166 ± 10 1023 ± 270.9  508 ± 4 3 ± .02 
Gastrocnemius L   168 ± 3 1186 ± 19.1 575 ± 6 3 ± .09  
Gastrocnemius 1175 ± 35 4.83 ± .01     

 
 HMTA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw(g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus     85 ± 5   .37 ± .03 171 ± 7   977 ± 24.5 637 ± 29  4 ± .32 
Plantaris   190 ± 10   .82 ± .05 181 ± 14    924 ± 64.8 598 ± 44 3 ± .02 
Gastrocnemius M   163 ± 3 1258 ± 18.3 539 ± 75 3 ± .52 
Gastrocnemius L   179 ± 23 1073 ± 19.2 473 ± 88 3 ± .15  
Gastrocnemius 1075 ± 45 4.62 ± .14     

 
Week 7 

 TA  n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   125 ± 5   .39 ± .01 157 ± 5 1377 ± 10.7 621 ± 28  4 ± .06 
Plantaris   270 ± 20   .84 ± .05 174 ±14 1141 ±  19.1 517 ± 78 3 ± .22 
Gastrocnemius M   164 ± 11 1975 ± 520 599 ± 64 4 ± .64 
Gastrocnemius L   168 ± 6 1630 ± 118 637 ± 92 4 ± .67  
Gastrocnemius 1475 ± 5 4.56 ± .09     

 
 HMTA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   115 ± 5   .34 ± .01 154 ± 3 1311 ±  148 633 ±14 4 ± .01 
Plantaris   310 ± 20   .92 ± .03 169 ± 16 1165 ± 64.5 495 ± 52 3 ± .04 
Gastrocnemius M   177 ± 1 1231 ± 23.4 537 ± 13 3 ± .09 
Gastrocnemius L   156 ± 1 1642 ± 20.3 570 ± 15 4 ± .12 
Gastrocnemius 1645 ± 15 4.89 ± .18     

 
Week 10 

 TA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   145 ± 5   .39 ± .01  174 ± 3 1526 ± 47.6 767 ± 9 4 ± .11 
Plantaris   370 ± 20 1.00 ± .01  176 ± 0 1381 ± 90.7  683 ± 10 4 ± .05 
Gastrocnemius M    167 ±15 1562 ± 105 579 ± 21 4 ± .44 
Gastrocnemius L    154 ± 3 1813 ± 163 582 ± 6 4 ± .02 
Gastrocnemius 1810 ± 90 4.87 ± .04     

 
 HMTA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle 
wt (mg)/ 
bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   125 ± 15   .33 ± .02 167 ± 9 1480 ± 68.7 749 ± 35 5 ± .04  
Plantaris   345 ± 5   .92 ± .05 170 ± 1 1238 ± 151 558 ± 28 3 ± .17 
Gastrocnemius M   160 ± 6 1388 ± 212 564 ± 67 4 ± .29 
Gastrocnemius L   168 ± 5 1639 ± 378  587 ± 5 3 ± .14 
Gastrocnemius 1920 ± 120 5.09 ± .09     
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Week 13 

 TA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   125 ± 25    .32 ± .05 167 ± 3 1702 ± 72.6 668 ± 15 4 ± .03 
Plantaris   325 ± 25    .85 ± .01 162 ± 12 1484 ± 14.9 599 ± 61 4 ± .10 
Gastrocnemius M   162 ± 12 1487 ± 114 572 ± 3 3 ± .02 
Gastrocnemius L   160 ± 4 1395 ± 6.1 533 ± 18 3 ± .02 
Gastrocnemius 1735 ± 85 4.55 ± .05     

 
 HMTA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

 Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   110 ± 30   .30 ± .07 161 ± 6 1527 ± 88.6 683 ± 43 4 ± .12 
Plantaris   330 ± 30   .90 ±.06 160 ± 8 1432 ± 72.2 594 ± 35 4 ± .40 
Gastrocnemius M   171 ± 10 1333 ± 64.8 555 ± 6 3 ± .16 
Gastrocnemius L   168 ± 2 1797 ± 174 641 ± 15 4 ± .04 
Gastrocnemius 1650 ± 30 4.48 ± .04     

 
Week 16 n = 4 

 Sham Control n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   120 ± .0    .33 ± .01 166 ± 9  1402 ± 52.2 701 ± 65 4 ± .17  
Plantaris   355 ± 5    .98 ± .02 171 ± 5 1460 ± 86.5 659 ± 76 4 ± .34 
Gastrocnemius M   155 ± 4 1802 ± 199 578 ± 17 4 ± .02 
Gastrocnemius L   158 ± 1 1482 ± 206 543 ± 38 3 ± .26 
Gastrocnemius 1705 ± 15 4.71 ± .12     

 
 Ta n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   133 ± 4.5    .35 ± .01 166 ± 7 1737 ± 38.9 786 ± 62 5 ± .18 
Plantaris   340 ± 7.6    .89 ± .02 162 ± 11 1675 ± 129 611 ± 5 4 ± .29 
Gastrocnemius M   167 ± 10 1518 ± 202 590 ± 48 4 ± .09 
Gastrocnemius L   162 ± 7 1821 ± 259 646 ± 61 4 ±.54 
Gastrocnemius 1761 ± 25 4.59 ± .09     
 HMTA n = 2 
 
Muscle 

Muscle 
wt(mg) 

Muscle wt 
(mg)/bw (g) 

Sample 
Fibers 

Fiber 
CSA µm² 

Sample 
Nuclei 

 Nuclei 
/Fiber 

Soleus   140 ± 8.2    .36 ± .02 162 ± 4 1394 ± 10.9 680 ± 2 4 ± .10 
Plantaris   357 ± 11    .92 ± .03 168 ± 2  1843 ± 53.4 671 ± 19 4 ± .16 
Gastrocnemius M   165 ± 7 1807 ± 143 613 ± 86 4 ± .38 
Gastrocnemius L   162 ± 7  2021 ± 204 646 ± 39 4 ± .07 
Gastrocnemius 1754 ± 22 4.55 ± .06     

Note. wt- weight; mg – milligram; bw – body weight; g – gram; mean ± standard error of the mean 
 were annotated for the CSA µm² and the number of nuclei per fiber; CSA – Cross sectional area; 
 µm micrometer; (M) – medial head of the muscle; (L) – lateral head of the muscle; weight for the 
gastrocnemius muscle is for the entire muscle (medial and lateral heads)  
 
For consistency across all the time points, only two animals from each group (2 sham, 2 

Ta, 2 HMTA) were selected for the last time point. The mean cross sectional fiber areas, 

fiber and nuclei counts were relatively close between the groups at each time. 

 Differences between the Ta and HMTA implanted animals were seen during the 

muscle dissection at necropsy.  Hind leg muscles which contained the HMTA pellets 
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were boggy, very friable, and pale in color compared to the animal muscles with the Ta 

pellets. Three animals had had a black substance that oozed from the pellet site in the 

muscle. The tissue was even more fragile once frozen. The implanted muscle tissue of the 

Ta group maintained a vibrant pink appearance and was not friable or boggy upon 

dissection.  

 Histology slides from the Ta animals showed a small amount of possible 

inflammation and an increased number of nuclei near the actual pellet site. There was 

also evidence of dead cells consistent with the track made through the muscle during 

implantation. H &E slides revealed an ominous picture of centered nuclei within some 

fibers and large areas of nuclei spreading around fascicles and enveloping blood vessels. 

Histology slides were reviewed by one pathologist who was blinded to PET-CT data and 

animal groups (Sham, Ta, HMTA). All of the animals in the HMTA group were 

described as having a malignant invasion of muscle fibers in at least one of the hind leg 

muscles dissected. The lesions varied in location and the presence and degree of necrosis 

but the cellular morphology was consistent.  Muscle fiber infiltration was seen in H&E 

slides as early as the first week post HMTA pellet implantation and was repeatedly seen 

at each following time points (Appendix C for histology pictures).  

 Myogenic determination (MyoD1) and desmin are two of several biomarkers used 

when trying to diagnose rhabdomyosarcoma. Slides were stained from each time point 

for both groups. MyoD1 over expression was detected in the HMTA tissues as early as 

week seven post implantation and following time points.  Over expression of MyoD1 was 

not seen in the Ta tissue. Over expression of desmin was detected by 
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immunofluorescence in the cytoplasm of a few muscle fibers scattered in a mosaic 

pattern in week10 and included larger areas of muscle fibers by week 13 and 16.  

         4.2.4     Hematology Results 

 The third aim of the study was to explore the specificity and sensitivity of 18F-FDG 

PET-CT scans as a marker of inflammation in tissues around embedded fragments. Blood 

component cell numbers and shapes are indicators of health status. Increases in white 

blood cell counts can indicate inflammation. Complete blood counts were performed as a 

comparative measure of inflammation. Due to the small sample size and uneven groups 

the Kolmogorov-Smirov Z test was used to determine if there were differences between 

the groups for week seven, ten and thirteen (see Appendix B for Tables 12.1, 12.2 and 

12.3). Only two viable blood specimen were obtained from week one (one Ta, one 

HMTA) and lab results were very similar for the two animals with the exception of the 

difference in the number of platelets. The HMTA animal was flagged as for a high value 

of 624 for platelets (Table 11A & 11B).  

 Table 11A: Experiment 2 Hematology Parameters for Euthanized Rats 
 Week 1 Post Implantation 

 Ta                HMTA 

White blood cells (10³/mm³)   3.4                   4.0 

Red blood cells  (106/mm³)     8.33                   8.15 

Hemoglobin (g/dl)                     16.0                  15.2 

Hematocrit (%) 44.3                  43.2 

MCV (fl) 53.0                  53.0 

Note.  Data from week 1 contained one Ta observations and one HMTA observations (one Ta and one 
HMTA specimen were discarded. MCV – mean corpuscular volume; MCH – mean corpuscular 
hemoglobin; MCHC- mean corpuscular hemoglobin concentration; RDW – red blood cell distribution 
width; MPV – mean platelet volume;  Ta- Tantalum implanted animals; HMTA – Heavy Metal Tungsten 
Alloy implanted animals. 
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Table 11B: Experiment 2 Hematology Parameters for Euthanized Rats 
 Week 1 Post Implantation 

 Ta               HMTA 

MCH (pg) 19.2                  18.6 

MCHC (g/dl) 36.2                  35.1 

RDW (%) 13.6                  12.5 

Platelets (10³/mm³)                    489.0                624.0 

MPV (fl)   5.9                    5.9 

Lymphocytes (10³/mm³)   1.4                    1.8 

Monocytes (10³/mm³)   0.4                    0.5 

Granulocytes (10³/mm³)   1.6                    1.7 

Note.  Data from week 1 contained one Ta observations and one HMTA observations (one Ta and one 
HMTA specimen were discarded. MCV – mean corpuscular volume; MCH – mean corpuscular 
hemoglobin; MCHC- mean corpuscular hemoglobin concentration; RDW – red blood cell distribution 
width; MPV – mean platelet volume;  Ta- Tantalum implanted animals; HMTA – Heavy Metal Tungsten 
Alloy implanted animals. 
 
That was higher than compared to the 489 platelet count for the sham control but only 

slightly higher than the normal platelet value for rats. 

 There were no statistically significant differences in any of the hematological values 

measured between the Ta and HMTA groups for the first four time points (week 7, 10 

and 13). Statistical significance was measured at p < .05. The Kruskal-Wallis Test was 

performed to compare the sham control (n = 2), Ta (n = 8) and HMTA (n = 9) groups for 

final time point (Table 12).  
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Table 12: Experiment 2 Kruskal-Wallis Test (Sham, Ta, and HMTA) Hematological 
Comparisons From Week 16 

            Sham                      Ta                       HMTA 
 X ± SEM X ± SEM X ± SEM H(df) p 
WBCs (10³/mm³)     5.35 ± 0.50     3.79 ± 0.23   3.89 ± 0.27 5.31(2) .070 
RBCs  (106/mm³)     9.06 ± 0.24    8.47  ± 0.07   8.17 ± 0.09 10.15(2) . 006* 
Hemoglobin (g/dl)   15.70 ± 0.20   14.95 ± 0.11 14.94 ± 0.15 4.57(2)  .102 
Hematocrit (%)   45.60 ± 1.20   43.85 ± 0.51 43.20 ± 0.48 3.73(2)  .155 
MCV (fl)   50.00 ± 0.00   51.88 ± 0.35 52.89 ± 0.31 8.42(2)  .015* 
MCH (pg)   17.35 ± 0.15   17.65 ± 0.12 18.29 ± 0.14 7.39(2)  .025* 
MCHC (g/dl)    34.45 ± 0.45   34.14 ± 0.31   34.60 ± 0.30      1.55(2)   .462 
RDW (%)  14.20 ± 0.40   14.26 ± 0.24 13.64 ± 0.13 6.06(2)  .048* 
Platelets (10³/mm³) 572.50 ± 52.50 503.13 ± 31.75 523.44 ± 25.27 1.26(2) .532 
MPV (fl)   6.60 ± 0.10     6.30 ± 0.06    7.01 ±  0.11  12.49(2)  .002* 
Lymphocytes 
(10³/mm³) 

 
  2.40 ± 0.30 

 
    1.61 ± 0.15 

 
  1.63 ± 0.15 

 
4.06(2) 

 
.132 

Monocytes (10³/mm³)   0.60 ± 0.00     0.38 ± 0.04   0.41 ± 0.04 4.67(2) .097 
Granulocyte 
(10³/mm³) 

 
  2.35 ± 0.25 

 
    1.80 ± 0.09 

 
  1.84 ± 0.11 

 
4.23(2) 

 
.121 

Note.  Data represents the mean (X) + standard error of the mean (SEM).Data from week 16 contained 
eight Ta, nine HMTA and two sham control observations (N = 19 Sham control n = 2, Ta n = 8, HMTA n = 
9); WBCs – white blood cells; RBCs; red blood cells MCV– mean corpuscular volume; MCH – mean 
corpuscular hemoglobin; MCHC- mean corpuscular hemoglobin concentration; RDW – red blood cell 
distribution width; MPV– mean platelet volume;  Ta- Tantalum implanted animals; HMTA– Heavy Metal 
Tungsten Alloy implanted animals; H – test statistic for the Kruskal-Wallis test; df – degrees of freedom; 
MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC- mean corpuscular 
hemoglobin concentration; RDW – red blood cell distribution width; MPV – mean platelet volume; Ta- 
Tantalum implanted animals; HMTA – Heavy Metal Tungsten Alloy implanted animals; Sham Control – 
animals had surgery without any metal pellets implanted; p – significance; * - significance is p < .05 
 
There was a statistically significant difference in RBC (H(2) = 10.15, p = .006), MCV 

(H(2) = 8.42,  p = .015), MCH (H(2) = 7.39,  p = .025), RDW (H(2) = 6.06, p = .048) and 

MPV (H(2) = 12.49,  p = .002) of the hematological values between the sham control, Ta 

and HMTA animals for week 16. Mann –Whitney tests were used as post hoc tests with a 

Bonferroni correction and a critical value for significance at p <.017.     

 There were no significant differences between the sham control and the Ta animals 

or the sham and HMTA animals for any of the hematological parameters measured (p > 

.017) (See Tables 13 and 14).  
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Table 13: Mann-Whitney Post Hoc Test for Kruskal-Wallis Test Tantalum vs 
HMTA 
 Ta 

Mdn 
HMTA 

Mdn 
 

U 
 

z 
 

       p          r 

RBCs 
(106/mm³) 

 
 8.50 

 
  8.17 

 
10.00 

 
-2.503 

   
   .011*      .61 

MCV (fl) 52.00 53.00 15.50 -2.074    .046        .50 
MCH (pg) 17.75 18.30 11.00 -2.146    .015*      .52 
RDW (%)       14.35      13.50 12.50 -2.270    .021        .55 
MPV (fl)  6.30   7.00   2.00 -3.288    .001*      .80 

 Note. N = 17 ( Ta n = 8, HMTA n = 9); Mdn – median; U – test statistic for the Mann-Whitney test;  RBCs 
- red blood cells; MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC- mean 
corpuscular hemoglobin concentration; RDW – red blood cell distribution width; MPV – mean platelet 
volume;  Ta- Tantalum implanted animals; HMTA – Heavy Metal Tungsten Alloy implanted animals p – 
significance; * -  significance is p < .0167 (Bonferroni correction .05/3); r = effect size ( .10 small, .30 
medium, .50 large) 
 
Table 14: Mann-Whitney Post Hoc Test for Kruskal-Wallis Test Sham Control vs  
         Tantalum 

 
 Sham 

Mdn 
Ta 

Mdn 
 

U 
 

z 
 

      p          r 

RBCs(106/mm³)            9.06         8.50          .0   -2.089    .044       .66 
MCV (fl) 50.00 52.00 1.0 -1.917    .089       .61 
MCH (pg) 17.35 17.75 3.5 -1.186    .267       .38 
RDW (%) 14.20 14.35 6.5   -.394    .711       .12 
MPV (fl)   6.60 6.30 1.0 -1.845    .089       .58 

Note. N = 17 ( Sham n = 2, Ta  n = 8); Mdn – median; U – test statistic for the Mann-Whitney test;  RBCs – 
Red blood cells; MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC- mean 
corpuscular hemoglobin concentration; RDW – red blood cell distribution width; MPV – mean platelet 
volume;  Ta- Tantalum implanted animals; Sham - sham control animals had surgery without any metal 
pellets implanted;  p – significance; * -  significance is p < .0167 (Bonferroni correction .05/3); r = effect 
size ( .10 small, .30 medium, .50 large) 
  
However there was a significant difference between the Ta (RBC Mdn = 8.51, MCH Mdn  

= 17.75, MPV Mdn = 6.3) and HMTA (RBC Mdn = 8.17, MCH Mdn = 18.30, MPV Mdn  

= 7.0) animals (see Table 15).  
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Table 15: Whitney Post Hoc Test for Kruskal-Wallis Test Sham Control vs HMTA 
 
 Sham 

Mdn 
HMTA 

Mdn 
 

U 
 

z 
 

      p                r 

RBCs  
(106/mm³) 

 
9.06 

 
  8.17 

 
  .0 

 
-2.126 

    
   .036            .64 

MCV (fl) 50.00 53.00   .0 -2.236    .036            .67 
MCH (pg) 17.35 18.30 2.0 -1.657    .145            .50 
RDW (%) 14.20     13.50 2.5 -1.550    .145            .47 
n MPV (fl)   6.60  7.00 2.5 -1.543    .145            .47 

Note. N = 17 ( Sham n = 2, HMTA  n = 9); Mdn – median; U – test statistic for the Mann-Whitney test;  
MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC- mean corpuscular 
hemoglobin concentration; RDW – red blood cell distribution width; MPV – mean platelet volume; Sham – 
sham control animals had surgery without any metal pellets implanted; HMTA – Heavy Metal Tungsten 
Alloy implanted animals p – significance; * -  significance is p < .0167 (Bonferroni correction .05/3); r = 
effect size ( .10 small, .30 medium, .50 large) 
  
However, all animal hematological values were within normal limits with the exception  

of the RDW which was low for all of the animals. 

         4.2.5     Urinalysis 

 Urine cobalt (Co), nickel (Ni), tungsten (W) and tantalum (Ta) levels from the 

euthanized animals were measured an indication of the metals released from the pellets 

over the 16 weeks. The Kolmogorov-Smirnov Z test was performed to determine if there 

were significant differences between the urine metal levels of the HMTA and Ta animal 

groups. There was a significant difference in the urine metal levels for Co (Z = 2.69, p < 

.001), Ni (Z = 2.53, p < .001) and W (Z = 2.87, p < .001). The Ta urine level was not 

significantly different between the two groups(Z = .496, p = .966). As expected the Ta 

animals had only trace amounts of W, Ni, and Cobalt in their urine. Urine Ta levels for 

both groups appeared to peak seven weeks and again at sixteen weeks with the HMTA 

animals having slightly higher levels than the Ta group. Urine Co, Ni and W urine levels 

were highest for the HMTA group week one, declined to a low at week thirteen and were 

elevated again by week sixteen (Figures 15,16,17,18). 
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Figure15: Tungsten Urine Metal Levels for Ta and HMTA Animals 

 
 
Figure16: Nickel Urine Metal Levels for Ta and HMTA Animals 
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Figure 17: Cobalt Urine Metal Levels for Ta and HMTA Animals 

 
 
Figure18: Tantalum Urine Metal Levels for Ta and HMTA Animals 

 
 
4.3 Results Summary 

 In this chapter the results of comparisons between the small animal PET-CT and x- 
 
ray images were reported. Statistical analysis and data comparisons between Ta and  
 
HMTA animal groups for tracer uptake, organ and muscle tissue weights, histology,  
 
blood, urine were also reported. A discussion of these results is found in the next chapter.  
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CHAPTER 5 

Discussion, Limitations, Recommendations 

 The purpose of this pilot study was to determine if PET-CT offers greater 

sensitivity for screening in situ tissue reactions to toxic embedded fragments when 

compared to x-ray. In this chapter results, limitations and implications for future research 

are discussed.  

5.1 Experiment 1 Relevant Findings 

 Two key findings were generated from the first experiment.  First, when comparing 

the uptake of 18F-FDG and 18F-FLT for the HMTA or sham control animal over the 

sixteen weeks there was no indication of increased 18F-FLT uptake for either animal 

(Aim 1).  18F-FDG is a nonspecific tracer which can exhibit increased uptake in areas of 

inflammation, infection and also areas of increased glucose metabolism including those 

resulting from the formation of some tumors (Love, Thomas, Tronco, & Palestro, 2005). 

Inflammation is a component of malignant tumors and also some benign tumors (Majno, 

& Joris, 2004). 

18F-FLT uptake is tumor specific and a measure of cellular proliferation (Waarde & 

Elsinga, 2008). Some studies provided evidence that tumors with low TK1 expression can 

result in lower tumor uptake of 18F-FLT (Chen, & Chen, 2011; Zhang, Yan, Li, et al., 
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2011). In a study of the selectivity of 18F-FDG and 18F-FLT uptake in the presence of 

inflammation and tumors in male Wistar rats, investigators noted that there was an initial 

lack of 18F-FLT uptake by the tumors. The animals had to be pretreated with an 

intravenous infusion of thymidine phosphorylase to decrease the serum level of 

endogenous thymidine in the rats prior to the 18F-FLT tail vein injection. Once this 

pretreatment was incorporated into the protocol, the 18F-FLT uptake in the tumors was 

equivalent to that of 18F-FDG (Waarde, et al. 2004). The problem was that pyrimidine or 

thymidine kinase1 transporters were blocked or in competition with the rat’s high serum 

levels of endogenous thymidine and this limited 18F-FLT uptake. This pretreatment was 

not a part of the protocol for this experiment and may explain why there was not an 

increase FLT uptake over the sixteen weeks. 

 A second finding was that the 18F-FDG uptake in the HMTA animal followed an 

expected pattern of an initial increase in response to pellet implantation surgery and 

subsequent wound healing with decreased tracer uptake when the wound was healed, 

followed by gradual increases as disease developed at the pellet site. These results 

indicated that 18F-FDG uptake changes could be seen in the implanted animal within the 

sixteen week time window. This was important because only two pellets were implanted 

in the animal. The lowest dose of HMTA pellets implanted in a previous study was four 

pellets (Kalinich, et al, 2005).This was illustrated in a comparison of the six PET-CT 

images (see Figure 10). Pellet movement was the only change observed on x-ray over the 

sixteen weeks when compared to the PET-CT images for the same time period (Aim 2).   
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 5.2 Experiment 2 Relevant Findings 

Several findings were generated from the second experiment. First, X-rays provided 

very limited information (Aim 2). Metal pellet movement within the legs of several 

animals was observed by the progression of five x-rays but there were no other 

observable pellet changes over the sixteen weeks (see Appendix D for x-ray images). 

Shrapnel is known to migrate within soft tissues (Urban, Tomlinson, Hall, & Jacobs, 

2004; Schroeder, Lowe, Chaimsky, Liebergall, & Mosheiff, 2010). Pellet movement 

added an uncontrollable element of difficulty to the pellet perimeter measurements.  

 A second finding was that there was no significant difference in the pellet perimeter 

measurements between the HMTA and TA groups (Aim 2). However, there were a few 

statistically significant changes in pellet perimeter measurements between time points 

within both Ta and HMTA animal groups. This is probably due to measurement 

inaccuracies. The actual pellet dimensions are only 1mm x 2mm in size and there is over 

a 3mm difference in the median of the perimeter measurements for multiple time points. 

Data from another much larger study that implanted the same type and size of Ta and 

HMTA pellets indicated no change in the pellet weights and shapes (Kalinich, et al., 

2005). It was surprising that there was no significant difference between the HMTA and 

Ta pellet perimeter measurements considering how quickly the Co, Ni and W metals 

were released from the pellets and excreted through the urine.  

 A third important finding of Experiment 2 was related to the information provided 

by PET-CT.  The location of the metal pellets and increased changes in 18F-FDG uptake 

in the region of interest (ROI) around the pellets were captured on PET-CT images over 

the sixteen weeks (see Appendix E for PET-CT images). 18F-FDG uptake was 
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significantly different between the Ta and HMTA animal groups (Aim 2). The Ta group 

maintained consistently low tracer uptake over the five time points. The HMTA group 

had a significant within group change in tracer uptake from the first to the sixteenth week 

post pellet implantation (p = .028) and the effect of the change was large (r = -.64) 

(Cohen, 1988).  PET–CT imaging had a sensitivity of 86%, specificity of 100%, and the 

area under the curve (AUC) was 0.938 for this experiment. There were no false positives 

and 14% of the disease positive rats were classified as benign at 16 weeks post 

implantation (Aims 3 & 4). 

 A fourth finding relates to the histology. While animals implanted with the HMTA 

pellets (n=15) did not have visible or palpable tumors at sixteen weeks post pellet 

implantation, they all had histological signs of an invasive disease process (Aims 3 & 4). 

Typical skeletal muscle fibers are polygonal in shape, multinucleated with the nuclei on 

the periphery of the fiber when looking at a cross section. It is abnormal for skeletal 

muscle fiber nuclei to be centrally or internally located within the fiber (Karpati, Hilton-

Jones, Busby, & Griggs, 2010). Large nuclei indicate active protein synthesis and odd or 

irregularly shaped nuclei are common in malignant tumors (Gisselsson, et al., 2001; 

Majno, & Joris, 2004; Webster, Witkin, & Cohen-Fix, 2009). Atypical features observed 

were central nuclei, increased number of nuclei, irregularly shaped nuclei and clusters of 

cells. Rounded muscle fibers and some fibers without nuclei were also observed. Large 

numbers of nuclei and other cells infiltrated and destroyed muscle fibers in the area. This 

100% malignancy rate is consistent with the findings of Kalinich, et al. (2005). HMTA 

tissue specimen stained positive for desmin over expression as early as thirteen weeks 

post implantation and stained positive for myoD1 as early as seven weeks post 
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implantation. As expected, the Ta animals (n=15) did not develop signs malignancy near 

the pellet sites during the study. 

 A fifth finding was related to other physiological changes in the animals. All 

animals gained weight over the time of the study and there were no significant 

differences in organ (liver, kidney, spleen, testes) or muscle (soleus, plantaris, 

gastrocnemius) weights. Cachexia is a syndrome of cancer related to weight loss due to 

depleted fat stores, muscle wasting, and atrophy. Dramatic weight loss is not common in 

patients with sarcoma. Weight loss is associated with a shortened length of survival in 

cancer patients (Tisdale, 2009). Mean cross sectional fiber areas, fiber and nuclei counts 

were close between the groups at each time point. There was no evidence of muscle 

wasting in either animal group (Aim 4). Hematological values were within normal limits 

for both animal groups with the exception of the RDW which was low for all of the 

animal groups (Sham, Ta, HMTA) (Aim 3). 

 The most surprising finding was the invasive muscle fiber damage that was visible 

on histology slides as early as the first week post pellet implantation for the HMTA 

animals (Aim 3 & 4). HMTA implanted animals had not previously been sacrificed for 

histopathology this early after pellet implantation. Co, Ni, and W urine metal levels were 

highest in HMTA animals one week post implantation and then decreased until week 

sixteen post implantation. This means that the metals were released into the tissues very 

quickly. Ta urine metal levels peaked at seven and sixteen weeks post implantation for 

both animal groups. These results are consistent with the urine metal findings of 

Kalinich, Vergara and Emond (2008). 
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 Lastly, PET-CT imaging did not detect the increased metabolic activity until weeks 

ten post implantation. However, the x-rays gave no indication of the underlying neoplasia 

at any time over the sixteen weeks (Aim 2). Thus, PET-CT imaging is a tool that can be 

beneficial in the early detection of cellular changes around embedded fragments.  

5.3  Limitations 

 Despite the significant findings, limitations must be acknowledged.  Since this was 

a pilot study, the number of animals was minimized.  In the first experiment, two animals 

died. One died during the implantation surgery and the back-up animal was used as a 

replacement. The second animal was the Ta control animal which died after the PET-CT 

scan tracer injection leaving no Ta control animal to compare to the HMTA animal over 

the sixteen weeks. Only a small number of animals were available for histological 

comparison at each time point (2 Ta, 2 HMTA) in the second experiment.  And most 

importantly, the sample size was too small for statistics beyond simple description in the 

first experiment and limited the use of more powerful parametric statistics in the second 

experiment. 

 There were also limitations of the measures.  The pellet perimeter measurements 

were drawn free hand by the same investigator, unlike the ROI for the PET –CT scan 

which was set with a saved template. The pellets moved, and the animals grew over the 

16 weeks so the measurements were subjective from time point to time point.  

Furthermore, there were unmeasured variables that may have improved the study.  The 

investigator was unaware that the endogenous thymidine level of rats can reduce 18F-FLT 

uptake. This should be incorporated in future studies. 
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Several procedural limitations were experienced.  Snap freezing the muscle tissue in 

liquid nitrogen until it was transferred to the -80 freezer resulted in extensive freeze 

damage to a large portion of the specimen in the first experiment. Isopentane cooled with 

liquid nitrogen was less damaging to tissues in the second experiment, although some of 

the samples were damaged. Formalin-fixed, paraffin embedded tissue can give a much 

clearer picture, with better resolution. However, it is not recommended for muscle. 

Histology should be performed on frozen tissue (Karpati, Hilton-Jones, Bushby, & 

Griggs, 2010).  

 Lastly, huge limitations were related to issues of feasibility and limited resources. 

PET-CT imaging is expensive. Even if the laboratory has one, one must budget for the 

cost of using the equipment, staff, and the radionuclides.  18F-FLT costs approximately 10 

times as much as 18F-FDG therefore it was not used in the second experiment. In an effort 

to keep the protocol financially feasible, a few decisions were made at the start (e.g., 

number of animals) and modifications were made after the first experiment (e.g., the 

sham control animals were not scanned in the second experiment). Future studies may be 

able to use these pilot findings to improve the design of studies.  

 A last limitation relates to the translation of findings from animal studies to 

humans.  Small animal PET-CT technology is comparable to large PET-CT used on 

humans in medicine and clinical research and can provide a bridge to translate imaging 

experiments across species. However, the findings from this animal study cannot be 

directly extrapolated to humans.  Rats are more sensitive to foreign body and radiation 

induced sarcomas than humans (Brand, Johnson, & Buoen, 1976; Hahn, Guilmette, & 

Hoover, 2002; McGregor, Baan, Partensky, Rice, & Wilbourn, 2000). These preliminary 
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findings cannot be generalized to other species. Additional research must be done before 

the usefulness of PET- CT in surveillance of cellular changes around embedded 

fragments in humans can be determined.  

5.4  Implications  

         5.4.1     Research Implications   

 The findings from this pilot indicate that more work needs to be done to determine 

if embedded fragments are harmful for humans. Since this was a relatively small pilot 

study, additional animal research is needed in several areas. 18F-FDG is a nonspecific 

tracer which can exhibit increased uptake in areas of inflammation, infection, and also 

areas of increased glucose metabolism including those resulting from the formation of 

some tumors (Love, Thomas, Tronco, & Palestro, 2005). Inflammation is a component of 

malignant tumors and also some benign tumors (Majno & Joris, 2004).  This can 

potentially lead to false positive results in patients with healing surgical wounds or other 

injuries in addition to a tumor (Brown, et al., 2012). 18F-FLT uptake is tumor specific and 

a measure of cellular proliferation (Waarde & Elsinga, 2008). In this pilot study, 18F-FLT 

uptake did not reflect the cellular proliferation occurring in tissues at the site of the 

HMTA pellets. This was probably due to the high endogenous thymine level of the rats. 

Future studies could have a similar design, but should give an intravenous infusion of 

thymidine phosphorylase prior to the 18F-FLT injection. Different metals could also be 

implanted such as lead, tungsten cobalt and plastic fragments under the skin of the rats. 

Plastic induces sarcoma in rats and mice (Majno & Joris, 2004).  

 Human studies are needed.  Since an embedded fragment surveillance and 

monitoring system already exists, perhaps they could include PET-CT imaging as part of 
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their protocol. A pilot study using PET-CT on a random sample of veterans and service 

members in the toxic embedded surveillance center or a large military medical facility 

with controls could provide valuable information. Participants would have positive urine 

metal levels for at least one metal from a list of toxic metals currently monitored by the 

Department of Defense. Again the sensitivity of PET-CT to detect metabolic changes 

around the embedded fragments would need to be evaluated. 

 Although not studied in this project, genetic testing is another consideration that 

should be considered within the population of veterans with embedded fragments. In 

vitro testing of the effects of W, Ni, Co and other metals used in munitions have been 

studied and were found to be genotoxic and mutagenic (Miller, Xu, Stewart, Emond et 

al., 2000; Miller, Mog et al., 2001; Miller, Xu, Stewart, Prasanna & Page,  2002; Miller, 

Brooks, Smith & Page, 2004). DNA testing is routine for most service members when 

entering the military thus a comparison of the initial DNA with a post combat injury 

samples over time may provide information on changes associated with retained metal 

exposure.   

 5.4.2     Clinical Practice Implications 

 Nurses, physicians and others providing primary care for returning veterans should 

be aware of the implications of retained shrapnel. Health care providers should inquire 

about a patient’s history of combat injuries and whether or not they have retained 

shrapnel in their body. Standard forms for patient medical histories should include a 

question about the presence of retained metals of shrapnel. Perioperative nurses are very 

consistent in asking patients if the patient has any medically implanted devices or metal 
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implants and this should be expanded to also include retained shrapnel or embedded 

fragments. 

 Improved monitoring for possible changes and migration to other areas of the body 

should be promoted. PET-CT imaging might be a viable non-invasive option for 

surveillance of those patients. If their patient is not already on the TEFSC registry, they 

should be encouraged to consider it. Monitoring should include an evaluation when metal 

fragment are removed from a patient. That fragment needs to be analyzed for 

composition. Knowing what the patient has been exposed to gives the health care 

provider valuable information. It also means that the fragment has to be handled properly. 

It should be placed in a sterile container, labeled with the patients identifying information 

and sent for analysis. 

 Lastly, health care providers should consider the possible consequences of leaving 

shrapnel in patients when it is not in a joint space, near a neurovascular bundle, 

obstructing bodily function or causing pain. Blast injuries can result in multiple shrapnel 

injuries that are not all necessarily composed of the same materials. Until the embedded 

fragment is removed and analyzed for composition, it is difficult to determine exactly 

what exposure occurred. In this pilot study, weapons grade tungsten alloy induced a 

neoplastic process in the hind limb skeletal muscle of male F344 rats one week post 

metal implantation.  

 5.4.3     Policy Implications  

 Approximately 50,000 military members have been wounded in the GWOT and 

many of them have retained metal from their injuries. Yet many service members and 

veterans are not aware of the embedded fragment surveillance center. State level 
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embedded fragment registries should be designed and implemented to accommodate 

wounded warriors across the country. The system could be designed so that state level 

data are simultaneously entered into the national level database. State level registries 

could be operated out of a VA medical facility in each state. Veterans could be monitored 

for adverse health effects associated with the embedded metal and treated as necessary. 

Data could be collected and analyzed from a larger population while researchers study 

the long term health effects. Health care providers would be able to confer with 

colleagues and experts in metal toxicology about cases through a central network. 

 Metal toxicity and concern about the health effect of implanted metals is not unique 

to the military. Civilians in the United States face the threat of global terrorism and 

injuries related to it. There is also recent concern about metals shavings and high 

chromium and cobalt levels from hip implants, tungsten particles left in breast cancer 

patients from tungsten shielding, neuropathies from zinc in denture crème and lead and 

cadmium in children’s toys imported from overseas. A registry for civilians with 

embedded fragments should be modeled after the one previously described using major 

medical centers around the country. It should include information on implanted medical 

devices also. That would provide additional data to study the long term health effects of 

these implanted and embedded metals. Once there is additional evidence to determine 

what adverse health effects are associated with particular metals, alloys or implants, 

policies should be created to protect the public. 

5.5 Conclusions 

 The country is at war and the inevitable truth is that there will be more blast injuries 

and wounded warriors with embedded fragments of metal and plastics. More research is 
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needed on how these materials interact with the human body and there consequences. In 

this pilot study, a HMTA induced an aggressive cancer in F344 male rats within one 

week post pellet implantation. PET-CT imaging is a non-invasive three dimensional view 

of molecular processes in a region of interest. It offers a much higher level of sensitivity 

and specificity than traditional x-rays and can be a useful tool in the surveillance of toxic 

embedded fragments.  
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APPENDIX A: 

Operating Procedures and Letters of Approval for Study 

 
CNRM SOP #3: Small Animal In vivo PET/CT Imaging 

1. SOP Objective: This standard operating procedure (SOP) describes the basic methods 

for conducting small animal PET/CT imaging within the Translational Imaging Facility 

(TIF). This SOP may be duplicated or referenced for IACUC submission. 

2. Non-technical Synopsis: Positron emission tomography (PET) relies on the 

tracer principle, in which a small quantity of a radiopharmaceutical is introduced into the 

body to monitor a physiological function. For example, Fludeoxyglucose (FDG) labeled 

with F-18 (half-life = 110 min) is a glucose analog and the most commonly used 

radiopharmaceutical for PET imaging. FDG provides an excellent reflection of glucose 

utilization and metabolism, which can be a prognostic indicator for various medical 

conditions. PET imaging is a noninvasive and supremely sensitive tool for imaging the 

distribution of PET-labeled tracers inside the body. Signal sensitivity is a prerequisite for 

studies of biological pathways and binding sites that function at very low activation 

levels. One limitation of PET imaging is the poor spatial resolution (2 mm), which is 

further degraded with animal motion. Motion artifacts are problematic and can 

significantly reduce image quality and increase uptake uncertainty, which is why animal 

restraints in the form of anesthesia and specialized holders are essential to obtaining 

quality PET images. Moreover, physiological gating (respiratory or ECG) can be used to 

minimize motion artifacts due to respiratory or cardiac motion. It should be noted that 

PET images are void of anatomical information and are usually correlated with another 



 

92 

 

 

imaging modality such as computed tomography (CT) or magnetic resonance (MR) 

imaging. Thus, in most cases, a high resolution (~100 micron) CT image will be obtained 

in conjunction with the PET image.  

3. Procedures: 

A. Small Animal PET Imaging: Positron Emission Tomography (PET) imaging 

will be performed on the Siemens Inveon PET system in the Center for Neuroscience and 

Regenerative Medicine (CNRM) Translational Imaging Facility (TIF), room G163. Prior 

to imaging, a trace amount (< 0.5 milliCuries, mice; < 2 milliCuries, rats) of a short-lived 

radioisotope (F-18) is administered by IV injection according to this SOP, section C, or 

the investigator’s protocol. Typically, 10 – 120 minutes is allotted for radiotracer uptake, 

with the animal either resting under anesthesia or awake, followed by a PET imaging 

session. The animal can also be placed in the scanner prior to radiotracer injection and 

images obtained during uptake (dynamic scanning). This dynamic scan provides data to 

support kinetic modeling. Imaging sessions generally range between 10 and 120 minutes 

depending on the target organ, organ uptake coefficients, the tracer half-life, and injected 

activity.  

To position the animal within the scanner, the animal is either placed on the 

Inveon imaging bed or in a specialized animal holder with bite bar and auto-positioned 

using Inveon software. An animal-sized nose cone provides anesthesia and waste gas 

disposal pathways during the imaging procedure, in accordance with section D. Animal 

monitoring before, during, and after scanning is addressed in section E.  

B. Small Animal CT Imaging: Computed Tomography (CT) will be performed on 

the Siemens Multimodality system in the CNRM TIF, room G163. Rodents will be 
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anesthetized according to this SOP or the investigator’s protocol and imaged for 5 – 20 

min. Anesthesia and animal monitoring will be conducted in accordance with sections D 

and E. X-ray contrast agents (e.g., Fenestra) may be utilized to enhance image quality and 

to visualize the vascular system. The injection of contrast agents will be addressed under 

the investigator’s protocol.  

C. IV Injection: Intravenous (IV) injection will be conducted under anesthesia 

unless addressed by the investigator’s protocol. Either tail vein or penile vein injections 

may be used depending on the accessibility and visibility of the vein. For tail vein 

injections, the tail will be cleaned with alcohol followed by the insertion of a small 

catheter or needle into the distal portion of the tail vein (mouse: 25 to 30 gauge needle on 

PE10 or MicroRenathane tubing and rat: 22 to 25 gauge IV catheter). In most cases, the 

penile vein is readily identifiable and easily accessible by gently sliding downward and 

pressing at the base of the penis. To control bleeding, gentle pressure is applied directly 

to the injection site.   

Maximum IV injection volumes will be 10 ml/kg for mice and 5 ml/kg for rats. 

For multiple daily studies, maximum daily cumulative IV injection volumes will be 20 

ml/kg for mice and 10 ml/kg for rats. Following injection of radiotracer, animals will be 

maintained on plastic-backed absorbent paper to contain radioactive secretions prior to 

being placed into the Inveon System. 

D. Induction and Maintenance of Anesthesia: Isoflurane anesthesia is provided by 

the facility using a precision vaporizer and is the recommended anesthetic for rodent PET 

imaging. However, other anesthetics may be used if deemed appropriate. In general, 

induction of anesthesia with isoflurane (2-5%) is conducted with the animal placed in an 
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appropriate-sized clear chamber. Anesthesia is maintained during the uptake period and 

during the scan using a ‘flow through’ nose cone (1-3%). Facility vacuum in G163 will 

be used for waste anesthesia gas disposal (WAGD).  

E. Animal Monitoring: Animals will be monitored for respiration and temperature 

while under anesthesia. A precision controlled heating pad is used to maintain body 

temperature while under anesthesia. While imaging, respiration will be monitored with a 

pressure sensitive pad positioned under the thorax of the rodent. For physiological gating, 

ECG leads may be placed on the rear paws and right front paw. Fiducial markers visible 

on both the CT and MRI may be affixed by tape or glued (if animal is to be euthanized 

after scan) to the fur or shaved or naired skin to allow the PET/CT to be co-registered to 

MRI. During recovery, animals will be checked every 30 min for signs of movement until 

they are prone and awake.  

F. Animal Housing, Euthanization, and Tissue Harvest: Following the scan, the 

animals are either returned to their home cage or euthanized. For survival studies, a 

radioactive label will be placed on the cage and will indicate the date, isotope, half-life, 

activity, and the estimated date/time that animal(s) will be releasable to the PI. 

Radioactive animals will be kept in the hot lab located inside the imaging room (G163) or 

other suitable room, as identified by the LAM and radiation safety. Animals kept 

overnight in the imaging room will be provided nutrition and water as indicated by the PI. 

LAM staff should not handle radioactive animals. The TIF staff will measure the 

radioactivity levels of animals with a survey meter and will remove the radioactivity label 

when animals are releasable (< 2 milliRem/hr on cage contact). Due to the short half-life 

of typical PET emitters, most animals will be released within 12 hours of study 
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completion. Euthanization will be conducted according to investigators protocol and is 

the responsibility of the PI. Radioactive carcasses will be stored overnight in the TIF 

freezer and PIs will be notified of release date/time. Since the TIF’s Radionuclide 

Experimental Authorization (REA) does not currently support tissue harvest prior to 

release, individual PIs must obtain an approved USUHS REA for immediate tissue 

harvest.  

G. Radiotracers and Dosimetry: The Director of the TIF has obtained approval 

from the radiation safety committee to use 18F-labeled tracers for PET imaging studies. 

18F has a 110-minute half-life and provides high PET resolution, superior sensitivity, and 

low doses compared to other tracers.  Radiotracers include 18F-fluorodeoxyglucose, 18F-

fluorothymidine, 18F-fluoromisonidazole, 18F-penciclovir analog, 18F-paclitaxel, and 

18F-labeled peptides, antibodies, microspheres, liposomes, and microbubbles or cells. 

Investigators or personnel who wish to assist in the protocol procedures or caring for 

radioactive animals must contact radiation safety and complete the appropriate radiation 

safety training. Disposable booties or replaceable footwear will be worn in the procedure 

room since radioactive spills are possible and can contaminate footwear; contaminated 

shoes must be held in the procedure room until non-radioactive. Gloves will be worn 

while handling animals or specimens collected from the animal after it has received 

radioactive material. These specimens will be labeled as radioactive material and stored 

within the TIF until releasable to the public. 
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APPENDIX  B:   

Additional Tables 

 
Table  16: Decision Matrix for PET-CT Interpretation Results From PET- 

        CT Scans of Tantalum and HMTA Implanted Animals Over 16  
         Weeks 
 PET- CT Scan Interpretation Week 1 Post Implantation 
 Definitely 

Benign 
Probably 
Benign 

Possibly 
Malignant 

Probably 
Malignant 

Definitely 
Malignant Total 

Benign 8 0 0 0 0   8 
Malignant 1 6 1 0 0   8 
Total 9 6 1 0 0 16 

                                            PET- CT Scan Interpretation Week 7 Post Implantation 
 
 

Definitely 
Benign 

Probably 
Benign 

Possibly 
Malignant 

Probably 
Malignant 

Definitely 
Malignant Total 

Benign 8 0 0 0 0   8 
Malignant 1 4 2 1 0   8 
Total 9 4 2 1 0 16 

                              PET- CT Scan Interpretation Week10 Post Implantation 
 Definitely 

Benign 
Probably 
Benign 

Possibly 
Malignant 

Probably 
Malignant 

Definitely 
Malignant Total 

Benign 8 0 0 0 0   8 
Malignant 0 4 2 2 0   8 
Total 8 4 2 2 0 16 

               PET- CT Scan Interpretation Week 13 Post Implantation 
 
 

Definitely 
Benign 

Probably 
Benign 

Possibly 
Malignant 

Probably 
Malignant 

Definitely 
Malignant Total 

Benign 8 0 0 0 0   8 
Malignant 0 4 1 2 1   8 
Total 8 4 1 2 1 16 

                         PET- CT Scan Interpretation Week 16 Post Implantation 
 
 

Definitely 
Benign 

Probably 
Benign 

Possibly  
Malignant 

Probably 
Malignant 

Definitely 
Malignant Total 

Benign 7 0 0 0 0   7 
Malignant 0 1 3 3 0   7 
Total 7 1 3 3 0 14 
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Table 17: Experiment 2 Organ Weight Parameters (Mean +SEM) for Euthanized  
     Rats  
                        Ta                                             HMTA                                             Sham 

                                          Week 1                                                                                  

Organ 

 
Organ  
wt (mg) 

 
Organ wt/bw 
(mg)/(g) 

 
Organ wt 
(mg) 

 
Organ wt/bw   
(mg)/(g) 

 
Organ 
wt (mg) 

Organ 
wt/bw 
 (mg)/(g) 

Liver 10975 ± 205 45.09 ± 0.55 12065 ± 215 51.89 ± 0.37 N/A N/A 
Kidney   1660 ± 60   6.82 ±  0.04   1665 ± 65  7.16  ± 0.20 N/A N/A 
Spleen     535 ± 15   2.20 ± 0.01     515 ± 15   2.22 ± 0.09 N/A N/A 
Testes   2780 ± 60 11.42 ±  0.11   2745 ± 25 11.81 ± 0.02 N/A N/A 

  Week 7    
Liver 13110 ± 150  40.66 ± 0.23 13145 ± 185 38.96 ± 0.55 N/A N/A 
Kidney   1930 ± 70   5.99 ± 0.32   2010 ± 40  5.96  ± 0.05 N/A N/A 
Spleen     605 ± 25   1.88 ±  0.05     675 ± 5   2.00 ± 0.07 N/A N/A 
Testes   2970 ± 70   9.22 ± 0.37   3020 ± 10   8.95 ± 0.22 N/A N/A 

  Week 10    
Liver 13740 ± 570 36.99 ± 0.01 13640 ± 960 36.14 ± 0.92 N/A N/A 
Kidney   2160 ± 60   5.82 ± 0.08   2140 ± 40   5.68 ± 0.15 N/A N/A 
Spleen     785 ± 45   2.12 ±  0.21     705 ± 25   1.87 ± 0.02 N/A N/A 
Testes   3085 ± 75   8.31 ± 0.15   3140 ± 30   8.35 ± 0.46 N/A N/A 

  Week13    
Liver 12900 ± 1150 33.71 ± 0.98 11780 ± 440 32.00  ± 0.33 N/A N/A 
Kidney   2075 ± 105   5.44 ± 0.05   2010 ± 70    5.46 ± 0.04 N/A N/A 
Spleen     745 ± 45   1.95 ± 0.00     745 ± 5   2.03  ± 0.04 N/A N/A 
Testes   3095 ± 75   8.12 ± 0.29   3025 ± 35    8.22 ± 0.13 N/A N/A 

  Week16    
Liver 13738 ± 276 35.81 ± 0.58 13403 ± 367 34.68 ± 0.64 13080 ± 30 36.13 ± 1.33 
Kidney   2189 ± 48  5.71  ± 0.12   2191 ± 48   5.67 ± 0.08   2060 ± 50   5.68 ± 0.06 
Spleen     793 ± 27   2.07 ± 0.06     779 ± 12   2.02 ± 0.04     745 ± 25  2.06  ± 0.00 
Testes   3073 ± 53   8.01 ± 0.12   2911 ± 45   7.54 ± 0.12   2660 ±180   7.33 ± 0.24 
Note. mg – milligram; g – gram;  bw – body weight;  Ta- Tantalum implanted animals; Sham Control – 
animals had surgery without any metal pellets implanted; HMTA – Heavy Metal Tungsten Alloy implanted 
animals; Data from week 1, 7, 10 and 13 contained two Ta observations and two HMTA observations each. 
Data from week 16 contained eight Ta, nine HMTA and two sham control observations. 
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Table 18: Experiment 2 Hematologic Parameters (Mean +SEM) for Euthanized Rats 
                  Week 16 

 Week 16 Post Implantation 
 Ta HMTA Sham 

White blood cells (10³/mm³)    3.79 ± 0.23      3.89 ± 0.27     5.35 ± 0.50 

Red blood cells  (106/mm³)    8.47  ± 0.07*      8.17 ± 0.09*     9.06 ± 0.24* 

Hemoglobin (g/dl)   14.95 ± 0.11    14.94 ± 0.15   15.70 ± 0.20 

Hematocrit (%)   43.85 ±  0.51    43.20 ± 0.48   45.60 ± 1.20 

MCV (fl)   51.88 ± 0.35*    52.89 ± 0.31*   50.00 ± 0.00* 

MCH (pg)   17.65 ± 0.12*    18.29 ± 0.14*   17.35 ± 0.15* 

MCHC (g/dl)   34.14 ± 0.31    34.60 ± 0.30    34.45 ± 0.45 

RDW (%)   14.26 ± 0.24*    13.64 ± 0.13*    14.20 ± 0.40** 

Platelets (10³/mm³) 503.13 ± 31.75  523.44 ± 25.27  572.50 ± 52.50 

MPV (fl)     6.30 ± 0.06*      7.01 ±  0.11  *      6.60 ± 0.10** 

Lymphocytes (10³/mm³)     1.61 ± 0.15      1.63 ± 0.15      2.40 ± 0.30 

 Monocytes (10³/mm³)     0.38 ± 0.04      0.41 ± 0.04      0.60 ± 0.00 

Granulocytes (10³/mm³)     1.80 ± 0.09      1.84 ± 0.11      2.35 ± 0.25 

Note. Data represent mean + standard error of the mean (SEM). Data from week 16 contained eight 
Ta, nine HMTA and two sham control observations. MCV – mean corpuscular volume; MCH – 
mean corpuscular hemoglobin; MCHC- mean corpuscular hemoglobin concentration; RDW – red 
blood cell distribution width; MPV – mean platelet volume; Ta- Tantalum implanted animals; 
HMTA – Heavy Metal Tungsten Alloy implanted animal 

 
Table 19: Experiment 2 Kolmogorov-Smirnov Z Test of Hematological  
            Parameters Week Seven Post Implantation 

               Ta                      HMTA 
 X ± SEM X ± SEM 

Z 
     

p 
White blood cells (10³/mm³)     3.65 ± 0.25     3.35 ± 0.15 .500   .964 
Red blood cells  (106/mm³)     8.32 ± 0.25     8.89 ± 0.40 .500   .964 
Hemoglobin (g/dl)   15.00 ± 0.50   15.75 ± 0.65 .500   .964 
Hematocrit (%)   42.10 ± 1.10   44.80 ± 2.00 .500   .964 
MCV (fl)   50.50 ± 0.50   50.00 ± 0.00 .500   .964 
MCH (pg)   18.05 ± 0.05   17.70 ± 0.10 .000   .270 
MCHC (g/dl)   35.65 ± 0.25   35.15 ± 0.15 .000   .270 
RDW (%)   14.25 ± 0.05   14.10 ± 0.70 .500   .964 
Platelets (10³/mm³) 581.00 ± 16.00 582.00 ± 44.00 .500   .964 
MPV (fl)     6.20 ± 0.10     6.15 ± 0.05 .500   .964 
Lymphocytes (10³/mm³)     1.85 ± 0.50     1.60 ± 0.10 .000   .270 
Monocytes (10³/mm³)     0.40 ± 0.00     0.40 ± 0.00 .000 1.000 
Granulocytes (10³/mm³)     1.40 ± 0.20     1.35 ± 0.50 .500   .964 

Note. Data represents the mean (X) + standard error of the mean (SEM). Data from week 7 
contained  two Ta observations and two HMTA observations. MCV – mean corpuscular volume; 
MCH –  mean corpuscular hemoglobin; MCHC- mean corpuscular hemoglobin concentration; 
RDW – red blood  cell distribution width; MPV – mean platelet volume; Ta- Tantalum implanted 
animals; HMTA – Heavy Metal Tungsten Alloy implanted animals; Significance determined at  p < 
.05 (two tailed) 
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Table 20: Experiment 2 Kolmogorov-Smirnov Z Test of Hematological  
          Parameters Week 10 Post Implantation 

                   Ta                         HMTA 
 X ± 

SEM 
X ± 

SEM 
Z p 

White blood cells (10³/mm³)    3.80  ± 0.40     4.55 ± 0.15 1.000 .270 
Red blood cells  (106/mm³)     7.93 ± 0.35     8.39 ± 0.13   .500 .964 
Hemoglobin (g/dl)   14.95 ± 0.05   15.25 ± 0.15 1.000 .270 
Hematocrit (%)   41.95 ± 0.95   42.70 ± 0.20   .500 .964 
MCV (fl)   53.00 ± 1.00   50.50 ± 0.50 1.000 .270 
MCH (pg)   18.95 ± 0.75   18.15 ± 0.15   .500 .964 
MCHC (g/dl)   35.75 ± 0.65   35.70 ± 0.10   .500 .964 
RDW (%)   15.25 ± 0.15   14.55 ± 0.15 1.000 .270 
Platelets (10³/mm³) 509.50 ± 33.50 598.00 ± 20.00 1.000 .270 
MPV (fl)     6.30 ± 0.10     6.25 ± 0.15   .500 .964 
Lymphocytes (10³/mm³)     1.55 ± 0.15     1.90 ± 0.10 1.000 .270 
Monocytes (10³/mm³)     0.40 ± 0.00     .450 ± 0.07   .500 .964 
Granulocytes (10³/mm³)     1.85 ± 0.25     2.20 ± 0.30   .500 .964 

Note. Data represents the mean (X) + standard error of the mean (SEM). Data from week 10 
contained two Ta observations and two HMTA observations. MCV – mean corpuscular volume; 
MCH – mean corpuscular hemoglobin; MCHC- mean corpuscular hemoglobin concentration; 
RDW – red blood cell distribution width; MPV – mean platelet volume; Ta-  Tantalum implanted 
animals; HMTA – Heavy Metal Tungsten Alloy implanted animals;  Significance determined at 
p< .05 (two tailed) 
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Table 21: Experiment 2 Kolmogorov-Smirnov Z Test of Hematological  
           Parameters Week 13 Post Implantation 

            Ta                      HMTA 
 X ± SEM X ± SEM Z p 

White blood cells (10³/mm³)     4.20 ± 0.10     3.10 ± 0.10 1.000 .270 
Red blood cells  (106/mm³)     8.11 ± 0.45     8.40 ± 0.16 1.000 .270 
Hemoglobin (g/dl)   14.40 ± 0.00   14.65 ± 0.50 1.000 .270 
Hematocrit (%)   41.30 ± 0.10   42.30 ± 0.50 1.000 .270 
MCV (fl)   51.00 ± 0.00   50.50 ± 0.50   .500 .964 
MCH (pg)   17.80 ± 0.10   17.45 ± 0.35   .500 .964 
MCHC (g/dl)   34.90 ± 0.10   34.60 ± 0.40   .500 .964 
RDW (%)   14.65 ± 0.05   14.40 ± 0.50   .500 .964 
Platelets (10³/mm³) 526.50 ± 46.50 529.00 ± 3.00   .500 .964 
MPV (fl)     6.20 ± 0.10     6.25 ± 0.15   .500 .964 
Lymphocytes (10³/mm³)     1.50 ± 0.20     1.20 ± 0.00 1.000 .270 
Monocytes (10³/mm³)     0.40 ± 0.00     0.30 ± 0.00 1.000 .270 
Granulocytes (10³/mm³)     2.30 ± 0.30     1.60 ± 0.10 1.000 .270 

Note. Data represents the mean (X) + standard error of the mean (SEM). Data from week 13 
contained two Ta observations and two HMTA observations. MCV – mean corpuscular volume; 
MCH – mean corpuscular hemoglobin; MCHC- mean corpuscular hemoglobin concentration; RDW 
–  red blood cell distribution width; MPV – mean platelet volume; Ta- Tantalum implanted animals; 
HMTA –  Heavy Metal Tungsten Alloy implanted animals; Significance determined at  p < .05 (two 
tailed). 
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APPENDIX C:   

EXPERIMENT 1 Histology Pictures (Figures 19-26) 
 
     Note. Muscle tissue cross sections 10 µm thick were stained with Hematoxylin and  
               Eosin. Sham – sham control animal had surgery without pellets implanted;  
               HMTA – Heavy metal tungsten alloy implanted animal; Wk – week post pellet  
               implantation surgery; ID# - the identification number of the animal; 10x – 
               camera magnification 
 
            Muscle abbreviations used are as follows: 
 
            GTR – Gastrocnemius 
                       (L) – Lateral head of gastrocnemius 
                      (M) – Medial head of gastrocnemius 
           PLN – Plantaris 
           SOL – Soleus 
 
         Figure 19.                           Figure 20. 

                                                         
         Sham Control GTR (M) Wk 16 (10x)         Sham Control GTR (L) Wk 16 (10x) 
 
                  Figure 21.                                             Figure 22. 

                   
         Sham Control PLN Wk 16 (10x)                 Sham Control SOL Wk 16 (10x) 
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         Figure 23.                                                    Figure 24. 

                        
         HMTA GTR (L) Wk 16 (10x)                     HMTA GTR (M) Wk 16 (10x) 

 
 
                Figure 25.                                                       Figure 26. 

                                            
                    HMTA PLN Week 16 (10x)                          HMTA SOL Week 16 (10x) 
 

 
 
 EXPERIMENT 2 Histology Pictures (Tantalum Figures 27-99, HMTA  
Figures 100 – 201) 
 
  Note. Muscle tissue cross sections 10 µm thick were stained with Hematoxylin  
            and Eosin. Sham – sham control animal had surgery without pellets  
            implanted; Ta – tantalum pellet implanted animal: HMTA – Heavy metal  
            tungsten alloy implanted animal; Wk – week post pellet implantation  
            surgery; ID# - the identification number of the animal; 10x, 20x, 40x –  
            camera magnification 
 
                Muscle abbreviations used are as follows: 
                EDL -  Extensor Digitorum Longus  
                FDP - Flexor Digitorum Profundus  
                GTR - Gastrocnemius 
                         (L) – Lateral head of gastrocnemius 
                        (M) – Medial head of gastrocnemius 
                PER/DF – Peroneal/Deep Flexor 
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                PLN - Plantaris 
                SOL – Soleus 
                TA – Tibialis Anterior 
 

                          Figure 27.                                          Figure 28. 

                                 
                          Sham ID# 1 GTR (L) Wk 16 (10x)   Sham ID # 1 GTR (M) Wk 16  (10x)  
 
 
                       Figure 29.                                                 Figure 30. 

                              
                        Sham  ID# 1 PLN Wk 16 (10x)               Sham ID# 1 SOL Week 16 (10x)  
 

 
            Figure 31.                                            Figure 32. 

                                   
                        Sham ID# 2 GTR (L) Wk 16 (10x)     Sham ID # 2 GTR (M) Wk 16 (10x) 
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                       Figure 33.                                               Figure 34. 

                               
                        Sham ID # 2 PLN Week 16 (10x)       Sham ID # 2 SOL Week 16 (10x)  
 
 
             Figure 35.                                                  Figure 36. 

                       
             ID# 3 Tantalum GTR (L) Wk 16 (10x)    ID # 3 Tantalum GTR (M) Wk 16 (10x)  
 
 
                      Figure 37.                                                Figure 38. 

                                
                      ID # 3 Tantalum PLN Wk 16 (10x)        ID # 3 Tantalum SOL Wk 16 (10x)  
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           Figure 39.                                                Figure 40. 

                       
           ID # 4 Tantalum GTR (L) Wk 16 (10x)  ID # 4 Tantalum GTR (M) Wk 16 (10x)  
                                                                                                                                                   
 
 
                       Figure 41.                                            Figure 42. 

                                 
                          ID # 4 Tantalum PLN Wk 16 (10x)    ID # 4 Tantalum SOL Wk 16 (10x)  

 

  

 Figure 43.                                Figure 44. 

                          
 ID# 5 Tantalum GTR (L) Wk 16 (10x)    ID# 5 Tantalum GTR (M) Wk 16 (10x)  
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 Figure 45.                                                   Figure 46. 

                        
             ID# 5 Tantalum PLN Wk 16 (10x)           ID# 5 Tantalum SOL Wk 16 (10x) 

 

        Figure 47.                                                 Figure 48. 

                                   
        ID# 7 Tantalum GTR (L) Wk 16 (10x)  ID # 7 Tantalum GTR (M)Wk (10x) 
 
 
        Figure 49.                                              Figure 50. 

               
       ID# 7 Tantalum PLN Wk 16 (10x)       ID # 7 Tantalum SOL Wk 16 (10x) 
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Figure 51.                                                 Figure 52. 

          
            ID # 8 Tantalum GTR (L) Wk 16 (10x)  ID # 8 Tantalum GTR (M) Wk 16 (10x) 
                                                                                                                                                  
 
 
                   Figure 53.                                  Figure 54. 

                          
                 ID# 8 Tantalum PLN Wk 16 (10x)         ID# 8 Tantalum SOL Wk 16 (10x) 
 
 
     

 Figure 55.                                                   Figure 56. 

                     
            ID# 9 Tantalum GTR (L) Wk 1 (10x)         ID # 9 Tantalum GTR (M) Wk 1 (10x) 
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                      Figure 57.                                                 Figure 58. 

                                 
                     ID# 9 Tantalum PLN Wk 1 (10x)             ID# 9 Tantalum SOL Wk 1 (10x) 
 
 
         Figure 59.                              Figure 60. 

                   
         ID # 10 Tantalum GTR (L) Wk 1 (10x)       ID # 10 Tantalum GTR (M) Wk 1 (10x) 
                                                                                                    
 
 
               Figure 61.                                                 Figure 62. 

                        
               ID# 10 Tantalum  PLN Wk 1 (10x)         ID # 10 Tantalum SOL Wk 1 (10x) 
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              Figure 63.                                               Figure 64. 

                        
             ID# 11 Tantalum GTR (L) Wk 7 (10x)    ID# 11 Tantalum GTR (L) Wk 7(10x) 
                                                                                                                                
                                                                                                                                     
 
 
          Figure 65.                                                        Figure 66. 

                      
         ID # 11 Tantalum GTR (M) Wk 7 (10x)        ID # 11 Tantalum PLN Wk 7 (10x)  
                                                                                                                             
 
 
               Figure 67. 

                
               ID# 11 Tantalum SOL Wk 7 (10x) 
 

  



 

114 

 

 

              Figure 68.                           Figure 69. 

                                    
             ID# 12 Tantalum GTR (L) Wk 7 (10x)  ID# 12 Tantalum GTR (M) Wk 7 (10x) 
 
 
                   Figure 70.                                                 Figure 71. 

                              
                   ID# 12 Tantalum PLN Wk 7 (10x)            ID# 12 Tantalum SOL Wk 7 (10x) 
 
 
 Figure 72.                                                   Figure 73. 

                             
         ID# 13 Tantalum GTR (L) Wk 10 (10x)    ID# 13 Tantalum GTR (M) Wk 10 (10x) 
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                 Figure 74.                                                   Figure 75. 

                                      
                ID# 13 Tantalum PLN  Wk 10 (10x)          ID# 13 Tantalum SOL Wk 10 (10x) 
                                                                                            
 
 

 
 Figure 76.                              Figure 77. 

                             
         ID# 14 Tantalum GTR (L) Wk 10 (10x)     ID# 14 Tantalum GTR (M) Wk 10 (10x) 
                                                                                                                                     
                                                                                           

 
 
 
                 Figure 78. Figure 79. 

                             
                  ID# 14 Tantalum PLN Wk 10 (10x)         ID# 14 Tantalum SOL Wk 10 (10x) 
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         Figure 80.                                                    Figure 81. 

                
         ID# 15 Tantalum GTR (L) Wk 13 (10x)    ID # 15 Tantalum GTR (M)Wk 13 (10x)  
 
 
                                                                                                                                                                        
             Figure 82. Figure 83. 

                     
            ID# 15 Tantalum PLN Wk 13 (10x)          ID# 15 Tantalum SOL Wk 13 (10x) 
                                                                                                   
 
 
            Figure 84.                                                    Figure 85. 

                          
          ID# 16 Tantalum GTR (L) Wk 13 (10x)    ID# 16 Tantalum GTR (M) Wk 13 (10x) 
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    Figure 86.                                                        Figure 87.     

                                     
    ID# 16 Tantalum PLN Wk 13 (10x)              ID# 16 Tantalum SOL Wk 13 (10x) 
                        
 
 
                                                          
 
         Figure 88.                                                   Figure 89. 

                     
         ID# 17 Tantalum GTR (L) Wk 16 (10x)    ID# 17 Tantalum GTR (M) Wk 16 (10x) 
 
                                                                                                                                 
 
      Figure 90.                                                     Figure 91.      

                        
     ID# 17 Tantalum PLN Wk 16 (10x)             ID# 17 Tantalum SOL Wk 16 (10x)  
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        Figure 92.                                                     Figure 93. 

                
       ID# 18 Tantalum GTR (L) Wk 16 (10x)      ID# 18 Tantalum GTR (M) Wk 16 (10x)  
                                                                                                  
 
 
         Figure 94.                                                     Figure 95. 

                  
        ID# 18 Tantalum PLN Wk 16 (10x)            ID# 18 Tantalum SOL Wk 16 (10x) 
 
 
                                                                                                    
        Figure 96.                                                     Figure 97. 

                             
        ID# 35 Tantalum GTR (L) Wk 16 (10x)    ID# 35 Tantalum GTR (M) Wk 16 (10x) 
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            Figure 98.                                      Figure 99. 

                     
           ID# 35 Tantalum PLN Wk 16 (10x)   ID# 35 Tantalum SOL Wk 16 (10x) 
                                                                                   
                     EXPERIMENT 2 Histology Pictures  (HMTA Figures 100 -201) 
 
                     Note. Muscle tissue cross sections 10 µm thick were stained with  
                               Hematoxylin and Eosin. Sham – sham control animal had surgery  
                               without pellets implanted; Ta - tantalum pellet implanted animal;  
                               HMTA – Heavy metal tungsten alloy implanted animal; Wk – week 
                               post pellet implantation surgery; ID# - the identification number of  
                               the animal; 10x, 20x, 40x – camera magnification 
 
                    Muscle abbreviations used are as follows: 
 
                    EDL -  Extensor Digitorum Longus  
                    FDP - Flexor Digitorum Profundus  
                    GTR - Gastrocnemius 
                              (L) – Lateral head of gastrocnemius 
                              (M) – Medial head of gastrocnemius 
                   PER/DF – Peroneal/Deep Flexor 
                   PLN - Plantaris 
                   SOL – Soleus 
                   TA – Tibialis Anterior 
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             Figure 100.                                                   Figure 101. 

                      
             ID# 19 HMTA GTR (L) Wk 16 (10x)        ID# 19 HMTA GTR (L) Wk 16 (10x)   
                                                                                                   
 
 

 
          Figure 102.                                                    Figure 103. 

                        
          ID# 19 HMTA GTR (M) Wk 16 (10x)         ID# 19 HMTA PLN Wk 16 (10x)   
                                                                                             
 
 
                       Figure 104. 

                        
                        ID# 19 HMTA SOL Wk 16 (10x) 
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              Figure 105.                                            Figure 106. 

                          
              ID# 20 HMTA GTR (L) Wk 16 (10x)  ID # 20 HMTA GTR (M) Wk 16 (10x)  
                                                                                            
 
 
             Figure 107.                                                      Figure 108. 

                       
             ID# 20 HMTA PLN Wk 16 (10x)                    ID # 20 HMTA SOL Wk 16 (10x) 
                                                                                           
 
 
            Figure 109.                                                   Figure 110. 

                                    
            ID# 20 HMTA TA Wk 16 (10x)                        ID# 20 HMTA TA Wk 16 (10x) 
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      Figure 111.                                   Figure 112. 

            
   ID# 21 HMTA GTR (L) Wk 16 (10x)     ID# 21 HMTA GTR (M) Wk 16 (10x)   
                                               
 
 
                 Figure 113.                               Figure 114. 

                        
                  ID # 21 HMTA PLN Wk 16 (10x)     ID# 21 HMTA SOL Wk 16 (10x) 
                                                                                  
 
 
                 Figure 115.                                            Figure 116. 

                            
                ID # 21 HMTA FDP Wk 16 (10x)        ID # 21 HMTA FDP Wk 16 (10x) 
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            Figure 117.                                                    Figure 118. 

                   
            ID# 22 HMTA GTR (L) Wk 16 (10x)         ID# 22 HMTA GTR (L) Wk 16 (10x)  
                                                                                             
 
 
  
             Figure 119.                                                       Figure 120. 

                     
            ID# 22 HMTA GTR (M) Wk 16 (10x)             ID# 22 HMTA PLN Wk 16 (10x)   
                                                                                                           
 
 
                   Figure 121. 

                    
                   ID# 22 HMTA SOL Wk 16 (10x) 
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       Figure 122.                                                 Figure 123. 

                       
       ID# 23 HMTA GTR (L) Wk 16 (10x)       ID# 23 HMTA GTR (M) Wk 16 (10x) 
                                                                                                   
 
 
                   Figure 124.                                               Figure 125. 

                         
                  ID# 23 HMTA PLN Wk 16 (10x)             ID# 23 HMTA SOL Wk 16 (10x)  
 
                                                                                                 
               Figure 126.                                       Figure 127.       

                  
  ID# 24 HMTA GTR (L) Wk 16 (10x)       ID# 24 HMTA GTR (M) Wk 16 (10x) 
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         Figure 128.                                    Figure 129. 

                      
         ID# 24 HMTA PLN Wk 16 (10x)        ID# 24 HMTA SOL Wk 16 (10x)  
                                                                                     
 
 

    Figure 130.                                                    Figure 131. 

                
    ID# 25 HMTA GTR (L) Wk 1 (10x)           ID# 25 HMTA GTR (M) Wk 1 (10x) 

 
 
                                                                                             

    Figure 132.                                                  Figure 133.   

                 
    ID# 25 HMTA PLN Wk 1 (10x)                ID# 25 HMTA SOL Wk 1 (10x)  
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                      Figure 134. 

                       
                      ID# 25 HMTA SOL Wk 1 (10x) 
 
 
  Figure 135.                                                   Figure 136. 

            
  ID# 26 HMTA GTR (L) Wk 1 (10x)         ID # 26 HMTA GTR (M) Wk 1 (10x)  
                                                                                                      
 
 
  Figure 137.                                                       Figure 138. 

            
  ID# 26 HMTA PLN Wk 1 (10x)                     ID# 26 HMTA PLN Wk 1 (20x) 
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               Figure 139. 

                
               ID# 26 HMTA SOL Wk #1 (10x) 
 
 
 Figure 140.                                            Figure 141.    

          
 ID# 27 HMTA GTR (L) Wk 7 (10x)    ID# 27 HMTA GTR (M) Wk 7 (10x)  
                                                                                                       
 
 
  Figure 142.                                                 Figure 143. 

        
   ID# 27 HMTA PLN Wk 7 (10x)             ID# 27 HMTA SOL Wk  7 (10x)  
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    Figure 144.                                    Figure 145. 

                
    ID# 27 HMTA EDL Wk 7 (10x)                         ID# 27 HMTA EDL Wk  7 (10x) 

 
 

 
     Figure 146.                                                 Figure 147. 

               
     ID# 27 HMTA EDL Wk 7 (20x)               ID# 27 HMTA EDL Wk 7 (20x) 

 
 

      Figure 148.                                                    Figure 149. 

               
     ID# 27 HMTA TA Wk 7 (10x)                        ID# 27 HMTA TA Wk 7 (10x) 
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     Figure 150.             Figure 151.     

         
     ID# 27 HMTA TA Wk 7 (10x)             ID# 27 HMTA TA Wk 7 (10x) 
 
 
    Figure 152.                                                       Figure 153. 

            
    ID# 27 HMTA TA Wk 7 (20x)                        ID# 27 HMTA TA Wk 7 (20x) 

 
 

    Figure 154.                                                        Figure 155. 

              
    ID#28 HMTA GTR(L) Wk  7 (10x)                 ID# 28 HMTA GTR (L) Wk 7 (20x) 
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   Figure 156.                                                            Figure 157. 

                        
   ID# 28 HMTA GTR (M) Wk 7 (10x)                   ID# 28 HMTA PLN Wk 7 (10x) 

 
 
Figure 158. 

 
 ID# 28 HMTA SOL Wk  7 (10x) 
 
 

        Figure 159.                              Figure 160. 

                 
        ID# 29 HMTA GTR (L) Wk 10 (10x)        ID# 29 HMTA GTR (M) Wk 10 (10x) 
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        Figure 161.                                                  Figure 162. 

                 
       ID# 29 HMTA PLN Wk 10 (10x)               ID# 29 HMTA SOL Wk 10 (10x) 

 
 

      Figure 163.                                                   Figure 164. 

                
      ID# 29 HMTA SOL Wk 10 (20x)               ID# 29 HMTA SOL Wk 10 (40x) 

 
 

     Figure 165.                                                      Figure 166. 

               
     ID # 30 HMTA GTR (L) Wk 10 (10x)            ID# 30 HMTA GTR (M) Wk 10 (10x) 
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       Figure 167.                                                     Figure 168. 

                     
      ID# 30 HMTA PLN Wk 10 (10x)                 ID# 30 HMTA SOL Wk 10 (10x) 

 
 

          Figure 169.                                                   Figure 170. 

                    
          ID# 31 HMTA GTR (L) Wk 13 (10x)         ID# 31 HMTA GTR (M) Wk 13 (10x) 

 
 

         Figure 171.                                                       Figure 172. 

                
         ID# 31 HMTA PLN Wk 13 (10x)                    ID# 31 HMTA SOL Wk 13 (10x) 
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     Figure 173.                                                         Figure 174. 

                
    ID # 31 HMTA TA Wk 13 (10x)                      ID # 31 HMTA TA Wk 13 (10x) 

 
 

         Figure 175.                                                 Figure 176. 

                 
          ID # 31 HMTA TA Wk 13 (20x)               ID # 31 HMTA TA Wk 13 (40x) 

 
 

    Figure 177.                                                       Figure 178. 

           
    ID# 32 HMTA GTR (L) Wk 13 (10x)             ID# 32 HMTA GTR (L) Wk 13 (10x) 
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     Figure 179.                                                        Figure 180. 

            
    ID# 32 HMTA GTR (L) Wk 13 (20x)             ID# 32 HMTA GTR (L) Wk 13 (40x) 

                                                                                                                   
 
 

       Figure 181.                                                    Figure 182. 

              
       ID# 32 HMTA GTR (M) Wk 13 (10x)         ID# 32 HMTA PLN Wk 13 (10x) 

 
 

      Figure 183.                                                  Figure 184. 

           
      ID# 32 HMTA SOL Wk 13 (10x)              ID# 32 HMTA SOL Wk 13 (20X) 
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     Figure 185.                                               Figure 186. 

          
    ID# 33 HMTA GTR (L) Wk 16  (10x)   ID# 33 HMTA GTR (M) Wk 16 (10x) 

                                                                                                                        
 
 

    Figure 187.                                                      Figure 188. 

          
    ID# 33 HMTA PLN Wk 16 (10x)                  ID# 33 HMTA SOL Wk 16 (10x) 

 
 
 
 
 

    Figure 189.                                                   Figure 190. 

          
    ID# 34 HMTA GTR (L) Wk 16 (10x)              ID# 34 HMTA GTR (M) Wk 16 (10x) 
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    Figure 191.                                                    Figure 192.                                                                

            
    ID# 34 HMTA PLN Wk 16 (10x)                 ID# 34 HMTA SOL Wk 16 (10x) 

 
 

          Figure 193.                                                  Figure 194. 

                 
          ID# 34 HMTA SOL Wk 16 (20x)               ID# 34 HMTA FDP Wk 16 (20x) 

 
 

    Figure 195.                                                      Figure 196. 

          
   ID# 36 HMTA GTR (L) Wk 16 (10x)            ID# 36 HMTA GTR (M) Wk 16 (10x) 
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    Figure 197.                                                    Figure 198. 

              
   ID# 36 HMTA PLN Wk 16 (10x)                 ID# 36 HMTA SOL Wk 16 (10x) 

 
 

    Figure 199.                                                         Figure 200. 

           
    ID# 36 HMTA PER-DF Wk 16 (10x)             ID# 36 HMTA PER-DF Wk 16 (20x) 

 
 
Figure 201. 

 
ID# 36 HMTA PER-DF Wk16 (40x) 
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EXPERIMENT 2 Immunohistochemistry Pictures (Figures 202-204) 
 
Note. Muscle tissue cross sections 10 µm thick were stained for Desmin and 

MyoD1(DAPI  counter stain). Ta – tantalum pellet implanted animal: HMTA – Heavy 
metal tungsten alloy implanted animal; Wk – week post pellet implantation surgery; ID# 
- the identification number of the animal; 10x – camera magnification ;Desmin – red, 
MyoD1 – green, DAPI – Blue 

 
Muscle abbreviations used are as follows: 
 
GTR - Gastrocnemius 
PLN - Plantaris 
TA – Tibialis Anterior 
 
 
Figure 202. 

 
 ID # 11 Tantalum  PLN Week # 7 (10x) 
Immunohistochemistry (Desmin – red, MyoD1 – green, DAPI – Blue) 
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Figure 203. 

 
ID# 30 HMTA  GTR Week# 10 (10x) 
Immunohistochemistry (Desmin – red, MyoD1 – green, DAPI – Blue) 
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Figure 204. 

 
Experiment 2 ID# 31 HMTA TA Week# 13 (10x) 
Immunohistochemistry (Desmin – red, MyoD1 – green, DAPI – Blue) 
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APPENDIX D:     

EXPERIMENT 2 Right Hind Limb X-rays (Figures 205 – 228) 
 
           Note. ID# - identification number of the animal; Ta – tantalum pellet  
                     implanted animal; HMTA – heavy metal tungsten alloy pellet  
                     implanted; Wk – week post pellet implantation 
 
Figure 205: ID# 4  Tantalum X-rays for Five Time Points 

          
ID # 4 Ta Wk #1             ID # 4 Ta Wk #7      ID # 4 Ta Wk #10 
 

     
ID # 4 Ta Wk #13          ID # 4 Ta Wk #16 
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 Figure 206:  ID# 3 Tantalum X-rays for Five Time Points 

       
ID# 3 Ta Wk # 1         ID# 3 Ta Wk # 7      ID# 3 Ta Wk # 10 

 
 

         
ID# 3 Ta Wk# 13                    ID# 3 Ta Wk# 16 
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Figure 207: ID# 5 Tantalum X-rays for Five Time Points 

       
ID# 5 Ta Wk # 1               ID# 5 Ta Wk # 7         ID# 5 Ta Wk # 10 

 

            
ID# 5 Ta Wk # 13                    ID# 5 Ta Wk # 16 
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            Figure 208: ID# 7 Tantalum X-rays for Five Time Points 

                   
            ID# 7 Ta Wk 1             ID# 7 Ta Wk 7              ID# 7 Ta Wk 10 

 

      
ID# 7 Ta Wk 13                ID# 7 Ta Wk 16 
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Figure 209: ID# 8 Tantalum X-rays for Five Time Points 

       
ID# 8 Ta Wk 1                ID# 8 Ta Wk 7            ID# 8 Ta Wk 10 

 

    
ID# 8 Ta Wk # 13        ID# 8 TA Wk# 16 
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Figure 210: ID# 17 Tantalum X-rays for Five Time Points 

       
ID# 17 Ta Wk # 1           ID# 17 Ta Wk # 7   ID# 17 Ta Wk # 10 

     
ID# 17 Ta Wk # 13       ID# 17 Ta Wk # 16 
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Figure 211: ID# 18 Tantalum X-rays for Five Time Points 

        
ID# 18 Ta Wk # 1           ID# 18 Ta Wk # 7        ID# 18 Ta Wk # 10 

     
ID# 18 Ta Wk# 13           ID# 18 Ta Wk# 16 
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             Figure 212:  ID# 19 HMTA X-rays for Five Time Points 

                       
            ID# 19 HMTA Wk 1       ID# 19 HMTA Wk 7    ID# 19 HMTA Wk 10 
 
 

      
ID# 19 HMTA Wk 13       ID# 19 HMTA Wk 16 
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Figure 213: ID# 20 HMTA X-rays for Five Time Points 

            
ID# 20 HMTA Wk #1   ID# 20 HMTA Wk #7   ID# 20 HMTA Wk #10 
 

      
ID# 20 HMTA Wk # 13    ID# 20 HMTA Wk # 16 
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            Figure 214: ID# 21 HMTA X-rays for Five Time Points 

                   
            ID# 21 HMTA Wk #  1 ID# 21 HMTA Wk # 7  ID# 21 HMTA Wk # 10  

                         
            ID# 21 HMTA Wk # 13              ID# 21 HMTA Wk # 16 
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 Figure 215: ID# 22 HMTA X-rays for Five Time Points 

                 
   ID# 22 HMTA Wk# 1  ID# 22 HMTA Wk# 7   ID# 22 HMTA Wk#10 
 

               
ID# 22 HMTA Wk# 13      ID# 22 HMTA Wk#  16 
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Figure 216: ID# 23 HMTA X-rays for Five Time Points 

         
ID# 23 HMTA Wk # 1  ID# 23 HMTA Wk # 7     ID# 23 HMTA Wk # 10 

              
ID# 23 HMTA Wk # 13           ID# 23 HMTA Wk # 16 
 
 
 
 



 

153 

 

 

Figure 217: ID# 24 HMTA X-rays for Five Time Points             

        
ID# 24 HMTA Wk # 1   ID# 24 HMTA Wk # 7   ID# 24 HMTA Wk # 10 

 

                    
              ID# 24 HMTA Week # 13  ID# 24 HMTA Week # 16 
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Figure 218: ID# 33 HMTA X-rays for Five Time Points 

                    
ID# 33 HMTA Wk# 1  ID# 33 HMTA Wk # 7     ID# 33 HMTA Wk # 10 
 
 

               
ID# 33 HMTA Wk# 13         ID# 33 HMTA Wk# 16 
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Figure 219: ID# 34 HMTA X-rays for Five Time Points 

                    
ID# 34  HMTA Wk # 1   ID# 34  HMTA Wk # 7  ID# 34  HMTA Wk # 10 
 

             
ID# 34 HMTA Wk # 13      ID# 34 HMTA Wk # 16 
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       Figure 220: ID# 9, 10, Ta, ID#25, 26, HMTA X-rays for Week 1 

                                               
       ID# 9 Ta Wk # 1  ID# 10 Ta Wk # 1    ID# 25 HMTA Wk# 1  ID#26HMTA Wk# 1 

 
 
      Figure 221: ID# 11, 12 Ta X-rays for Two Time Points (Weeks 1 & 7) 

                             
     ID# 11 Ta Wk# 1    ID# 11 Ta Wk# 7      ID# 12 Ta Wk# 1   ID#12 Ta Wk# 7 
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   Figure 222: ID# 27, 28  HMTA X-rays for Two Time Points(Weeks 1 & 7) 

                  
        ID# 27 Wk# 1          ID# 27 Wk# 7       ID# 28 Wk#1          ID# 28 Wk 7 
 
 
       Figure 223: ID# 13, 14  Ta  X-rays for Two Time Points (Weeks 1 & 10)                                  

                     
        ID# 13  Wk #1     ID# 13  Week# 10   ID# 14  Wk# 1       ID# 14  Wk# 10 
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       Figure 224: ID# 29, 30  HMTA  X-rays for Two Time Points (Weeks 1 & 10) 

                                                            
        ID# 29 Wk # 1       ID# 29 Wk # 10        ID# 30 Wk #1    ID#30 Wk 10 

          

                         Figure 225: ID# 15, 16  Ta  X-rays for Two Time Points (Weeks 1 & 13) 

                       
             ID# 15 Wk# 1         ID# 15 Wk# 13      ID# 16 Wk# 1      ID# 16 Wk # 13                        
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       Figure 226: ID# 31, 32 HMTA X-rays for Two Time Points (Weeks 1 & 13) 

                     
          ID# 31 Wk # 1           ID# 31 WK# 13    ID# 32  Wk1         ID# 32 Wk 13 

 
  Figure 227:  ID# 35 Tantalum X-rays for Five Time Points 

         
  ID# 35 Ta Wk # 1       ID# 35 Ta Wk # 7   ID# 35 Ta Wk # 10 
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    Figure 227 Continued 

             
     ID# 35 Ta Wk # 13       ID# 35 Ta Wk # 16 
 
 
Figure 228: ID# 36 HMTA X-rays for Five Time Points 

       
ID# 36 HMTA Wk# 1    ID# 36 HMTA Wk# 7      ID# 36 HMTA Wk# 10 
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Figure 228 Continued 

              
ID# 36 HMTA Wk# 13         ID# 36 HMTA Wk# 16 
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APPENDIX E:   

` Experiment 2 PET-CT Images (Figures 229-244) 

       Figure 229: ID# 3 Tantalum PET-CT Images for Five Time Points 

         

      ID#3 Week 1Coronal View   ID# 3 Week 1 Sagittal View      ID# 3 Week 7  

 

                

        ID# 3 Week 10                    ID# 3 Week 13                 ID# 3 Week 16 
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      Figure 230: ID# 4 Tantalum PET-CT Images for Five Time Points 

           

               ID# 4 Week 1                  ID# 4 Week 7                     ID# 4 Week 10     

 

 

 

             

        ID# 4 Week 13                       ID# 4 Week 16     
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Figure 231:  ID# 5 Tantalum PET-CT Images for Five Time Points 

        

ID# 5 Week 1                             ID# 5 Week 7                             ID# 5 Week 10 

 

 

 

    

ID# 5 Week 13                              ID# 5 Week 16 

 

 

 



 

165 

 

 

     Figure 232: ID# 7 Tantalum PET-CT Images for Five Time Points 

             

         ID# 7 Week 1 Coronal               ID# 7 Week 1 Sagittal               ID# 7 Week 7 

 

 

            

ID# 7 Week 10                      ID# 7 Week 13                    ID# 7 Week 16 
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       Figure 233: ID# 8 Tantalum PET-CT Images for Five Time Points 

              

    ID# 8 Week 1                       ID# 8 Week 7                       ID# 8 Week 10 

 

 

 

     

ID# 8 Week 13                                ID# 8 Week 16 
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      Figure 234: ID# 18 Tantalum PET-CT Images for Five Time Points   

     
ID# 18 Week 1                       ID# 18 Week 7                      ID# 18 Week 10 

 

     

ID# 18 Week 13                           ID# 18 Week 16 
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     Figure 235:  ID# 19 HMTA PET-CT Images for Five Time Points 

          

     ID# 19 Week 1 Coronal          ID# 19 Week 1 Sagittal           ID# 19 Week 7 

 

          

      ID# 19 Week 10                        ID# 19 Week 13                  ID# 19 Week 16 

 

 

 

 

 



 

169 

 

 

     Figure 236: ID# 20 HMTA PET-CT Images for Five Time Points 

          

       ID# 20 Week 1 Coronal         ID# 20 Week 1 Sagittal           ID# 20 Week 7 

 

 

          

ID# 20 Week 10                   ID# 20 Week 13                  ID# 20 Week 16 
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Figure 237:  ID# 21 HMTA PET-CT Images for Five Time Points 

        

        ID# 21 Week 1                ID# 21 Week 7                   ID# 21 Week 10 

 

 

 

    

ID# 21 Week 13                              ID# 21 Week 16 
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Figure 238:  ID# 22 HMTA PET-CT Images for Five Time Points 

        

ID# 22 Week 1                           ID# 22 Week 7                           ID# 22 Week 10 

 

 

 

 

    

ID# 22 Week 13                                ID# 22 Week 16 
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Figure 239:  ID# 23 HMTA PET-CT Images for Five Time Points 

       

ID# 23 Week 1                    ID# 23 Week 7                     ID# 23 Week 10 

 

 

 

    

ID# 23 Week 13                     ID# 23 Week 16 
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            Figure 240: ID# 24 HMTA PET-CT Images for Five Time Points 

        

       ID# 24 Week 1                   ID# 24 Week 7               ID# 24 Week 10 

 

 

 

    

ID# 24 Week 13                         ID# 24 Week 16 
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     Figure 241: ID# 9, 11, 13, 15, 35  Tantalum Single PET-CT Images  

            

     ID# 9 Week 1                     ID# 11 Week 7                ID# 13 Week 10 

 

 

 

     

ID# 15 Week 13                          ID# 35 Week 16 
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     Figure 242:  ID# 10, 12, 14, 16  Tantalum Single PET-CT Images  

          

ID# 10 Week 1                    ID# 12 Week 7                  ID# 14 Week 10 

 

 

 

 

         ID# 16 Week 13 
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Figure 243:  ID# 25, 27, 29, 31 HMTA  Single PET-CT Images  

        

        ID#25 Week 1                    ID#27 Week 7                     ID# 29 Week 10 

 

 

 

 

 

ID# 31 Week 13 
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Figure 244:  ID# 26, 28, 30, 32, 36 HMTA  Single PET-CT Images 

      

         ID# 26 Week 1                 ID# 28 Week 7                ID# 30 Week 10 

 

 

 

    

    ID# 32 Week  13                   ID# 36 Week  16 
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