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Osteosarcoma (OSA) is a highly locally aggressive and metastatic neoplasm of 

dogs. Despite gold standard therapy (amputation or limb-sparing tumour resection 

followed by chemotherapy) the reported median survival time (MST) is 235-540 days. 

Detection of early tumour dissemination and metastasis using current image-based 

staging modalities represents a major challenge in veterinary and human cancer 

patients and affects prognostication. Circulating tumour cells (CTC) are released from 

the primary tumour, and have the potential to form distant metastases. Enumeration of 

CTCs is used for outcome prediction, monitoring disease progression, and evaluating 

therapy effectiveness in various human cancers.  

A flow cytometric assay was developed to detect and enumerate CTCs in dogs 

with OSA. The optimized protocol was applied to enumerate CTCs at standardized time 

points in a clinical cohort of 21 dogs with naturally occurring OSA and no evidence of 

metastasis, and findings were correlated with patient outcome and disease progression. 

At the end of the study period, 19 (90%) dogs had been euthanized, with two (10%) 
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alive and free of detectable metastasis. Fifteen (79%) of 19 dogs were euthanized 

because of metastatic OSA-related disease. Overall survival times (ST) ranged from 88 

to 1,058 days with a median ST of 374 days. The 1-, 2-, and 2.5-year survival rates 

were 52% (11/21), 24% (5/21), and 14% (3/21), respectively.  

CTCs were common and highly variable in dogs with OSA (mean 356 CTCs/106 

leukocytes; range 0-4443 CTSs/106 leukocytes). In 12 of 15 (80%) dogs that developed 

metastases, a pre-metastatic spike in CTC number occurred within 100 days prior to the 

development of clinically detectable metastasis. This pre-metastatic CTC spike was 

detected on average 36.5 days (range: 1-100 days) prior to the development of clinical 

OSA metastasis, and was significantly associated with a shorter ST (301±64days 

(spike) vs. 626 (±55) days (no spike); p=0.0107). Dogs with a CTC pre-metastatic spike 

were 10x more likely to die compared to those who did not experience a spike. The 

results suggest that a pre-metastatic spike in CTC number may be a precursor to 

clinically apparent metastasis and could serve to guide clinicians in therapeutic 

decision-making in dogs with OSA.
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1 Chapter I 
1.1 Introduction and Statements of Objectives and Hypotheses 

Osteosarcoma (OSA), is a highly aggressive, malignant bone cancer that affects 

primarily middle-aged to older, large-breed dogs (Brodey & Riser 1969, Ling et al. 1974, 

Liu et al. 1977). In humans, OSA is the most common primary solid bone tumour, with 

children and adolescents being most affected (Carrle & Bielack 2006, Fenger et al. 

2014). Metastatic spread is common and affected sites in approximate order of 

frequency are lung, bone, and soft tissue sites such as liver, skin, abdominal cavity, 

brain, and draining lymph nodes (Withrow & Wilkins 2010, Brodey & Riser 1969, Hillers 

et al. 2005, Cesario et al. 2016).   

Canine OSA is considered an excellent comparative model for human juvenile 

OSA since they share important similarities with regard to tumour location, frequency of 

and predilection for metastatic disease, negative prognostic indicators, development of 

chemotherapy-resistant metastases, and tumour molecular characteristics (Fenger et al. 

2014, Morello et al. 2011, Mueller et al. 2007, Rowell et al. 2011, Withrow & Wilkins 

2010). Therapy consisting of limb amputation or limb sparing tumour resection followed 

by chemotherapy (typically platinum or doxorubicin-based) is the gold standard, but the 

clinical outcome of OSA in dogs and humans remains poor (Krebs et al. 2010, Saraf et 

al. 2018, Allison et al. 2012). 
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Despite fewer than 10% of dogs having radiographic evidence of metastasis at 

the time of diagnosis (Withrow & Wilkins 2010), dogs with OSA of the appendicular 

skeleton treated with amputation and chemotherapy have reported median survival 

times (MSTs) of 235–540 days (Selmic et al. 2014). Although the MST is similar across 

many reported canine studies, the range of survival times in identically treated dogs 

varies from 2 to >30 months, suggesting that there is extensive heterogeneity in tumour 

biology and host factors (Schmidt et al. 2016, Stanta & Bonin 2018, Selvarajah & 

Kirpensteijn 2010, Withrow & Wilkins 2010). Human studies have reported 

comparatively poor long-term survival rates for patients without metastasis at the time of 

diagnosis undergoing surgery and systemic multi-agent chemotherapy, with 60-78% 

survival at 5-years, and despite multimodality treatment, 30–40% of human OSA 

patients still experience metastases within 3 years (Allison et al. 2012, Chou et al. 2008, 

Federman et al. 2009, Messerschmitt et al. 2009). Advancements in prognostication or 

therapy of metastatic disease have been limited and somewhat stagnant over the past 

two decades in humans and dogs, leaving a profound gap to devise better diagnostic 

and treatment approaches for both species (Chou et al. 2008, Federman et al. 2009, 

Morello et al. 2011).  

The high frequency of lung metastasis despite limb amputation and chemotherapy 

and negative initial staging implies that micrometastases likely exist at the time of 

diagnosis, that hematogenous rather than lymphatic spread is more common, and that 
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complex interactions between the primary tumour, micrometastases and host affect the 

development of overt life-ending metastases (Boerman et al. 2012, Pennacchioli et al. 

2012, Schmidt et al. 2016). Detection of tumour dissemination and early metastasis 

represents a significant challenge in veterinary and human cancer patients and affects 

prognostication (Oblak et al. 2013, Eberle et al. 2010, Amankwah et al. 2013, Chang et 

al. 2014, Budd et al. 2006, Nemanic et al. 2006). Current available image-based staging 

methods such as radiography and computed tomography lack sensitivity and specificity 

for identifying early metastases, and histologic grading schemes for canine OSA poorly 

predict biological behaviour (Oblak et al. 2013, Schott et al. 2017, Waters et al. 1998). 

Therefore, there is a need for more accurate methods of detecting micrometastasis at 

the time of diagnosis and in a dynamic fashion over the course of disease to monitor 

patient progression and response to treatment over time. 

Enumeration and capture of circulating tumour cells (CTC)s is widely used to 

prognosticate, monitor, and tailor the therapy of human breast, prostatic, other 

carcinomas, as well as some mesenchymal neoplasia, and to characterize the biology 

of CTCs (de Albuquerque et al. 2012, Krebs et al. 2010, Paoletti & Hayes 2015, Alix-

Panabieres & Pantel 2016, Masuda et al. 2016). Circulating tumour cells (CTCs) are 

migrating cells released from the primary tumour, and include cells with the potential to 

form distant metastases (Lambert et al. 2017). Capture of CTCs and tumour derived 

DNA samples for genetic, proteomic and other analyses has been termed “liquid biopsy” 
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since simple blood samples, often obtained repeatedly over time, yield information 

regarding otherwise difficult to access solid tissue tumours (Pachmann et al. 2011).  

In order for CTCs to result in distant metastasis a series of sequential and 

dependent steps must occur (Follain et al. 2018). Formation of metastases involves cell 

loss of adherence to the primary tumour, intravasation into the vasculature, migration in 

the venous circulation, arrest at specific capillary sites, extravasation, invasion of 

parenchymal tissue and establishment of a metastatic tumour (Follain et al. 2018, 

Lambert et al. 2017). Each of these steps is influenced by various host, tumour, and 

micro-environmental factors (Follain et al. 2018, Lambert et al. 2017). Research on 

CTCs suggests that their biological features are highly variable, and that only a small 

fraction of CTCs remain viable and capable of forming metastases after entry into the 

vasculature. A large fraction of CTCs is either eliminated by host phagocyte defenses, 

undergoes apoptosis, remains dormant in specific tissue niches, or is unable to 

extravasate or proliferate (Follain et al. 2018, Lambert et al. 2017). The biologic 

characteristics attributed to “successful” CTCs is not well understood but is a key focus 

in better understanding the significance and behaviour of CTCs as they pertain to a 

diseased patient. 

Evidence for the implication of CTCs as a representation of metastatic disease first 

began with evidence that CTCs are observed at an increased frequency in human 

patients with metastatic disease compared to healthy subjects or patients with non-
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metastatic disease, and that CTC identification throughout disease progression 

reportedly correlates well with cancer malignancy and stage (Allard et al. 2004, Balic et 

al. 2005). Several pivotal studies investigating patients with metastatic breast carcinoma 

have demonstrated that CTC number, above a specified cut-off value (e.g. >5 

CTC/7.5ml blood), predicts a worse prognosis, and that a reduction in CTC number 

following initiation of therapy has a positive predictive value for survival (Budd et al. 

2006, Cristofanilli et al. 2004, Hayes 2006, Rack et al. 2014, Wallwiener et al. 2012). 

The number of CTCs detected in humans with carcinoma is extremely low, and 

significant prognostic differences have been attributed to 3 versus 5 CTC/7.5 ml of 

blood (Krebs et al. 2010, Miller et al. 2010). Enumeration of CTCs in humans with OSA 

has been less studied than carcinoma and is less standardized with regards to detection 

methods, but preliminary research has similarly demonstrated clinical significance of 

dynamic CTC monitoring and patient survival time (Wong et al. 2000, Zhang et al. 2017, 

Wu et al. 2018). Using a combination of leukocyte depletion, immunochemistry, and 

fluorescent in situ hybridization significant differences in progression-free survival 

among patients with ≤2 versus >2 CTC/7.5 ml of blood have been identified (Zhang et 

al. 2017). Employing quantitative PCR techniques, detection of osteospecific mRNA in 

blood of humans with OSA was significantly associated with the development of 

metastases during the subsequent 12-months period (Wong et al. 2000). Furthermore, 

Wu et al. (2018) demonstrated using a combination of size-based filtration and RNA in-

situ hydridization that CTCs were detected in 30/32 patients with OSA before treatment, 
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and that patients with an increased percentage of CTCs following treatment had shorter 

disease-free survival. No CTCs were detected in comparative healthy controls. This 

study found that the rate of presence of CTCs in the peripheral blood of OSA patients 

was higher than typically reported for most carcinomas with an average CTC count of 

14.06±9.08/7.5ml of blood. Circulating tumour cell enumeration hence appears to be a 

useful prognostic tool for patients with neoplasia of high metastatic potential and for 

predicted prognosis in patients with cancers considered unlikely to metastasize (Hall et 

al. 2016).  

Initial carcinoma CTC assays were immune-based using fluorescent antibodies to 

antigens widely expressed by epithelial cells, such as cytokeratin and cell adhesion 

molecules (Wong et al. 2009, Kagan et al. 2002, Paoletti & Hayes 2015, Yang et al. 

2015). Over the past years, multiple commercial platforms involving negative and 

positive immune and nonimmune-based identification of leukocyte and tumour antigens, 

respectively, have been used in oncology, and recently efforts are underway to assess 

agreement across platforms and methods (Zeune et al. 2018). A commercial, US Food 

and Drug Administration (FDA) approved method known as the CellSearch® system 

(Verilex LLC), has been established for enumeration of CTCs from breast, colorectal 

and prostatic cancers in people (Allard et al. 2004, Budd et al. 2006, Cristofanilli et al. 

2004, Hayes 2006, Miller et al. 2010, Riethdorf et al. 2007). CellSearch® is only 
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applicable to neoplasia of epithelial origin and not available to veterinarians even on a 

research basis at this time.   

Techniques for detecting sarcoma-derived CTCs have been developed using 

similar methodologies and principles as established for carcinoma CTCs. Strategies 

developed for isolating sarcoma CTCs include isolation of tumour cells based on size 

(Chinen et al. 2014), identification of ubiquitous and specific mesenchymal markers 

(Satelli et al. 2014) such as chromosomal translocation products (Chang et al. 2014), 

unique metabolic enzymes (Chang et al. 2014, Hatano et al. 2001), cell specific surface 

antigens, and nucleic acid material (Hatano et al. 2001, Wong et al. 2000) using 

detection technologies such as flow cytometry, RT-PCR, PCR-ELISA, and 

immunocytochemistry (Almazán-Moga et al. 2014, Chang et al. 2014, DuBois et al. 

2010, Tellez-Gabriel et al. 2016, Wong et al. 2000, Zhang et al. 2017).  

Flow cytometry is a well-established technology that is used to analyze the 

physical and chemical characteristics of fluorescently labeled cells in suspension as 

they pass single file by one or more lasers (Jahan-Tigh et al. 2012). Flow cytometry 

(FC) is primarily used for evaluation of hematopoietic cells, including the identification of 

leukocytes and their subpopulations (Brown & Wittwer 2000, Jahan-Tigh et al. 2012, 

Picot et al. 2012), but has also be used extensively for other cells, such as CTCs (Cruz 

et al. 2005, DuBois et al. 2010). This technique is considered highly sensitive and offers 

the benefit, over many other CTC detection methods, of being both qualitative and 
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quantitative (Brown & Wittwer 2000, Jahan-Tigh et al. 2012, Picot et al. 2012).  

Certain mesenchymal tumour types have specific cellular antigens that can be 

targeted with fluorescent antibodies for identification with flow cytometry (DuBois et al. 

2010). Osteosarcoma is a neoplasm of bone with osteoid production (Brodey & Riser 

1969, Ling et al. 1974), and has been shown to retain osteoblastic properties in vitro 

and in vivo (Partridge et al. 1983, Prideaux et al. 2014, Rodan et al. 1987). Therefore, 

proteins secreted and expressed by osteoblasts and osteoblast-like cells, such as COL 

I, and other non-collagenous proteins such as osteocalcin (OC) are candidates for 

cellular labeling of circulating OSA cells. In humans, COL I has demonstrated the most 

promise as a cellular marker for OSA CTC identification (Wong et al. 2000).  

To date, there is no published data regarding identification and enumeration of 

CTCs throughout the course of a naturally-occurring malignant neoplastic canine 

disease model, and how these levels may correspond to patient treatment, development 

of metastasis, and survival time. Successful development of a novel non-invasive flow 

cytometry protocol using fluorescent antibodies targeted to osteoblastic antigens would 

aim to allow detection and enumeration of OSA CTCs from dogs with naturally occurring 

appendicular OSA. Implementation of an optimized flow cytometry protocol to a cohort 

of clinical dogs with appendicular OSA undergoing gold standard treatment would allow 

for assessment of CTC behaviour and biology throughout the course of disease. 

Significant increases in CTC numbers in a canine patient undergoing treatment for OSA 
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may be an early signal of impending metastasis, which may identify those with a more 

aggressive disease process who are at risk of failing standard treatment protocols, may 

help identify patients who begin to fail to respond to an ongoing chemotherapy protocol 

and may signify a clinician to make changes or alterations to a treatment plan and 

monitoring schedule. Although beyond the scope of this research, novel advancements 

in canine OSA prognosticating, monitoring, and treating canine OSA will hopefully help 

advance veterinary oncology care, and may benefit human OSA patients as well.   

Hypotheses: 

1. Dogs with OSA have a high frequency of CTCs as detected by flow cytometry. 

2. The frequency of OSA CTCs in dogs with appendicular OSA varies    

throughout the course of disease.  

3. An increasing frequency of CTCs in dogs with appendicular OSA predicts  

detection of metastasis and decreased survival.  

 

Objectives: 

1. Determine if circulating OSA cells can be detected and enumerated in dogs 

with OSA by developing an accurate, facile, and non-invasive flow cytometric 

assay.  

2.  Apply the optimized flow cytometry protocol to sequential clinical samples 

from a cohort of dogs with naturally-occurring OSA who are receiving standard of 
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care treatment (amputation and chemotherapy) before therapy, and after therapy 

throughout the course of disease. 

3.  Correlate CTC enumeration using optimized flow cytometry at standardized 

time points with patient outcome and disease progression.  
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2 Chapter II: General Literature Review  

2.1 Osteosarcoma - Overview 

Osteosarcoma (OSA) is a highly aggressive, malignant primary bone cancer of 

mesenchymal origin (Brodey & Riser 1969, Ling et al. 1974, Liu et al. 1977). OSA cells 

produce osteoid, bone or both, and destroy normal bone locally (Brodey & Riser 1969, 

Ling et al. 1974, Liu et al. 1977, Loukopoulos & Robinson 2007). Radiographic changes 

include focal osteoproliferation and osteolysis, while clinical signs include lameness and 

pain (Brodey & Riser 1969, Dernell et al. 2007, Ling et al. 1974, Liu et al. 1977). 

Osteosarcoma is the most common primary bone tumour of dogs, accounting for 

approximately 80-85% of all bone tumours, and 5 to 6% of all malignant canine cancers 

(Dernell et al. 2007, Endicott 2003, Ling et al. 1974, Liu et al. 1977). This aggressive 

tumour rapidly metastasizes, most commonly to the lungs (Brodey & Abt 1976, 

Cavalcanti et al. 2004, McNeill et al. 2007, Misdorp & Hart 1979, Spodnick et al. 1992), 

and with a lower frequency of spread to distant bone (McNeill et al. 2007, Spodnick et 

al. 1992), local lymph nodes (Hillers et al. 2005, Misdorp & Hart 1979), and other soft 

tissues in the abdomen (Spodnick et al. 1992), liver (Cesario et al. 2016), skin (Gorman 

et al. 2006), abdominal organs (McNeill et al. 2007), and brain (McNeill et al. 2007). 

Death or euthanasia is most commonly from metastatic disease (Misdorp & Hart 

1979, Spodnick et al. 1992). Although less than 10% of patients will have radiographic 
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evidence of metastasis at time of diagnosis, approximately 90% of patients will die from 

metastatic disease within the first year following local control alone (Brodey & Abt 1976, 

Brodey & Riser 1969, Spodnick et al. 1992). Amputation or limb-sparing tumour 

resection followed by chemotherapy is the therapeutic gold standard in dogs, and has a 

reported median survival time (MST) of 235-540 days (Selmic et al. 2014). Rapid 

disease progression despite aggressive and early intervention, suggests the 

development of subclinical metastasis early in the course of disease (Spodnick et al. 

1992, Brodey & Abt 1976, Brodey & Riser 1969). Of particular interest is the variable 

and unpredictable response to equivalent chemotherapy protocols among patients, with 

survival times in identically treated dogs varying from 2 to >30 months. This suggest 

that there is extensive heterogeneity in tumour biology and host factors (Schmidt et al. 

2016, Selvarajah & Kirpensteijn 2010, Stanta & Bonin 2018, Withrow & Wilkins 2010).  

2.1.1 Prevalence & Signalment 

Osteosarcoma is most prevalent in middle to older aged dogs of large to giant 

breeds, although dogs of any age and breed can be affected (Brodey & Riser 1969, 

Culp et al. 2014, Misdorp & Hart 1979, Ru et al. 1998, Tjalma 1966). A bimodal 

incidence has been described where a first peak of incidence is also noted in a smaller 

proportion of younger aged dogs (18-24 months) (Dernell et al. 2007, Misdorp & Hart 

1979). In addition, case studies have described OSA in a subset of small breed dogs 

(Amsellem et al. 2014, Cooley & Waters 1997). Osteosarcoma can affect any bone in 
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the body, but most commonly occurs in the appendicular skeleton (reported range from 

64%-77%) (Brodey & Riser 1969, Cavalcanti et al. 2004, Loukopoulos & Robinson 

2007, Misdorp & Hart 1979), with the axial skeleton and extraskeletal locations less 

commonly affected, with reported incidences of 17%-27% (Cavalcanti et al. 2004, 

Hammer et al. 1995, Heyman et al. 1992, Loukopoulos & Robinson 2007, Misdorp & 

Hart 1979) and 5-8%, respectively (Cavalcanti et al. 2004, Kuntz et al. 1998, 

Langenbach et al. 1998). Appendicular tumours reportedly carry the greatest metastatic 

potential (Heyman et al. 1992). Weight-bearing bones of the forelimbs are more likely to 

be affected than those of the hindlimbs (almost twice), with the highest prevalence in 

the distal radius (Brodey & Riser 1969, Misdorp & Hart 1979, McNeill et al. 2007).   

2.1.2 Median Survival Times 

Median survival times for patients undergoing amputation and adjuvant 

chemotherapy range from 8.7-11.5 months (Berg et al. 1997, Berg et al. 1992, Bergman 

et al. 1996, Frimberger et al. 2016, Mauldin et al. 1988, Selmic et al. 2014, Straw et al. 

1991, Thompson & Fugent 1992), while those of patients undergoing only amputation 

range from 3.9-6.3 months (Berg et al. 1997, Straw et al. 1991, Thompson & Fugent 

1992). At one year post diagnosis, between 33% and 45% of the cohort receiving gold 

standard treatment is likely to still be alive (Berg et al. 1992, Bergman et al. 1996, 

Frimberger et al. 2016, Mauldin et al. 1988, Thompson & Fugent 1992), while only 14-

20% are still alive after 2 years (Berg et al. 1992, Frimberger et al. 2016). 
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2.1.3 Canine OSA as a Comparative Model of Human OSA 

In humans, OSA is the most common primary solid bone tumour of childhood and 

adolescence (Carrle & Bielack 2006, Fenger et al. 2014). Canine OSA is considered an 

excellent comparative model for human juvenile OSA since they share important 

similarities with regard to tumour location, frequency of and predilection for metastatic 

disease, negative prognostic indicators, development of chemotherapy-resistant 

metastases, and tumour molecular characteristics (Fenger et al. 2014, Morello et al. 

2011, Mueller et al. 2007, Rowell et al. 2011, Withrow & Wilkins 2010). Similar to their 

canine counterparts, human patients without clinically detectable metastases at the time 

of diagnosis are presumed to have micrometastatic disease. Accordingly, children are 

treated with adjuvant systemic chemotherapy despite a lack of obvious metastatic 

spread (Federman et al. 2009, Messerschmitt et al. 2009). In humans, 5-year survival 

rates of 10–20% have been reported after amputation without chemotherapy, whereas 

5-year survival rates of 60–78% have been reported for patients without metastases 

when surgery was combined with systemic multi-agent chemotherapy (Chou et al. 2008, 

Federman et al. 2009, Messerschmitt et al. 2009). Unfortunately, despite multimodality 

treatment, 30–40% of human OSA patients still experience metastases within 3 years. 

Advancements in prognostication or therapy of metastatic disease have been limited 

over the past two decades, leaving a profound gap to devise better diagnostic and 

treatment approaches (Chou et al. 2008, Federman et al. 2009).  
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Improvements in prognosticating, monitoring, and treating canine OSA will 

advance veterinary care, and likely also treatment of humans with OSA. An important 

benefit of studying canine OSA as a comparative model is the fact that OSA is 

approximately 10 times more common in dogs than in humans, and that canine patients 

naturally have a much shorter life span; this contributes to a larger and more practicable 

study population (Fenger et al. 2014, Mueller et al. 2007, Rowell et al. 2011, Withrow & 

Wilkins 2010). Advancements in canine OSA will hopefully help accelerate OSA 

research overall and may allow for the development of novel therapeutics and 

management strategies to benefit both species.  

2.2 Osteosarcoma - Diagnosis 

2.2.1 Radiographic Evaluation 

Primary OSA lesions are frequently suspected based on the presence of classic 

radiographic features. In many cases, radiographic evaluation in conjunction with 

signalment and history provides sufficient evidence to proceed with more advanced 

diagnostics (i.e. cytology or bone biopsy), and even definitive treatment (i.e. limb 

amputation). Primary appendicular OSA lesions are predominantly localized in the 

metaphyseal region of the affected long bone. The most commonly affected long bone 

locations in order, are distal radius, proximal humerus, distal femur, proximal tibia, distal 

tibia, and proximal femur (Brodey & Riser 1969, Misdorp & Hart 1979). Tumour size can 
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vary based on disease stage and grade, but OSA is characteristically irregular in 

appearance with a combination of osteolysis, and calcification of the bone matrix. An 

associated periosteal elevation (Codman’s triangle) and periosteal reaction (sunburst 

appearance) is often observed (LaRue et al. 1986, Liu et al. 1977). Furthermore, an 

accompanying extraosseous soft tissue swelling, with mineralization is also commonly 

present. In more advanced cases, bone osteolysis may cause sufficient cortical 

weakness to result in pathologic fractures (LaRue et al. 1986, Liu et al. 1977, Brodey & 

Riser 1969).  

2.2.2 Advanced Imaging (CT and MRI) 

Advanced imaging has been used to further evaluate the local extent of the 

primary tumour into the surrounding bone and soft tissues. In the majority of cases of 

canine appendicular OSA, advanced imaging is unnecessary and offers no significant 

benefit over radiography for tumour diagnosis, since the tumour is typically treated 

locally with radical excision (i.e. full limb amputation) (Davis et al. 2002).  However, in 

select cases where the tumour is located on the proximal femur towards the 

coxofemoral joint and pelvis, or where limb-sparing surgery is being considered, a 

greater understanding of tumour extent via advanced imaging is required for appropriate 

surgical planning (Davis et al. 2002). Magnetic resonance imaging (MRI) is considered 

the modality of choice for planning prior to limb-sparing surgery in humans (Saifuddin 

2002, Sundaram et al. 1986), but has been less utilized than computed tomography 
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(CT) in canine patients, primarily due to cost limitations, availability, and lack of 

evidence that it is a superior method of evaluation (Davis et al. 2002). Davis et al. 

(2002) compared radiography, CT and MRI of appendicular OSA in 10 patients and 

concluded that measurements made by CT were most accurate overall when 

intramedullary fibrosis was taken into account, but could still underestimate tumour 

length. In comparison, MRI measurements were considered the least accurate of all 

methods, but did not underestimate tumour length in any limbs. The craniocaudal 

radiographic view was deemed most accurate at predicting tumour length, though 

overall it still underestimated tumour length in some cases (Davis et al. 2002). 

Measurements for limb sparing surgery or hemi-pelvectomy performed based on 

radiographic evaluation alone may underestimate true bone involvement, thus resulting 

in inadequate margins and incomplete tumour excision. Therefore, advanced imaging, 

particularly CT evaluation, is advised in such cases. CT and fluoroscopy may also prove 

to be useful for guiding positioning during diagnostic bone biopsy, particularly for less 

accessible or distinguishable bone lesions (Dernell et al. 2007). 

2.2.3 Cytologic Evaluation 

Cytologic tumour evaluation via percutaneous fine needle bone aspirates can 

provide supportive evidence towards a diagnosis of OSA, particularly when combined 

with signalment, clinical signs, physical examination and radiographic evaluation 

(Dernell et al. 2007). Cytologic examination has the benefit of being cost-effective, 
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associated with rapid diagnostic turnover and minimal invasiveness (Àekerman et al. 

1976, Britt et al. 2007, Dernell et al. 2007). Loukopolous et al. (2005) found that 

cytologic diagnosis of osteosarcoma agreed with histopathology partially or completely 

in 70% of the cases, with 11% of cytologic samples considered non-diagnostic 

(Loukopoulos et al. 2005). Features typical of OSA cells are spindle-shaped to plump 

cells, presence of large nuclei, single or multiple prominent nucleoli, cytoplasmic 

vacuoles, cytoplasmic projections and indistinct cytoplasmic borders (Sabattini et al. 

2017). Specific cytologic criteria have been described to help guide diagnosis, but 

definitive identification of the sarcoma type (i.e. fibrosarcoma vs. chondrosarcoma vs. 

synovial cell sarcoma vs. osteosarcoma) is unfortunately challenging in many cases 

(Barger et al. 2005, Britt et al. 2007, Reinhardt et al. 2005) without cytochemical or 

immunohistochemical assays. 

Diagnosis can be affected by the quality of the sample collected, the region 

sampled, as well as the experience of the clinical pathologist (Britt et al. 2007, Dernell et 

al. 2007). The diagnostic quality of percutaneous aspirates can be improved using 

image-guided methods, such as ultrasound, fluoroscopy, CT, or MRI. Ultrasound 

guidance has been reported as the most cost effective and realistic method to direct 

aspiration of the region of interest (Britt et al. 2007, Dernell et al. 2007). Using 

ultrasound guidance, Britt et al. (2007) demonstrated that 32/36 (89%) cytologic 

samples obtained from aggressive appendicular bone lesions were considered 
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diagnostic with a diagnostic sensitivity and specificity for sarcoma of 97% and 100% 

respectively (Britt et al., 2007).  

Alkaline phosphatase (ALP) is a membrane-bound enzyme made by a variety of 

tissues. In the dog, bone is the only connective tissue that has the ability to produce 

ALP (Barger et al. 2005). Alkaline phosphatase staining has been validated to be a 

highly sensitive (100%) and fairly specific (89%) marker in the diagnosis of canine 

osteosarcoma (Barger et al. 2005). When a diagnosis of sarcoma was made on 

cytology, ALP staining indicated OSA with 100% sensitivity, indicating that the 

combination of cytology and ALP detection compared favorably to histopathology but 

was less invasive as an initial diagnostic step (Britt et al. 2007).  

Overall, the utility of cytology to diagnose OSA is considerable; in many cases 

cytologic evaluation in conjunction with the overall clinical picture provides enough 

confidence to proceed with more definitive diagnosis or even treatment (Dernell et al. 

2007). 

2.2.4 Bone Biopsy 

Biopsy of the bone lesion can be performed with the goal of providing a more 

definitive diagnosis and to help confirm suspicion of bone neoplasia prior to proceeding 

with local therapy (i.e. limb amputation, limb-sparing techniques, or radiation therapy). 

Bone biopsy aims to provide a representative tumour sample that is sufficient for 
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histopathologic analysis, but not so large as to predispose the patient to bone fracture. 

Biopsy of the central region of the bone lesion is recommended to avoid reactive bone 

that could be difficult to differentiate from neoplastic bone (Powers et al. 1988).  

Bone biopsy can be performed via a surgical incision with either incisional biopsy 

or bone trephine/core, or closed needle/trephine biopsy. A closed biopsy with Michelle 

trephine or large coring needle has been associated with a diagnostic accuracy of 80-

92%, but should be limited to a single core and comes with an increased risk of 

pathologic fracture due to its larger core diameter (Powers et al. 1988, Boston 2018). 

Smaller core needles, such as Jamshidi needles are less likely to result in pathologic 

fracture (Boston 2018). The reported associated diagnostic accuracy of 3 Jamshidi 

needle core biopsy samples for diagnosing neoplasia versus other bone disorders was 

91.9%, while it was only 82.3% for diagnosis of a specific tumour type (Powers et al. 

1988). 

If a limb-sparing procedure is scheduled to follow biopsy, careful positioning and 

planning of the biopsy site is critical to subsequent surgical success. The biopsy site 

must be positioned so that the biopsy tract can be completely removed with the tumour 

at the time of the limb-sparing procedure; sampling the tumour center also optimizes 

later excision of the biopsy tract. Biopsy location should be selected based on 

assessment of orthogonal view radiographs of the tumour, fluoroscopy, or advanced 

imaging (CT) (Boston 2018). Due to the small sample size provided with this technique, 
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diagnostic success is highly dependent on the experience of the clinician performing the 

biopsy technique, as well as the comfort and level of experience of the pathologist 

examining the sample (Dernell et al. 2007, Boston 2018). 

2.2.5 Histopathology 

Histopathologic analysis of a tumour and associated margins following limb 

amputation or limb-sparing procedures can provide a definitive diagnosis of OSA, 

assess bone and soft tissue margins, and provide a tumour grade. Tumour grade not 

only gives indication as to the biologic behavior of the tumour, but may also indicate 

overall prognosis (Kirpensteijn et al. 2002, Loukopoulos & Robinson 2007). 

Osteosarcomas can be classified based on cellular behavior using a grade-based 

system or a subtype classification. The grade-based system relies on assessment of 

features such as mitotic index, the degree of necrosis, quantity of tumour matrix, tumour 

cell density, and pleiomorphism (Kirpensteijn et al. 2002, Loukopoulos & Robinson 

2007). Unfortunately, a universally accepted grading system incorporating all criteria 

has not been adopted. Two OSA grading systems have been described (Kirpensteijn et 

al. 2002, Loukopoulos & Robinson 2007). Though they utilized a similar method of 

characterization within a three-tiered grade system; grading criteria differed somewhat 

between the two studies (Loukopoulos & Robinson 2007).  

Primary OSA can also be classified into subtypes based on the quality and 
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quantity of extracellular matrix produced (osteoblastic productive, osteoblastic minimally 

productive, chondroblastic and fibroblastic), the degree of cellular differentiation (poorly 

differentiated vs. well differentiated), frequency of giant cells (giant cell subtype), and 

the presence of blood filled cystic lesions (telangiectatic subtype) (Loukopoulos & 

Robinson 2007). Similar to the grading system, classification into subtypes has been 

investigated as a means to better predict overall tumour aggressiveness. Loukopoulos 

& Robinson (2007) found that tumours of the osteoblastic minimally productive subtype 

were more commonly associated with a significantly higher grade in comparison with 

the chondroblastic or telangiectatic subtype. However, additional support for this finding 

is lacking in the literature.  

Kirpensteijn et al. (2002) found that the tumour grading system had prognostic 

value with regard to survival time in canine OSA, and that dogs with high-grade tumours 

and increased serum ALP should prompt more thorough evaluation for metastatic 

disease prior to proceeding with treatment in these cases. Although not stated in the 

paper, more rigorous methods of metastasis evaluation could include a bone scan or 

advanced imaging modalities.  However, Loukopoulos & Robinson (2007) did not find 

an association between tumour grade and histologic subtype. Furthermore, a recent 

study by Schott et al. (2017) concluded that patient outcome (ST and DFI) was not 

significantly correlated with histologic grade or serum ALP, as described using the two 

previously published grading schemes (Kirpensteijn et al. 2002, Loukopoulos & 
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Robinson 2007). The only histologic feature that was significantly correlated with ST 

and DFI was an increased number of mitotic figures per three randomly selected high 

power (400x) microscopy fields (Schott et al. 2017). However, this association was only 

reported for one of the three evaluators. These findings cast doubt on the prognostic 

value of histologic grade, and highlight the need for better predictors of outcome.  

Future efforts for more accurate assessment of tumour behavior and metastatic 

potential may rely on examination of increased expression of specific proteins, or 

detection of particular genetic mutations (Loukopoulos et al. 2003). Several significant 

proteins of interest that have been shown to have increased expression in tumours of a 

greater predilection for metastasis formation include: p53 tumour suppressor gene, 

matrix metalloproteinases 2 and 9, and Ezrin (Loukopoulos et al. 2003, Jiang et al. 

2013, Yao et al. 2014, Li et al. 2014, Li et al. 2013, Park et al. 2006). However, the 

overall evidence for their prognostic significance remains experimental and somewhat 

equivocal at this time, and standard acceptance into clinical practice has yet to be 

adopted. In combination with traditional histopathology, it is the hope that expression of 

specific protein products in tumour cells may help to provide a better assessment of 

tumour malignancy and overall predicted patient outcome (Loukopoulos et al. 2003). 
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2.3 Osteosarcoma - Staging 

Staging for metastasis is essential to help generate an overall prognosis, guide 

owners in their desired treatment plan, and dictate appropriate therapy for the patient. 

The ideal staging test would be both highly sensitive and specific to ensure accurate 

detection of all metastatic lesions present at the time of diagnosis (Oblak et al. 2013). 

Unfortunately, many of the currently available tests have limited sensitivity and 

specificity, thus increasing the risk of false negative and false positive results, 

respectively. 

Complete staging for OSA typically begins with a thorough general physical and 

orthopedic / neurologic examination.  Particular attention is placed on identifying long 

bone pain that could suggest metastatic bone lesions as well as ruling out concurrent 

disease such as orthopedic and neurologic conditions that could affect function if 

amputation is pursued (Dernell et al. 2007).  

Standard pre-amputation staging to rule-out metastasis includes a complete 

blood cell count and biochemistry profile, thoracic radiographs, abdominal ultrasound, 

and in some cases thoracic CT (Dernell et al. 2007). Full body work-up also helps to 

rule out the presence of concurrent illnesses that could preclude owners from electing to 

proceed further with OSA treatment.  
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Fine needle aspiration of enlarged peripheral lymph nodes may help diagnose 

lymph node metastasis versus reactive lymph nodes or benign hyperplasia (Dernell et 

al. 2007). Lymph nodes with an ambiguous cytologic diagnosis can be biopsied, 

typically at the time of amputation, for a definitive diagnosis. A diagnosis of lymph node 

metastasis is relevant as it has been associated with a decreased survival time (Hillers 

et al. 2005).  

A literature meta-analysis of prognostic factors in canine appendicular OSA 

identified that an increased preoperative serum ALP level was associated with a 

significantly shorter survival time and was likely the strongest prognostic indicator for ST 

and DFI in dogs with appendicular OSA (Boerman et al. 2012). A similar meta-analysis 

also found increased serum ALP to be a negative prognostic indicator (Schmidt et al. 

2013). Nonetheless, it should be emphasized that this prognostic indicator is a static 

measurement, only validated at the time of staging. Serum ALP measurement does not 

reflect the cancer burden in a given patient over the course disease, and lacks 

specificity for OSA tumour tissue since serum ALP is comprised of isoenzymes 

originating from several tissues (Boerman et al. 2012). There are also studies that 

demonstrate a lack of significant association between elevated serum ALP and 

decreased DFI and ST (Schott et al. 2017, Chun et al. 2005, Saam et al. 2011). Based 

on the somewhat conflicting results between studies, serum ALP should be interpreted 

with some caution, and evaluated in context with other staging and prognostic factors.  
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2.3.1 Lung Metastasis 

2.3.1.1 Thoracic Radiographs 

High detail thoracic radiographs performed during the inspiratory phase of 

breathing, in an awake patient are used to assess for pulmonary metastatic lesions 

(Dernell et al. 2007). Earlier studies demonstrated that three-view thoracic radiographs 

were significantly more sensitive than two views for staging of pulmonary metastases; 

hence three-views are currently considered the standard of care (Dernell et al. 2007, 

Lang et al. 1986). Accurate detection of pulmonary metastasis is affected by intrinsic 

factors such as lesion location, size, shape, opacity; superimposition of normal thoracic 

structures; radiographic technique; and experience of the radiologist interpreting the 

results (Lang et al. 1986). Furthermore, due to their typical lack of ossification, 

pulmonary metastases are not reliably identifiable until they reach a size of 7 to 20 mm 

(Nemanic et al. 2006, Oblak et al. 2013). 

2.3.1.2 Thoracic Computed Tomography 

Many of the inherent imaging constraints of thoracic radiography can be 

overcome through the use of CT thoracic evaluation. In comparison to radiography, CT 

may afford better discrimination of different opacities, provide enhanced contrast, 

reduce superimposition of intra- and extra-thoracic structures over lung fields via cross-
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sectional imaging, enhance evaluation of the costo-diaphragmatic and subpleural 

regions, and allow for multiplanar reconstruction (Eberle et al. 2010). 

In humans, CT is considered the standard imaging modality to diagnose the 

presence and extent of pulmonary metastasis from sarcomas (Kayton et al. 2006). In a 

comparative retrospective study 18 dogs with histologically confirmed metastatic 

pulmonary neoplasia were evaluated (Nemanic et al. 2006). Thoracic radiographs and 

single breath hold helical CT occurring at the same time were compared. Quantitative 

analysis of pulmonary nodule size, number of nodules and lobar distribution was 

performed. The results revealed that only 9% of CT detected pulmonary nodules were 

identifiable on radiographs. Furthermore, an increased number of lung lobes observed 

to have pulmonary nodules was identified using CT imaging versus radiography. The 

increased sensitivity of CT imaging was suspected to be largely the result of the ability 

to identify much smaller lesions. The lower size threshold for detection of pulmonary 

nodules with CT was one mm, whereas the lower size threshold for reliable detection of 

pulmonary nodules with radiography in that study was significantly greater at 7-9 mm 

(Nemanic et al. 2006). This data is consistent with previous studies in humans where 

CT was significantly more sensitive than thoracic radiography for the detection of 

pulmonary soft tissue nodules (Chang et al. 1979). The major limitation of the Nemanic 

study was lack of histopathologic confirmation that the pulmonary nodules observed 

were in fact viable metastases rather than benign or incidental pulmonary lesions 
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(Nemanic et al. 2006). The increased sensitivity of CT comes at a cost of lowered 

specificity, as smaller possibly non-neoplastic lesions may be more easily identified with 

similar inability to differentiate benign from malignant lesions without biopsy. In cases 

where owners may not proceed with further treatment if there is a suspicion of 

pulmonary metastasis, the risk of false positive staging could have profound 

consequences for the patient.  

Eberle et al. (2010) revealed that CT was significantly more sensitive than 

thoracic radiography for detecting lesions in 39 canine patients with appendicular 

osteosarcoma (Eberle et al. 2010). In that study, pulmonary nodules were detected in 

5% (2/39) of patients using traditional pulmonary radiographs, whereas CT evaluation 

suggested 28% (11/39) of patients had pulmonary metastases. Pulmonary nodules 

observed on CT ranged in size from 2 - 25 mm, demonstrating that CT imaging was 

associated with improved detection of small pulmonary nodules within the lung 

parenchyma, as well as a reduction of summation effects (Eberle et al. 2010). Oblak et 

al. (2013) concluded that the prevalence of CT-detected pulmonary metastasis in dogs 

with negative thoracic radiographs was 14% in their population of 15 dogs with 

appendicular OSA (Oblak et al. 2013). That study also suggested that ground glass 

lesions observed exclusively via CT examination should also be considered suspicious 

for early metastasis, since 3/4 patients with such lesions progressed to develop 
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corresponding definitive pulmonary nodules within a 169-382 day period (mean 250 

days) (Oblak et al. 2013). 

In a retrospective case series of 3 dogs with unexplained weight loss, Johnson et 

al. (2004) evaluated the utility of high-resolution CT for the diagnosis of metastatic 

neoplasia in dogs with normal thoracic radiographic findings. Follow-up high-resolution 

thoracic CT imaging was highly suggestive of neoplastic infiltrates; these suspicions 

were confirmed at post-mortem examination with histopathology. Although the study 

was a retrospective case series of a small number of subjects, it does provide further 

support that there can be good correlation between high-resolution CT findings and 

histopathology for diagnosis of pulmonary metastases in patients with a high degree of 

suspicion of occult metastatic neoplastic disease despite normal thoracic radiographs 

(Johnson et al. 2004). 

Despite the improved sensitivity of high-resolution CT imaging for detecting 

thoracic metastases compared with standard radiography, there are limitations to this 

modality for both human and veterinary OSA. Waters et al. (1998) evaluated the lungs 

of four canine patients with metastatic OSA using helical CT in order to determine the 

accuracy of detection of pulmonary metastasis. Histopathologic evaluation of all lungs 

examined revealed 132 macroscopically evident pulmonary metastases, of which only 

74 (56%) were detected by at least one reader on comparative CT. Lesion size was a 

significant determining factor of accuracy in this study with 30/33 (91%) metastases of 5 
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mm or greater detected via CT (Waters et al. 1998). In contrast, only 44/99 (44%) 

metastatic lesions less than 5 mm where detected, and none of the micrometastases 

(less than or equal to 1 mm) were identified (Waters et al. 1998). Though the overall 

patient number in this study was small and power could have been improved by 

enrolling more patients; comparison of a large number of metastatic nodules provided a 

high degree of confidence in the results. However, despite the advantages of CT, the 

technique does have inherent limitations, particularly regarding detection of micro-

pulmonary metastases. 

Similarly, preoperative thoracic CT imaging was found correlate poorly to 

intraoperative detection of pulmonary metastases by palpation, and visual assessment 

at the time of thoracotomy, in 28 pediatric human patients with metastatic OSA (Kayton 

et al. 2006). Following subtraction of non-viable or benign pulmonary lesions via 

histopathologic assessment, CT still underestimated the number of viable pulmonary 

metastases in 26% of patients, and missed 92/329 microscopically diagnosed 

pulmonary metastases (Kayton et al. 2006). The main weaknesses of this study was the 

small number of subjects enrolled and the fact that CT imaging was performed at a 

median of 20 days preoperatively (range 1-85 days) (Kayton et al. 2006). The delay 

between staging and surgery may have allowed some metastases time to progress and 

thus become more identifiable at the time of thoracotomy. 
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Despite the limitations of CT imaging, the scientific evidence is most supportive 

of this method for sensitive identification of pulmonary metastases in comparison to 

thoracic radiography (Oblak et al. 2013). Therefore, thoracic CT is considered the 

preferred thoracic staging method when available and financially manageable for 

owners, particularly if the presence of pulmonary metastasis would preclude an owner 

from pursuing definitive treatment, if additional poor prognostic indicators are present, or 

if limb-spare surgery is being considered.     

2.3.2 Bone Metastasis 

2.3.2.1 Skeletal Radiographs 

Survey bone radiographs have been shown to lead to increased detection of 

bone metastases relative to clinical signs and physical examination, but are somewhat 

impractical and time consuming to perform. In a study by LaRue et al. (1986) 42 dogs 

with primary bone tumours underwent lateral radiographic bone survey of all bones in 

the body except for the skull. This study by radiographic bone survey found non 

clinically detectable bone lesions in 7.1% of cases, thus improving detection relative to 

physical examination alone (LaRue et al. 1986). Oblak et al. (2013) also compared 

lateral long bone and pelvic survey radiographs to whole body CT scan from OSA 

patients during the preoperative staging period (Oblak et al. 2013). Contrary to the study 

conducted by LaRue et al. (1986), Oblak et al. (2013) did not report a significant 
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improvement in detection of bone metastasis using this method compared to other 

imaging techniques. However, Oblak et al. (2013) failed to compare whole body 

radiography to orthopedic examination, thus making it difficult to fully interpret the 

significance of the results or compare directly to the study by LaRue et al. (1986).  

2.3.2.2 Nuclear Bone Scintigraphy 

Whole body skeletal scintigraphy is considered more sensitive than radiography 

to screen for unsuspected bone metastasis since the technique relies on detection of 

increased bone metabolism. However, the test is considered overall non-specific for 

osteosarcoma since conditions such as osteomyelitis and degenerative joint disease 

can also lead to increased radionucleotide uptake (Berg et al. 1990, Jankowski et al. 

2003, Oblak et al. 2013). Jankowski et al. (2003) retrospectively analyzed the use of 

nuclear scintigraphy to determine the rate of secondary site bone metastases at the 

time of initial presentation in 399 dogs with suspected OSA (Jankowski et al. 2003).  

Three hundred and twenty-six of 399 dogs (82%) had only one site that appeared to be 

consistent with an OSA lesion, however 72 of 399 dogs (18%) had more than one 

suspicious bone lesion. Suspicious bone lesions were further reviewed using 

radiography, and 7.8% of cases were determined to be highly suggestive for secondary 

metastatic bone lesions (Jankowski et al. 2003). Oblak et al. (2013) compared CT, 

survey radiography and bone scintigraphy for screening of bone metastasis in dogs with 

suspected OSA, and concluded that only bone scintigraphy could definitively identify 
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metastatic bone lesions (Oblak et al. 2013). Nonetheless, that study identified two false 

positive and two false negative lesions using skeletal scintigraphy (Oblak et al. 2013). 

Based on similar research in humans, Forrest et al. (1992) aimed to expand the 

utility of skeletal nuclear scintigraphy in dogs by investigating quantitative techniques, 

with the goal of providing a refined prognosis (Forrest et al. 1992). Using the theory that 

bone tracers will concentrate in osteosarcoma because of the presence of excess 

immature osteoid, it was hypothesized that an aggressive tumour would more rapidly 

proliferate and thus would concentrate more radionucleotide than its less aggressive 

counterpart (Forrest et al. 1992). In the prospective study 25 dogs were examined 

before treatment, and following chemotherapy but before surgery. Results indeed 

revealed that patients with a higher percentage of bone tracer uptake at the site of the 

primary tumour prior to chemotherapy had a shorter metastatic free interval, suggesting 

a worse prognosis (Forrest et al. 1992). In contrast, patients in the post 

chemotherapy/pre-surgical group did not have a significant difference in bone tracer 

uptake in relation to prognosis (Forrest et al. 1992). The results of this study suggest 

that skeletal quantitative scintigraphy may be useful during the initial staging period with 

regard to defining patient prognosis, but does not appear to be useful as a dynamic 

measure of tumour aggressiveness following cytotoxic treatment. This technique would 

also not be useful for patients following amputation since scintigraphic activity at the 

tumour site can no longer be measured.   
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In humans, nuclear scintigraphy is utilized not solely for staging of osseous 

metastasis, but also to evaluate and plan tumour extent for limb sparing surgery, and 

quantitatively monitor patient response to neoadjuvant chemotherapy (Jankowski et al. 

2003). Despite the possible benefits of utilizing scintigraphy in these alternative and 

additional roles, scintigraphy has not become standard of care in veterinary medicine. 

The reason for this may stem from the fact that the procedure is expensive, 

necessitates specialized equipment and trained personnel, typically requires that the 

patient be heavily sedated or anesthetized, and in many veterinary facilities dictates that 

the patient be quarantined for a period to allow sufficient decay of radiation for safe 

handling, typically 24-48 hours.  

2.3.2.3 Whole Body Computed Tomography 

Oblak et al. (2013) found that CT imaging was useful for directed evaluation of 

potentially metastatic lesions identified using bone scintigraphy, but did not consider it 

an appropriate general screening tool. This was based on the fact that whole body CT 

and radiographs resulted in 5 false negatives each, in comparison to scintigraphy that 

had only 2 false negatives (Oblak et al. 2013). The research of Talbott et al. (2016) also 

supported the opinion that whole body CT imaging is not ideal for detecting bone 

metastases. This latter study evaluated 39 canine patients with appendicular OSA using 

full body CT imaging. CT imaging did not detect any cases of bone metastasis (Talbott 

et al. 2016). Since the study was retrospective in nature, comparison of CT to other 
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techniques, such as scintigraphy, was not available. Although it is possible that the true 

incidence of bone metastasis was zero, this seems unlikely since the reported incidence 

of bone metastasis for canine OSA is 8-27%; it is however plausible that early or small 

lesions may have been missed (Talbott et al. 2016). That study did, however, identify 

pulmonary metastases in 5% of the population, as well as concurrent but unrelated soft 

tissue lesions in two patients (Talbott et al. 2016). The overall findings suggested that 

whole body CT may be useful as an adjunct screening test for examination of the thorax 

and abdomen for concurrent disease, which would change the course of treatment 

(Talbott et al. 2016). The major limitation of CT for whole body evaluation is that 

hundreds of images must be reviewed, requiring a lot of time and effort by highly skilled 

radiologists, with a possibly worse sensitivity compared to other methods (Oblak et al. 

2013).  

Using a combination of imaging modalities to stage patients is likely to improve 

the sensitivity and specificity of early metastasis detection (Oblak et al. 2013). However, 

the techniques have limitations with regard to the minimum size of lesion that can be 

detected, prognostic significance, and the feasibility of repetition throughout the course 

of disease. The cost associated with applying multiple imaging methods must also be 

considered.  

In humans, positron emission tomography/computed tomography (PET/CT), is 

routinely used for diagnosing and staging cancer (Guimaraes et al. 2016, Selmic et al. 
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2017). This technique is considered non-invasive and applies a small amount of a 

radioactive material with specialized camera and computer evaluation superimposed 

over concurrent body CT imaging. This results in evaluation of tissue metabolism, blood 

perfusion and tissue oxygenation that can help identify early metastases (Guimaraes et 

al. 2016, Selmic et al. 2017, Griffin et al. 2018). It has been found to result in improved 

sensitivity of metastasis detection over CT imaging, and also allowing for full-body 

evaluation of soft tissues and bone (Guimaraes et al. 2016, Selmic et al. 2017, Griffin et 

al. 2018). Despite the potential advantages of this technique, it has very limited 

availability in veterinary patients at this time, and requires chemical restraint to perform 

(Selmic et al. 2017). Therefore, there is ample opportunity for improved and widely 

available staging techniques that are capable of detecting micrometastasis, particularly 

in a dynamic function.  

2.4 Osteosarcoma – Treatment 

2.4.1 Local Control  

The current standard of care for treating canine appendicular OSA involves local 

tumour control by limb amputation or limb sparing surgery to relieve pain and decrease 

tumour burden, followed by systemic chemotherapy to control metastatic disease. In 

patients not receiving treatment, the rate of euthanasia in short order is high, and 

typically results from uncontrollable pain, lameness, pathologic fractures or inability to 
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walk (Bacon et al. 2008, Berg et al. 1995, Bergman et al. 1996, Boston et al. 2006, 

Mauldin et al. 1988, Phillips et al. 2009, Selmic et al. 2014, Spodnick et al. 1992, Straw 

et al. 1991, Thompson & Fugent 1992).  

Full limb amputation is a radical surgical approach, which gives the highest 

chance of achieving clean local surgical margins compared with other methods (Dernell 

et al. 2007). With complete limb amputation, the risk of local recurrence is less than 1% 

(Straw & Withrow 1996). Unfortunately, despite local control, amputation alone is 

considered only palliative due to the highly aggressive nature of OSA and the high rate 

of metastatic disease. Amputation removes the immediate source of pain and 

lameness, but does nothing to address existing metastatic disease (Dernell et al. 2007, 

Spodnick et al. 1992).  

The majority of canine patients tolerate fore or hind limb amputation well. In fact, 

in a retrospective case series by Dickerson et al. (2015), ninety-one percent (58/64) of 

owners with dogs of various weights and ages that underwent complete limb amputation 

perceived no change in their dog’s attitude post amputation. Furthermore, 88% of 

owners reported complete or nearly complete return to pre-amputation quality of life, 

with 86% responding that they would opt for amputation again (Dickerson et al. 2015). 

Similar conclusions were made by Kirpensteijn et al. (1999) in a retrospective case 

series of owner satisfaction regarding limb amputation. That particular study revealed 

that although 22/44 owners were initially against limb amputation, most owners found 
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the experience of amputation to be positive, and 41/44 dogs adapted well to walking on 

three legs within one month of surgery. In both studies, a high percentage of dogs 

(>75%) recovered sooner than most owners expected (Dickerson et al. 2015; 

Kirpensteijn et al. 1999). Dogs were noted to adapt more quickly if a lameness was 

already present in the affected limb, and when owners displayed a positive attitude 

regarding the procedure (Kirpensteijn et al. 1999). 

Limb amputation is associated with a low overall rate of perioperative and 

postoperative complications when appropriate perioperative care is provided 

(Kirpensteijn et al. 1999, Straw & Withrow 1996). The most commonly described 

complications are postoperative surgical site infection and intraoperative hemorrhage, 

with very rare instances of disease recurrence at the surgical stump, postoperative 

gastric dilatation and volvulus, and rarely, intraoperative air embolism (Dernell et al. 

2007, Kirpensteijn et al. 1999, Straw & Withrow 1996). Other less overt postoperative 

side effects included perceived behavioral changes, such as increased anxiety and loss 

of dominance in 33% (14/43) of patients post amputation (Kirpensteijn et al. 1999).  

In some patients, concurrent orthopedic and neurologic conditions, severe 

obesity, and strong owner beliefs against amputation, preclude amputation as a viable 

treatment option. Alternative modalities to amputation for local control or curative-intent 

treatment include limb-sparing surgery and stereotactic radiation therapy (Dernell et al. 

2007, Endicott 2003, LaRue et al. 1989, Straw & Withrow 1996). The goal of limb-
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sparing surgery is resection of neoplastic bone and any involved soft tissue to alleviate 

pain and reduce the risk of pathologic fracture without threatening overall patient 

survival. Limb-sparing surgery is only indicated for select patients and tumour locations 

due to the expense of the procedure and high rate of severe complications (Straw & 

Withrow 1996). Appropriate candidates for limb-sparing surgery are patients with distal 

radial or ulnar tumours involving less than 50% of the bone length, confined to the bone 

with minimal soft tissue extension, and with no evidence of pathologic fracture or 

metastasis (Straw & Withrow 1996). Bone tumour extent is most accurately determined 

using CT imaging (Davis et al. 2002), since bone involvement may be overestimated 

with radiographs, MRI and nuclear scintigraphy (Davis et al. 2002, Leibman et al. 2001). 

Various limb-sparing techniques have been developed, including cortical allograft and 

bone plating, metal endoprosthesis, ulnar roll-over, pasteurized or irradiated autograft, 

bone transport osteogenesis and patient-specific rapid prototyped implants (Buracco et 

al. 2002, Degna et al. 2018, LaRue et al. 1989, Mitchell et al. 2016, Morello et al. 2001, 

Morello et al. 2003, Seguin et al. 2017, Timercan et al. 2019). Techniques incorporating 

intraoperative local chemotherapy and/or radiation therapy have also been utilized with 

varying success (Boston et al. 2007, Dernell et al. 2007, LaRue et al. 1989, Liptak et al. 

2004). 

Limb-use following forelimb-sparing surgery has been associated with good to 

excellent function in 65%-90% of appropriately selected dogs (LaRue et al. 1989, 
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Mitchell et al. 2016, Seguin et al. 2017, Straw & Withrow 1996). Following surgery, the 

majority of dogs reach maximal function by 30-60 days post limb-sparing surgery (Straw 

& Withrow 1996). Combined limb-sparing surgery with adjuvant curative-intent 

chemotherapy has a similar reported MST to limb amputation with adjuvant  

curative-intent chemotherapy (Mitchell et al. 2016, Seguin et al. 2017, LaRue et al. 

1989, Straw & Withrow 1996). The major downfall associated with limb-sparing surgery 

is the high rate of associated complications. In some studies, overall reported 

complication rates were as high as 74-96%, depending on the technique (Mitchell et al. 

2016, Seguin et al. 2017). The most commonly encountered complication is surgical site 

infection. While surgical site infection is rare following amputation, infection rates 

associated with limb-sparing techniques range from 31-78% of cases (LaRue et al. 

1989, Lascelles et al. 2005, Liptak et al. 2006, Mitchell et al. 2016, Seguin et al. 2017, 

Straw & Withrow 1996). Other major complications include local recurrence and implant 

failure (Straw & Withrow 1996).  

A large comparative retrospective study by Straw et al. (1996), revealed a 25% 

local recurrence rate at one year, while only 1% of amputation cases experienced local 

recurrence during the same time frame (Straw & Withrow 1996). Retrospective studies 

by Mitchell et al. (2016) and LaRue et al. (1989) reported similar local recurrence rates 

at 24% and 19%, respectively (LaRue et al. 1989, Mitchell et al. 2016). It has been 

suggested that tumour recurrence may be decreased with preoperative chemotherapy 
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and/or radiation treatment (LaRue et al. 1989, Straw & Withrow 1996).  

2.4.2 Radiation 

An additional curative-intent local treatment option for OSA is stereotactic 

radiosurgery (SRS). This minimally invasive technique delivers a precise high dose of 

radiation to the bone tumour with the intent of ablation. Stereotactic radiosurgery has 

shown positive results with regards to pain control and tumour death; however, it is not 

widely available, it is expensive and it can be associated with radiation dermatitis, often 

followed by alopecia and possible weakening of the non-neoplastic bone (Boston et al. 

2017, Covey et al. 2014, Farese et al. 2004). When combined with chemotherapy, 

Farese et al. (2004) reported MST (363 days) similar to amputation combined with 

chemotherapy. Stereotactic radiosurgery is most suitable for small tumours with minor 

bone destruction (Farese et al. 2004). In properly selected cases of appendicular OSA, 

SRS may be a viable option for providing local tumour control and improved limb 

function and comfort (Boston et al. 2017, Farese et al. 2004). In contrast, palliative 

radiation provides localized radiotherapy aimed at local pain control. However, this 

therapy does little to treat the underlying tumour and does not extend survival times 

significantly compared to no treatment (Culp et al. 2014, Green et al. 2002, Ramirez et 

al. 1999).  
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2.4.3 Adjuvant Chemotherapy 

As a result of the highly metastatic nature of osteosarcoma, treatment has 

evolved to include adjuvant chemotherapy for control and prevention of metastatic 

disease (Dernell et al. 2007, Endicott 2003). Concurrent local control is important for 

pain management and reduction of fracture risk, but also decreases the overall tumour 

burden and may thereby increase the efficacy of chemotherapy focused on a small 

number of cells (Berg 2001, Endicott 2003). The predominant goal of chemotherapy in 

canine patients is to prolong life with minimal compromise to quality of life; as such, 

smaller doses are used compared to those used in human patients. Smaller 

chemotherapy doses lead to minimal side effects but are also less likely to be curative 

(Berg 2001, Endicott 2003). Nonetheless, OSA is one of the most chemotherapy-

responsive canine tumours (Berg et al. 1995, Endicott 2003). Chemotherapy options 

include doxorubicin, carboplatin, cisplatin, or protocols combining several of these drugs 

(Berg 2001, Endicott 2003, Selmic et al. 2014).  

Findings in preliminary studies comparing outcome in dogs treated with 

amputation alone compared to dogs treated with combined amputation and 

chemotherapy justified the use of adjuvant chemotherapy (Berg et al. 1995, Berg et al. 

1997, Berg et al. 1992, Mauldin et al. 1988, Straw et al. 1991, Thompson & Fugent 

1992). Reported MST of dogs undergoing amputation or limb-sparing surgery with 

adjuvant chemotherapy, ranged from 262 - 366 days (Berg et al. 1992, Berg et al. 1997, 
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Bergman et al. 1996, Mauldin et al. 1988, Straw et al. 1991, Thompson & Fugent 1992). 

This is significantly longer than the reported survival time of dogs undergoing 

amputation or limb-sparing surgery alone, which ranged from 119 - 190 days (Mauldin 

et al. 1988, Straw et al. 1991, Thompson & Fugent 1992).  

Initial chemotherapy protocols primarily consisted of single agent cisplatin (Straw 

et al. 1991, Thompson & Fugent 1992), or cisplatin and doxorubicin combination 

(Mauldin et al. 1988). In 2000, Chun et al. reported that the MST for 16 patients with 

appendicular osteosarcoma treated with amputation and a cisplatin / doxorubicin 

combination was 18 months. This survival time was significantly longer than previously 

reported survival times for patients treated with amputation and cisplatin as a single 

agent (Chun et al. 2000). Several follow-up studies also showed the beneficial effects of 

combination therapy with carboplatin and doxorubicin protocols (Bailey et al. 2003; Kent 

et al. 2004). 

The largest retrospective cohort study evaluating the various chemotherapy 

protocols was released by Selmic et al. in 2014 (Selmic et al. 2014). Data analysis from 

470 dogs treated with amputation and one of five different chemotherapy protocols 

(carboplatin sole agent every 21 days for 4, or 6 cycles; doxorubicin for 5 cycles every 

14 days, or every 21 days; and combination carboplatin and doxorubicin every 21 days 

for 3 cycles) was performed. The overall MST in this study was 282 days, with none of 

the protocols providing a significant reduction in the risk of developing metastasis or 
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death.  An interesting finding of that study was that a lower proportion of dogs treated 

with only carboplatin (either 4 or 6 cycles) experienced adverse events compared to the 

other protocols (Selmic et al. 2014). Subsequently, many clinical treatment protocols 

shifted to using carboplatin, if available, as the sole agent instead of cisplatin. Overall, 

chemotherapy is well tolerated by dogs and is considered the standard of care following 

amputation (Bergman et al. 1996, Kent et al. 2004, Mauldin et al. 1988).  

Despite well-established chemotherapy protocols, individual patient response to 

treatment is variable with some dogs failing to reach survival times near the MST. 

Schmidt et al. (2016) showed that dogs with a predicted lower risk of mortality benefited 

more from standard chemotherapy than dogs with a predicted higher risk of mortality 

(Schmidt et al. 2016). As such, there remains a need to develop diagnostic methods to 

identify patients with highly metastatic disease who are at risk of failing standard 

treatment, which might allow for a more individualized treatment plan in such patients.  

2.5 Osteosarcoma - Prognosis 

Despite the overall improvement in MST with the advent of adjuvant 

chemotherapy, response rates to therapy vary markedly between individuals (Boerman 

et al. 2012, Schmidt et al. 2016). Therefore, an array of as yet undefined host and 

tumour genetic and environmental factors also play a role in the progression of the 

tumour. Correspondingly, there has been impetus over the last two decades to identify 
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and characterize negative and positive prognostic indicators, with the goal of better 

estimating patient survival and response to treatment. To date, proposed negative 

prognostic indicators and predictive markers have included: the presence of metastasis 

at the time of diagnosis (Boston et al. 2006, Hillers et al. 2005), large tumour size 

(Misdorp & Hart 1979), high tumour histologic grade (Kirpensteijn et al. 2002, 

Loukopoulos & Robinson 2007, Misdorp & Hart 1979), tumour location (proximal 

humerus) (Bergman et al. 1996, Boerman et al. 2012, Loukopoulos & Robinson 2007, 

Misdorp & Hart 1979, Schmidt et al. 2013), increased preoperative serum and/or bone 

alkaline phosphatase (Boerman et al. 2012, Ehrhart et al. 1998, Garzotto et al. 2000, 

Moore et al. 2007), failure of bone alkaline phosphatase to decrease postoperatively 

(Ehrhart et al. 1998), increased body weight (Bergman et al. 1996, Moore et al. 2007, 

Schmidt et al. 2013), young or old age (Loukopoulos & Robinson 2007, Moore et al. 

2007, Spodnick et al. 1992), increased tumour blood vessel density (Coomber et al. 

1998), and detection of certain tumour biomarkers (Selvarajah et al. 2009).  

The various proposed prognostic indicators have been helpful for estimating 

overall survival times and better defining survival expectations for owners. However, no 

clear criterion has been identified to help predict the presence of early metastasis or 

actual individualized prognosis or response to treatment. Furthermore, it can be difficult, 

and at times impossible, to compare results of individual studies and conclude that a 

particular predictive factor truly has prognostic value (Boerman et al. 2012). In fact, in 
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some cases the results of one study contradict those of another, yielding inconsistent 

conclusions, which are difficult to interpret. For example, histopathologic grade is an 

established method to examine tumour characteristics and help predict tumour behavior 

(Kirpensteijn et al. 2002, Loukopoulos & Robinson 2007, Pennacchioli et al. 2012). 

However, many tumours, particularly sarcomas, can exhibit diverse biologic behavior 

within a particular grade (Pennacchioli et al. 2012), leading to a wide range of possible 

outcomes in the actual patient. Tumour microenvironment and host responses appear 

to play a larger role than initially understood (Pennacchioli et al. 2012). This may explain 

why Schott et al. (2017) found that outcome for patients with canine appendicular 

osteosarcoma did not statistically correlate with histologic grade (Schott et al. 2017). 

In order to better address tumour heterogeneity and other host factors, gene 

patterns specific for tumour subgroups have been studied with the hope of exposing 

more reliable prognostic indicators. These specific genes may not only reflect the 

intrinsic properties of the tumour itself, but also reflect the tumour microenvironment, 

and host responses. Global protein expression studies, also known as proteomics, 

examine protein aberrations within tumour cells to identify surrogate biomarkers of 

aggressive tumour behavior and metastatic variants (Pennacchioli et al. 2012, Roy et al. 

2017, Skubitz et al. 2008, Suehara 2011). Proteomic investigation of tumours are 

usually based on mass spectrometry, and changes are more specifically assessed with 

western blotting, flow cytometry, confocal microscopy, and immunohistochemistry (Roy 
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et al. 2017). Proteomic assessment of tumours undoubtedly powerful, however, the 

main disadvantage of these techniques is that they need to be performed directly on 

cells from a neoplastic lesion. This requires tumour excision, or at the very least 

sufficient tissue for biopsy, and are therefore difficult to implement early in the course of 

disease, and do not reflect metastatic behavior at different time points throughout the 

course of disease and treatment.   

Detection of microscopic tumour dissemination and early metastasis in veterinary 

and human patients with neoplasia remains a significant challenge and is limited by the 

sensitivity and specificity of available imaging modalities (Amankwah et al. 2013, Budd 

et al. 2006, Chang et al. 2014, Eberle et al. 2010, Oblak et al. 2013). Over the past 

decade, targeting disease specific circulating biomarkers has become the focus of 

prognostic research in the human field. The large scope of approaches includes assays 

for serum or plasma biomarkers, messenger RNA (mRNA), micro-RNA (miR), 

circulating tumour DNA (ctDNA), proteomics, targeting metabolic end products, and 

intact circulating tumour cells (Satelli et al. 2014, Tan et al. 2018). Theoretically, such 

methods may be able to predict a patient’s prognosis at the time of initial diagnosis, 

following local and systemic treatment, and throughout the course of disease in a 

dynamic fashion in order to provide individualized and more effective treatment (Tan et 

al. 2018). In a recent systemic review of studies on blood-borne biomarkers in OSA, it 

was concluded that certain plasma proteins such as a high concentration of vascular 
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endothelial growth factor (VEGF) concentration, and constellations of plasma micro-

RNAs (miRNAs), might correlate with prognosis in human OSA, but that current 

evidence on the prognostic value of biomarkers is very limited and that large multi-

center studies are required (Tan et al. 2018). Therefore, demonstration of more 

convincing circulating OSA biomarkers is of great interest.  

2.6 Metastatic Theory  

Metastatic spread can occur at various stages of tumour development, and 

involves a series of sequential, dependent non-random steps. In order for distant 

metastases to occur, a so-called “invasion-metastasis cascade” takes place: CTCs lose 

adherence to the primary tumour, invade through the basement membrane into a blood 

vessel (intravasate), migrate in the venous circulation, arrest at specific capillary sites, 

exit from the blood stream (extravasation), invade parenchymal tissue and eventually 

proliferate and colonize distal microenvironments to form metastatic tumours (Follain et 

al. 2018). The exact mechanisms of each step is highly variable, and particularly for 

mesenchymal neoplasia, is still widely unknown (Pennacchioli et al. 2012).  

Various routes for metastasis exist; tumours cells can spread to distant sites via 

the vascular system, through lymphatic drainage of a primary tumour site to the local 

draining lymph nodes, and less likely through connective tissue interspaces or 

entrapment in body cavities (Pennacchioli et al. 2012). Other mechanisms of metastasis 
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may include further spread from the lymphatic system to the blood vascular system 

(Pennacchioli et al. 2012). In humans, it is suspected that apart from specific sarcoma 

types (clear cell sarcoma, epithelioid sarcoma, angiosarcoma, and alveolar 

rhabdomyosarcoma), the preferential method of metastatic spread of osteosarcoma is 

through the vascular system (Pennacchioli et al. 2012). Veterinary studies have also 

suggested predominant vascular spread in cases of canine osteosarcoma (Brodey & 

Riser 1969, Misdorp & Hart 1979). Further evidence is provided by the fact that the 

most common site of metastasis for OSA patients is the lungs which would require 

vascular spread, while in comparison the percentage of patients with metastasis to 

draining lymph nodes is quite low (Hillers et al. 2005, Spodnick et al. 1992).  

2.7 Circulating Tumour Cells (CTCs)  

2.7.1 General Overview 

Circulating tumour cells (CTCs) are neoplastic cells released from a primary 

tumour that are migrating within the vascular system and have the potential to establish 

new metastatic lesions at distant locations from the primary tumour (Krebs et al. 2010, 

Lambert et al. 2017). In humans, enumeration of CTCs is the most promising test for 

identification of pre-metastatic cells in a range of tumours with metastatic potential 

(Lambert et al. 2017, Paoletti & Hayes 2015). The major proposed benefit of CTC 

enumeration is the ability to perform a “real-time liquid biopsy” and investigate disease 
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burden in a serial manner from the time of diagnosis and throughout therapy (Alix-

Panabieres & Pantel 2016, Krebs et al. 2010, Masuda et al. 2016, Paoletti & Hayes 

2015). Until very recently, there were no publications on protocols for the detection of 

CTCs or the utility of such effort in veterinary patients. However, considering that OSA 

metastasis predominantly occurs via the vascular system, renders investigation of CTCs 

in this cancer a promising research proposition (Hüsemann et al. 2008, Misdorp & Hart 

1979, Pennacchioli et al. 2012).  

In humans, CTCs are enumerated in blood samples using technologies that take 

advantage of specific biologic and physical properties of such cells. Intracellular or 

extracellular CTC markers, identical to that of the parent tumour, can be targeted and 

subsequently detected and quantified using technologies such as flow cytometry, 

quantitative PCR, immunocytologic imaging, immunomagnetic separation, or microchip 

technology (Alix-Panabieres & Pantel 2016, Ferreira et al. 2016, Krebs et al. 2010, 

Paoletti & Hayes 2015, Yu et al. 2011). Other techniques, such as differentiation based 

on cell size, also exist (Chinen et al. 2014, Zhang et al. 2017).  

Circulating tumour cells are rare in peripheral circulation (Krebs et al. 2010, 

Paoletti & Hayes 2015). For this reason, CTC identification is often compared to looking 

for a “needle in a haystack” (Krebs et al. 2010). Circulating tumour cell identification 

requires efficient capture of the extremely rare CTC populations in blood samples that 

contain millions of leukocytes and billions of red blood cells (Krebs et al. 2010, Paoletti 
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& Hayes 2015, Yu et al. 2011). It has been estimated that in patients with metastatic 

epithelial neoplasia, there is approximately 1 CTC/106  to 107  white blood cells (Krebs et 

al. 2014, Paoletti & Hayes 2015). Approximate CTC concentration in human patients 

with mesenchymal neoplasia has not been well described. Due to such extreme rarity, 

CTC isolation, enumeration and characterization is challenging, with unique factors 

depending on tumour type (Paoletti & Hayes 2015). As a result, agreement on an ideal 

technique for enumerating CTCs of diverse neoplasms is limited (Paoletti & Hayes 

2015). 

Epithelial tumour cell antigens, such as epithelial cell adhesion molecules 

(EpCAM) and cytokeratins, are well maintained across most carcinomas, allowing 

confirmation of various circulating epithelial tumour types using one common CTC 

identification method (Kagan et al. 2002, Paoletti & Hayes 2015, Yang et al. 2015). 

Using antibodies to these antigens, a commercial, US Food and Drug Administration 

(FDA) approved method known as the CellSearch® system (Verilex LLC), was 

established for enumeration of CTCs from breast, colorectal and prostatic cancers in 

people (Allard et al. 2004, Budd et al. 2006, Cristofanilli et al. 2004, Hayes 2006, Miller 

et al. 2010, Riethdorf et al. 2007). Prior to clinical trials, the CellSearch® method was 

validated using tumour cells spiked into normal blood at varying concentrations; an 

average recovery of greater to or equal to 85% was appreciated at each spike level 



 

 

 

 

 

 

63 

(Allard et al. 2004). CellSearch® is not available to veterinarians even on a research 

basis at this time. 

Due to the rarity of CTC, many enumeration techniques are preceded by 

enrichment steps to increase the chances of encountering CTCs in a blood sample 

(Ferreira et al. 2016, Yu et al. 2015). This is particularly essential for less sensitive 

methods of CTC identification. The primary methods of cellular enrichment include 

immunomagnetic, density gradient, and sized-based cell separation techniques 

(Ferreira et al. 2016, Yu et al. 2015).  

Immunomagnetic enrichment involves using magnetic immunobeads attached to 

specific markers expressed on the surface of CTCs to separate them from other blood 

cells (Yu et al. 2015). Suitable monoclonal antibodies are coupled to magnetic 

microbeads, and a strong magnetic force is applied to blood to isolate CTCs from a 

leukocyte-rich background (Ferreira et al. 2016, Kowalik et al. 2017, Lianidou & Markou 

2011, Yu et al. 2015). The primary positive selection cell markers used are epithelial 

cell-specific markers such as EpCAM and cytokeratin, or potential tumour-specific 

markers expressed by certain types of cancer (Ferreira et al. 2016, Yu et al. 2015). 

Cells can also be negatively selected and excluded from analysis using this technique 

with antibodies against the leukocyte-specific surface antigen CD45 (Ferreira et al. 

2016, Yu et al. 2015). This method is highly specific, highly efficient and can achieve 

both positive and negative cell selection (Kowalik et al. 2017, Lianidou & Markou 2011). 
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The disadvantages of this technique are that is requires specialized equipment and that 

EpCAM-negative CTCs are not detected (Lianidou & Markou 2011). Loss of EpCAM 

occurs on certain carcinoma-derived CTCs due to a anaplasia, and mesenchymal CTCs 

that do not inherently express this marker (Lianidou & Markou 2011). Therefore, 

identification and utilization of tumour-specific antibodies would be required to 

implement this technique for mesenchymal CTC enrichment.  

Cell separation is based on differential resettling based on buoyant density using 

specific centrifugation settings and equipment (Ferreira et al. 2016, Lianidou & Markou 

2011, Yu et al. 2015). This results in different cell types being separated into distinct 

layers, with less dense particles such as tumour cells, mononuclear cells and plasma 

remaining on top, and denser cells such as erythrocytes and neutrophils migrating to 

the bottom (Ferreira et al. 2016, Lianidou & Markou 2011, Tellez-Gabriel et al. 2016, Yu 

et al. 2015). Commercial kits (i.e. Oncoquick®) include specialized centrifugation 

medium and porous membranes to standardize enrichment of human epithelial CTCs. 

This method is non-dependent on surface markers, relatively inexpensive and time 

efficient. However, some CTCs may have greater density and size, similar to that of 

leukocytes, thus decreasing purity. The technique is also associated with relatively low 

specificity due to CTC loss and leukocyte contamination, and requires large volumes 

(15-30 mL) of blood (Ferreira et al. 2016, Lianidou & Markou 2011, Tellez-Gabriel et al. 

2016). 
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Size-based cell separation is another physical method of cellular enrichment. 

This technique aims to enrich CTCs by passing peripheral blood through a microfilter of 

standardized membrane pore size designed to optimally allow passage of smaller blood 

leukocytes but retain typically larger CTCs (Ferreira et al. 2016, Yu et al. 2015). This 

method allows for a relatively simple, rapid and cost-effective means of physical 

enrichment. The main potential disadvantage of this technology is decreased specificity, 

particularly in cases of heterogeneous and smaller CTC sizes (Ferreira et al. 2016, Yu 

et al. 2015). 

With some high-speed analytic identification techniques (i.e. flow cytometry), the 

additional step of physical pre-enrichment may be unnecessary since the same principle 

can be applied virtually by gating desired cells in or out during analysis. This virtual 

technique has the advantage of preserving the quantitative accuracy of the analysis, 

which is compromised when a physical pre-enrichment step is performed (Donnenberg 

& Donnenberg 2007).  

2.7.2 Clinical Utility of CTCs 

Evidence for the usefulness of CTCs as a representation of metastatic disease 

first began with evidence that CTCs are observed at an increased frequency in patients 

with metastatic disease compared to healthy subjects or patients with non-metastatic 

disease (Allard et al. 2004, Balic et al. 2005). Allard et al. (2004) helped provide support 
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for this hypothesis, since their study demonstrated that CTCs were extremely rare in 

healthy subjects, but present more or less frequently in subjects with various metastatic 

carcinomas. A total of 2,183 peripheral blood samples from 964 patients with metastatic 

carcinoma were examined using the CellSearch® system, and compared with single 

blood samples from 199 patients with non-metastatic neoplasia and 145 healthy donors 

(Allard et al. 2004). Enumeration of CTCs from patients demonstrated that CTC 

numbers from patients with metastatic carcinoma ranged from 0 - 23,618 CTCs/7.5ml of 

blood, with a mean of 60 +/- 693 CTCs/7.5ml of blood. Overall, it was calculated that 

781/2183 (36%) of blood specimens from the metastatic group had greater to or equal 

to 2 CTCs/7.5ml of peripheral blood. In contrast, only 1/344 (0.3%) individuals from 

either the healthy and non-malignant disease group had greater than or equal to 2 

CTCs/7.5ml of blood. Also of interest was the fact that when the specific categories of 

metastatic carcinoma were broken down into prostate, breast, ovarian, colorectal, lung 

and other cancers, the number of CTCs varied among the different cancer types. Fifty 

seven percent of patients with prostate cancer, 37% of patients with breast cancer, and 

37% of patients with ovarian cancer had CTC cut-off values (>2 CTCs/7.5ml blood) 

consistent with metastasis and poorer prognosis (Allard et al. 2004). The difference in 

CTC number between cancer types may be due to differences in ability to detect these 

cells in circulation, the inherently different metastatic nature or aggressiveness among 

tumour types, and possibly the differences in vascular tumour spread (Allard et al. 2004, 

Balic et al. 2005). 
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Circulating tumour cell identification throughout disease progression reportedly 

correlates well with cancer malignancy and stage. Several pivotal studies investigating 

patients with metastatic breast carcinoma demonstrated that CTC number, above a 

specified cut-off value (e.g. >5 CTC/7.5ml blood using the CellSearch® system), predicts 

a worse prognosis, and that a reduction in CTC number following initiation of therapy 

has a positive predictive value for survival (Budd et al. 2006, Cristofanilli et al. 2004, 

Hayes 2006, Rack et al. 2014, Wallwiener et al. 2012).  

The study by Cristofanilli et al. (2004) was one of the first large prospective 

clinical investigations to provide support for the prognostic value of CTCs. This study 

investigated CTC concentration in 177 human patients with metastatic breast cancer 

prior to starting treatment, as well as at the time of the first follow-up visit (Cristofanilli et 

al. 2004). In that study, pre-treatment patients with CTC levels equal to or higher than 

5/7.5ml of blood had significantly shorter median progression-free survival (2.7 months 

versus 7.0 months, P<0.001) and overall survival (10.1 months vs >18 months, 

P<0.001), compared to patients with less than 5 CTCs/ 7.5ml of blood (Cristofanilli et al. 

2004). Similar findings were also identified at the time of the first recheck but with an 

overall reduction in the percentage of patients classified in the unfavorable prognosis 

group (from 49% to 30%) (Cristofanilli et al. 2004). The latter finding showed that CTC 

numbers may decrease with treatment, thus indicating effective therapy. The major 

conclusion from the study was that CTCs levels pre-treatment and at the first follow-up 
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visit were the most significant predictors of progression-free and overall survival in this 

cohort of patient with metastatic breast cancer (Cristofanilli et al. 2004). The significance 

of this study was obvious; however, it was considered preliminary as it did not monitor 

CTC levels beyond the first recheck examination.  

Hayes (2006) enumerated CTCs in blood samples from 177 patients with 

metastatic breast cancer using the CellSearch® system. Samples were collected prior 

to starting a new course of therapy (baseline), and at four subsequent times following 

the initiation of therapy (3-5 weeks, 6-8 weeks, 9-14 weeks, and 15-20 weeks). The 

results demonstrated that median progression-free survival time for patients with greater 

or equal to 5 CTCs/7.5ml was significantly shorter at all 5 time points in comparison to 

patients with <5 CTCs/7.5ml (Hayes 2006). Furthermore, the median overall survival 

time for patients with <5 CTCs at any time point was >18.5 months, in comparison 6.3-

10.9 months in patients with greater or equal to 5 CTCs/7.5ml (Hayes 2006). Building 

on findings from Cristofanilli et al. (2004), Hayes (2006) was able to demonstrate that 

CTC above the set cut-off at any time during therapy was an accurate indication of 

impending metastasis, and compromised survival times in patients with metastatic 

breast cancer (Hayes 2006). 

Circulating tumour cell enumeration hence appears to be a useful prognostic tool 

for patients with neoplasia of high metastatic potential. More importantly, CTC number 

also predicted prognosis in patients with cancers considered unlikely to metastasize. 
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Hall et al. (2016) performed CTC enumeration of 509 patients with non-metastatic 

breast cancer with a median follow-up of 48 months. Using the CellSearch® technology, 

1 CTC/7.5ml of blood was considered a positive result (Hall et al. 2016). Circulating 

tumour cell numbers were not associated with tumour size, grade, or lymph node status 

in that study (Hall et al. 2016). Whereas, detection of 1 or more CTCs was predictive of 

significantly decreased relapse-free and overall survival (Hall et al. 2016). 

The largest multicenter study of CTC also provided evidence of the prognostic 

significance of CTCs in primary breast cancer (Rack et al. 2014). Using the 

CellSearch® system, CTC number in 2,026 women with early breast cancer prior to 

chemotherapy, and in 1,492 patients following chemotherapy were determined (Rack et 

al. 2014). In the pre-chemotherapy group, 21.5% of patients were found to have 

detectable CTCs (Rack et al. 2014). The presence of CTCs was associated with poor 

disease-free and overall survival (Rack et al. 2014). Prognosis was worse in patients 

with 5 or more CTCs/30ml of blood. Following chemotherapy, 22.1% of patients had 

detectable numbers of CTCs, and a persistent number of CTCs predicated a poorer 

outcome (Rack et al. 2014). The overall findings from this large study provided support 

that CTC detection before and following chemotherapy is connected to an increased 

risk of breast cancer relapse and overall decreased survival (Rack et al. 2014). 

Moreover, in a study that included 138 human breast cancer patients, Budd et al. (2006) 

demonstrated that CTC enumeration provided an earlier and more reproducible alert of 
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disease severity and increased mortality compared to traditional radiology (Budd et al. 

2006). 

Bidard et al. (2014) performed a multicenter study evaluating CTC number using 

CellSearch® and serum tumour markers (carcinoembryonic antigen and cancer 

antigen), at baseline and during therapy in 1,944 patients with metastatic breast cancer. 

The results of this large sample study revealed that 46.9% of patients had CTC of 5 or 

greater/7.5 mL at baseline, which was associated with decreased progression-free 

survival and overall survival. Patients with increased CTC during treatment (i.e. 3-5 

weeks and 6-8 weeks after initiation of treatment), were also noted to have shortened 

progression-free and overall survival (Bidard et al. 2014). In contrast, measurement of 

serum tumour markers at baseline and during therapy did not appear to add significant 

value with regards to predicting progression-free survival time or overall survival (Rack 

et al. 2014). The overall conclusions from the study were that CTC count is an 

independent prognostic indicator of progression-free and overall survival, whereas 

serum tumour markers did not significantly improve prognostication (Bidard et al. 2014). 

Multiple studies have correlated the above results stated for breast cancer and other 

carcinomas with metastatic potential, such as prostate, colorectal, lung, bladder, liver 

and esophageal cancer (Cohen et al. 2008, de Bono et al. 2008, Krebs et al. 2010, 

Miller et al. 2010, Moreno et al. 2001).  
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To date, the majority of studies have examined patients with metastatic cancer.  

Going forward, it will be interesting to analyze large cohorts of patients with suspected 

non-metastatic neoplasia at the time of diagnosis and thereafter. Longitudinal analyses 

of CTCs at the time of diagnosis, during treatment and prior to relapse or metastasis 

may prove very valuable to identify patients with an increased risk of developing 

metastatic disease in the near future who may require treatment adjustments. These 

studies may also provide interesting insight into the biology of cancer dormancy.   

2.7.3 CTCs – Mesenchymal Neoplasia/Sarcomas 

In contrast to carcinomas, sarcomas (tumours of mesenchymal origin) are more 

rare in humans, representing approximately 1-5% of all adult neoplasms, and 18-20% of 

pediatric and adolescent neoplasms (Amankwah et al. 2013, Burningham et al. 2012, 

Chang et al. 2014, Chinen et al. 2014). Consequently, less research efforts to date have 

investigated CTC identification and enumeration associated with mesenchymal 

tumours. Despite the lower prevalence, sarcomas frequently have a high metastatic rate 

with a poor long-term prognosis, particularly for children (Amankwah et al. 2013, 

Burningham et al. 2012, Chang et al. 2014, Chinen et al. 2014). As a result, successful 

mesenchymal CTC enumeration methods are desirable to also help guide prognosis 

and improve overall outcome for these patients. Various sarcomas, such as OSA have 

a predilection for metastasis to the lungs, liver, bones, subcutaneous tissue and lymph 

nodes, primarily through the hematogenous route, leading them to be potential 
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candidates for CTC identification (Amankwah et al. 2013, Chinen et al. 2014, 

Pennacchioli et al. 2012). Therefore, as CTC detection techniques are becoming more 

established for carcinomas, similar enumeration techniques have been applied to 

mesenchymal neoplasia (Chang et al. 2014, Chinen et al. 2014, Nicolazzo & Gradilone 

2015, Tellez-Gabriel et al. 2016, Wong et al. 2000, Zhang et al. 2017, Wu et al. 2018).  

2.7.4 CTCs – Sarcoma Cellular Markers and Detection Methods 

 In contrast to carcinomas, circulating sarcoma cells present unique detection 

challenges. Mesenchymal cells lack the universal epithelial-specific markers EpCAM, 

and cytokeratin, rendering the US FDA approved CellSearch® anti-body based 

technology unsuitable (Chang et al. 2014, Satelli et al. 2014). Sarcomas are a 

heterogeneous group of soft tissue and bone neoplasms with high cell marker diversity 

resulting in fewer universal mesenchymal cell markers to target (Amankwah et al. 2013, 

Burningham et al. 2012, Chinen et al. 2014, Mackall et al. 2002, Pennacchioli et al. 

2012, Satelli et al. 2014). 

In recent years, alternative techniques for detecting sarcoma-derived CTCs have 

been developed using similar methodologies and principles as established for 

carcinoma CTCs. Strategies developed for isolating sarcoma CTCs include isolation of 

tumour cells based on size (Chinen et al. 2014, Hofman et al. 2011), identification of 

ubiquitous and specific mesenchymal markers (Satelli et al. 2014, Wu et al. 2018) such 
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as chromosomal translocation products (Chang et al. 2014), unique metabolic enzymes 

(Chang et al. 2014, Hatano et al. 2001), cell specific surface antigens, and nucleic acid 

material (Hatano et al. 2001, Wong et al. 2000) using detection technologies such as 

flow cytometry, RT-PCR, PCR-ELISA, and immunocytochemistry (Almazán-Moga et al. 

2014, Chang et al. 2014, DuBois et al. 2010, Tellez-Gabriel et al. 2016, Wong et al. 

2000, Zhang et al. 2017).  

2.7.4.1 Nucleic Acid Based Methods 

Mesenchymal cell nucleic acid material reflective of neoplastic cells in circulation 

can be detected using RT-PCR (Ferreira et al. 2016, Lianidou et al. 2011, Yu et al. 

2015). Reverse transcriptase-PCR is considered a highly sensitive and specific, 

antibody-independent method, which focuses primarily on identifying the presence or 

absence of a particular gene. Quantitative RT-PCR can provide relative quantification of 

CTC genetic material in a given sample, but is unable to visualize and capture individual 

cells for enumeration or morphologic evaluation, thus eliminating the ability for further 

individual cell phenotyping or genotyping (Lianidou & Markou 2011, Yu et al. 2015). This 

technique often makes it difficult to distinguish between a low number of CTCs 

expressing high amounts of a marker, or a high number of CTCs expressing very low 

levels of a marker because the technique does not confer that transcription products 

originate from intact cells (Almazán-Moga et al. 2014, Krebs et al. 2010, Yu et al. 2015). 
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Other downfalls include high false positive rates due to lack of standardized transcript 

products (Almazán-Moga et al. 2014, Krebs et al. 2010).  

Wong et al. (2000) were able to use quantification of collagen (COL) I mRNA in 

peripheral blood to demonstrate that low concentrations of COL I were found in only 

35% of healthy human subjects, but that significantly more COL I mRNA was present in 

91% of OSA patients. Substantially increased COL I mRNA levels were found in 55% of 

OSA patients, all of whom went on to develop clinical metastases within 12 months of 

diagnosis. The overall conclusion was that quantification of COL I mRNA was diagnostic 

for OSA micrometastasis and assessing prognosis (Wong et al. 2000).  

2.7.4.2 Universal Mesenchymal Markers 

  The predominant universal mesenchymal cell marker that has been investigated 

to date is cell surface vimentin (CSV). Cell surface vimentin is a mesenchymal cell 

specific intermediate filament that is present on the cell surface (Satelli et al. 2014). 

Satelli et al. (2014) used cell-surface vimentin (CSV) targeted by a monoclonal antibody 

for detection of CTC from various different sarcoma types (Ewing sarcoma, 

leiomyosarcoma, angiosarcoma, and undifferentiated pleomorphic sarcoma). In that 

study extracellular vimentin, which is more likely associated with neoplastic sarcoma 

cells, versus intracellular vimentin, which is more likely to be associated with white 

blood cells, was targeted (Satelli et al. 2014). A flow cytometry protocol was developed 
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for CTC enumeration from the blood of 28 patients with various sarcomas, and 

subsequently validated using single genomic amplification, mutation detection and 

fluorescence in situ hybridization. The technique was considered to be highly sensitive 

and specific (Satelli et al. 2014). However, despite the suggested promise of this marker 

in this preliminary clinical study, no further clinical studies have been published that 

apply this method of CTC detection to mesenchymal tumours such as OSA.   

Increasing evidence indicates that vimentin may not be solely integral in the 

maintenance of cell architecture and tissue integrity, but may also be involved in the 

formation of cell signaling complexes (Kidd et al. 2013). Consequently, there has also 

been interest in the role that vimentin may play with regards to progression and 

transformation in epithelial tumours (Kidd et al. 2013). Satelli et al. (2017) performed a 

study using CSV technology to enumerate CTCs in 48 patients with aggressive 

epithelial neoplasia (prostate cancer). Circulating tumour cell enumeration using CSV 

was compared to CellSearch® technology. The CSV method was found to have 

comparatively higher sensitivity and specificity, and detected a significantly greater 

number of CTCs, particularly in patients with the highly fatal castration resistant form of 

prostatic cancer (Satelli et al. 2017). This study suggested prognostic value for CSV-

based CTC enumeration of aggressive epithelial neoplasia, as these CTCs may acquire 

mesenchymal-like mutations and evade detection using otherwise universal epithelial 

surface antigens (i.e. CellSearch®) (Satelli et al. 2017).  
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2.7.4.3 Isolation by Cell Size Criteria  

Another method for detection of circulating sarcoma tumour cells is isolation by 

size of tumour cells (ISET) (Chinen et al. 2014). This method was initially developed for 

carcinomas (Hofman et al. 2011, Pinzani et al. 2006, Vona et al. 2010, Zabaglo et al. 

2003), but has since also been applied to sarcoma cells (Braun et al. 2018, Chinen et 

al. 2014, Wu et al. 2018). With the ISET technique, intact CTCs are isolated from 

peripheral blood through direct filtration without the use of antibodies. The technique 

exploits the larger size of tumour cells compared to leukocytes (Chinen et al. 2014). 

Chinen et al. (2014) were able to validate this method by successfully retrieving human 

fibrosarcoma cells spiked into healthy human peripheral blood at various 

concentrations, after being passed through a polycarbonate membrane with 8 µm-

diameter cylindrical pores. Isolated CTCs were subsequently confirmed to be 

mesenchymal via immunocytochemistry (Chinen et al. 2014). In human patients with 

diagnosed mesenchymal neoplasia, results revealed that no CTCs were present in the 

healthy blood donors, whereas all eleven patients with advanced soft tissue sarcoma 

had CTCs in peripheral blood with counts ranging from 2-48 cells/8mL of blood (Chinen 

et al. 2014). No follow-up studies in sarcoma patients have been published using this 

technique for further validation. This technique is considered less specific since any 

large cell in circulation can potentially be inadvertently isolated, but does carry the 

benefit of high sensitivity, ease of practice; and also allows for further analysis to be 
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performed on enumerated cells (Chinen et al. 2014). Realistically, this method may be 

most valuable when used as a cellular enrichment method combined with follow-up 

testing, but may be less useful when used in isolation (Braun et al. 2018).    

2.7.4.4 Cell - Specific Markers 

In certain mesenchymal tumour types, specific markers can be targeted. 

Osteosarcoma is a neoplasm of bone with osteoid production (Brodey & Riser 1969, 

Ling et al. 1974), and has been shown to retain osteoblastic properties in vitro and in 

vivo (Partridge et al. 1983, Prideaux et al. 2014, Rodan et al. 1987). Therefore, proteins 

secreted and expressed by osteoblasts and osteoblast-like cells, such as COL I, and 

other non-collagenous proteins such as osteocalcin (OC), bone sialoprotein (BSP), 

osteopontin (OP), and osteonectin (ON), are also candidates for cellular labeling of 

circulating OSA cells (Chang et al. 2014, Dacic et al. 2001, Partridge et al. 1983, 

Prideaux et al. 2014, Thavarajah et al. 1993, Wong et al. 2000). 

In humans, COL I was the most promising cellular marker for OSA CTC 

identification (Wong et al. 2000). Collagen I, a marker abundantly present on 

osteoblasts, comprises approximately 95% of the entire collagen content of bone and 

encodes the primary extracellular bone matrix (Henriksen & Karsdal 2016, Shi et al. 

1996, Wong et al. 2000). Due to consistent COL I production by osteoblasts, this marker 

is considered highly sensitive as an identifier of bone formation but is likely less specific 
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since it is also a major protein present in skin, tendon, ligament, sclera, cornea, and 

blood vessels (Henriksen & Karsdal 2016). 

Osteocalcin is a bone matrix protein secreted in the organic bone matrix needed 

for extracellular mineralization, tissue remodeling and bone resorption (Bellows et al. 

1999, Gundberg 2000, Wong et al. 2000). The specificity of this biomarker is somewhat 

unclear, with older references suggesting high sensitivity based on lack of expression in 

locations other than bone and dentin (Gundberg 2000). However, newer references 

suggest lower sensitivity with more widespread OC expression than initially suspected 

(Wong et al. 2000). Wong et al. (2000) for example, found OC mRNA in peripheral 

blood platelets, bone marrow megakaryocytes, and multiple soft tissues such as aorta, 

liver, lung, kidney, and brain (Wong et al. 2000). 

Osteonectin is a glycoprotein involved in the processes of extracellular matrix 

remodeling, cell adhesion, and cell differentiation and proliferation (Wong et al. 2000). 

Osteopontin, also a bone matrix glycoprotein, modulates bone mineralization and bone 

resorption. Interestingly, studies have also revealed that OP, and possibly ON, may also 

play a role in angiogenesis and tumour metastasis, and were increased in patients with 

breast, kidney, and endometrial metastatic cancers (Wong et al. 2000). 

The sensitivity of OC appears to be much more variable than COL I, particularly 

with regard to expression throughout osteoblast developmental stages. Previous 
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experimental research showed that osteoblasts at different stages of maturity express 

different levels of OC, but that COL I expression is consistently identifiable across all 

stages of cellular maturity (Bellows et al. 1999, Dacic et al. 2001, Heersche et al. 1992, 

Thavarajah et al. 1993). Heersche et al. (1992), compared whether the expression of 

osteoblast markers COL I and OC differed between immature and mature osteoblasts, 

using primary and secondary spongiosa from the radii of young rats as a representation 

of newly differentiated osteoblasts and mature osteoblasts, respectively (Heersche et al. 

1992). The results revealed that newly differentiated osteoblasts contained 

approximately the same amount of COL I mRNA as mature osteoblasts. In comparison, 

OC mRNA was undetectable in the newly differentiated osteoblasts but detectable in 

mature osteoblasts (Heersche et al. 1992). A similar study by Bellows et al. (1999), 

yielded similar results; COL I mRNA was detectable in osteoblastic cells of early 

maturity as well as more mature cells, while only weak OC mRNA signals were 

observed in osteoblasts from intermediate and mature bone nodules. Such findings 

suggest that OC is typically expressed after osteoid has formed and matrix 

mineralization has begun (Bellows et al. 1999). An additional observation of this study 

and others was that although COL I mRNA was present at all stages of cell maturity, 

expression increased with progressive osteoblast maturity (Bellows et al. 1999, 

Prideaux et al. 2014). 
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A pilot study by Wong et al. (2000) prospectively investigated the presence of 

CTCs in peripheral blood of human osteosarcoma patients using osteoblast-specific 

messenger RNA, OC, ON, OP and COL I. In the study 40 peripheral blood samples 

originating from 29 healthy volunteers and 11 osteosarcoma patients with no evidence 

of metastasis were assessed (Wong et al. 2000). All patients were treated with local 

curative-intent surgery, followed by at least 12 months of chemotherapy. Osteosarcoma 

cell cultures and spiking experiments were utilized prior to the clinical trial in order to 

provide positive controls, establish standard curves and develop the method (Wong et 

al. 2000). Osteoblastic markers were detected using semi quantitative RT-PCR and 

Southern blot analysis (Wong et al. 2000). The results from this preliminary study 

revealed that in all 29 healthy subjects OC, ON and OP were detected (Wong et al. 

2000). It was surmised that this finding reflected transcription occurring in normal blood 

and related cells. Low levels of COL I mRNA were detected in 35% (10/29) of healthy 

subjects while significantly higher levels of COL I mRNA were detected in 91% (10/11) 

of patients with diagnosed OSA (Wong et al. 2000). In 6/11 OSA patients, COL I mRNA 

was above that in healthy patients, and all of these particular patients went on to 

develop clinical metastasis within 12 months of diagnosis (Wong et al. 2000). No 

metastasis occurred during the study in the OSA patients with normal COL I mRNA 

levels. From that preliminary study it was concluded that COL I might be useful as a 

marker of OSA micrometastases and prognosis. Despite the theoretical benefits of 
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measuring OC, OP AND ON for CTC detection, these markers did not statistically 

correlate with CTC number or survival (Wong et al. 2000).   

The distinct behavior and surface morphology of CTCs under various in vivo 

conditions is ill defined. Circulating OSA cells from different patients, OSA types and 

primary locations are likely to be heterogeneous with regard to cell markers 

(Gerashchenko et al. 2013, Skubitz et al. 2008, Stanta & Bonin 2018). There is 

evidence to indicate that individual CTC are also heterogeneous (Lim et al. 2019, 

Miyamoto et al. 2016, Powell et al. 2012), which may result in a unique pattern of 

markers on osteoblasts. Some CTCs may demonstrate cytomorphology more 

consistent with that of mature osteoblast-like cells while others appear more similar to 

immature osteoblasts. Therefore, COL I should be a robust osteogenic marker suitable 

to identify a range of osteoblast maturational stages, whereas OC might be more useful 

for identifying mature osteoblast phenotypes.  

2.7.4.4.1 Sarcoma CTC Marker Detection Methods 

Verification of candidate sarcoma CTCs markers (universal or specific) may be 

accomplished by cytometric techniques, such as immunocytochemical imaging and flow 

cytometry (Lianidou & Markou 2011, Almazán-Moga et al. 2014). Both of these 

techniques allow cell enumeration, evaluation of cell morphology and characteristics, 

subsequent cell isolation and characterization, and concurrent application of multiple 
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antibodies (Yu et al. 2015). Automated scanning imaging devices are available to detect 

nucleated cells positive for epithelial or tumour-specific antigens on the surface of a 

large glass slide using fiber optic technology. This method provides good visualization 

of individually positive cells, but is less applicable on a larger scale (Yu et al. 2011, Yu 

et al. 2015). Flow cytometry extends this technology by incorporating large scale laser-

scanning identification of tumour-specific or universal antigens in combination with cell 

morphologic discrimination. The utility of both methods can be improved when 

molecular and imaging techniques are combined (Yu et al. 2011).  

2.8 Flow Cytometry 

2.8.1 General Overview 

Flow cytometry is a well-established technology that is used to analyze the 

physical and chemical characteristics of fluorescently labeled cells in suspension as 

they pass single file by one or more lasers (Jahan-Tigh et al. 2012). Flow cytometry 

(FC) is primarily used for evaluation of hematopoietic cells, including the identification of 

leukocytes and their subpopulations (Brown & Wittwer 2000, Jahan-Tigh et al. 2012, 

Picot et al. 2012), but has also be used extensively for other cells, such as CTCs (Cruz 

et al. 2005, DuBois et al. 2010). This technique is considered highly sensitive and offers 

the benefit, over many other CTC detection methods, of being both qualitative and 

quantitative (Brown & Wittwer 2000, Jahan-Tigh et al. 2012, Picot et al. 2012). This 
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method also allows measuring binding of multiple antibodies on a given cell at one time, 

thus providing methods to increase test specificity (Lianidou & Markou 2011). 

Labeling of desired cells is accomplished using antibodies conjugated to 

established fluorescent dyes (fluorochromes) that bind to specific proteins on cell 

membranes or intracellularly (Jahan-Tigh et al. 2012). The most established and 

commonly used fluorochromes in flow cytometry are: fluorescein isothiocyanate 

(FITC), phycoerythrin (PE), allophycocyanin (APC), peridinin chlorophyll protein 

(PerCP), and Alexa Fluor dyes (Maecker et al. 2004, Njemini et al. 2014). 

Cell preparation protocols typically involve steps of cell concentration, cell 

suspension and washing, cell fixation and permeabilization with use of intracellular 

antibodies, and staining of intracellular or extracellular antigens with appropriate 

fluorescently labelled antibody. In cases of leukocyte or circulating cell identification in 

whole blood samples, red blood cell (RBC) lysis is first performed to remove these from 

the analysis (Jahan-Tigh et al. 2012, Picot et al. 2012). 

Within a flow cytometer, prepared cells in suspension are drawn single file into a 

stream where each individual cell passes past a beam of laser light. When fluorescently 

labeled cells travel through laser light, the fluorochrome becomes excited to a higher 

energy state and emits light at a higher wavelength. Emitted light is first directed 

through a series of filters and mirrors to isolate particular wavelengths, then detected by 
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photomultiplier tubes where the light signal is digitized for analysis (Jahan-Tigh et al. 

2012, Picot et al. 2012). Specific fluorochromes are identifiable by the flow cytometer as 

they each emit characteristic wavelengths in response to exposure to laser light (i.e blue 

or red lasers). The collected and analyzed information is captured and analyzed by 

specialized software, such as FlowJoÒ, for further assessment using formats such as 

dot-plots or histograms (Jahan-Tigh et al. 2012, Picot et al. 2012). 

2.8.2 Gating and Light Scatter Properties 

Flow cytometry dot plots highlight specific cellular characteristics using physical 

properties such as size and cellular complexity. Size is graphically represented using 

forward angle light scatter or forward scatter (FSC), and internal cell complexity is 

graphically represented using right-angle or side scatter (SSC) (Brown & Wittwer 2000, 

Jaroszeski & Radcliff 1999, McKinnon 2018) (Figure 2-1). The unique light scattering 

properties of lymphocytes, granulocytes, and monocytes, as displayed on FSC vs SSC 

density flow cytometry plots (i.e. dot plots), can be used to discriminate each unique 

leukocyte population. Lymphocytes are inherently small and less granular, thus resulting 

in a separate cell population with lower FSC and SSC. Monocytes are larger, less 

granular cells that produce a separate population with high FSC, but lower SSC. 

Granulocytes are the largest and most granular cells, thus resulting in a distinct 

population with high SSC and FSC (Brown & Wittwer 2000, Ethier et al. 2014, Jahan-

Tigh et al. 2012, Njemini et al. 2014) (Figure 2-2). 
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Figure 2-1 Pseudocolour scatter plot displaying FSC (X-axis) and SSC (Y-axis) of lysed peripheral 
blood from clinically normal dog. The FSC scatter data provides information on relative size and 
cells, while SSC data estimates relative cell granularity 
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Figure 2-2 Pseudocolour scatter plot displaying FSC-A (X-axis) and SSC-A (Y-axis) of lysed 
peripheral blood from clinical dog with diagnosed appendicular osteosarcoma. Major leukocyte 
populations, gated region of interest (ROI), and debris and dead red blood cells (RBCs), as 
defined by FSC and SSC properties.  

 

 

Gating on populations is not only useful for targeting cells of a specific leukocyte 

population, but may also be useful for targeting unique cell populations or “gating” cells 

outside of the typical leukocyte pattern, such as circulating OSA cells (Jahan-Tigh et al. 

2012). Circulating neoplastic cells, such as OSA cells, are typically larger compared to 

the majority of leukocytes (Chinen et al. 2014, Docheva et al. 2008, Gebhard et al. 

2015, Lin et al. 2010, Pautke et al. 2004, Vona et al. 2010, Zabaglo et al. 2003).  

Granular structures within the cytoplasm and nuclear size and complexity 

contribute to intracellular granularity, and consequently SSC (Shapiro 2003). Side light 
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scatter is low in lymphocytes, higher in monocytes and highest in granulocytes as a 

result of the increasing concentration of granular cell content (Shapiro 2003). Neoplastic 

cells such as OSA cells, are large cells with large nuclei (Baba & Câtoi 2007, Gebhard 

et al. 2015). Many neoplastic cells are also metabolically active and divide rapidly, thus 

increasing the amount of cytoplasmic vacuoles and organelles (Baba & Câtoi 2007, 

Benayahu et al. 2001). It can therefore be hypothesized that CTCs would have higher 

intracellular granularity and thus higher SSC.   

Using FSC and SSC of incident light, the voltage and gain settings of the FC 

photomultiplier tubes can be adjusted to collect as many large and cellularly complex 

events as possible. Including and targeting cellular events with the highest FSC vs SSC 

properties should yield the highest chance of visualizing all cell populations, including 

CTCs, if present. When analyzing FC data plots, a standardized region of interest gate 

(ROI) can be applied to specifically target cell populations with high FSC and SSC that 

are distinct from leukocytes (Jahan-Tigh et al. 2012). In doing so, it is possible to 

exclude the majority of leukocytes, as well as small fragments and cellular debris in 

further analytic steps (Van Craenenbroeck et al. 2008). Data captured within the 

designated ROI can then be analyzed in detail using software such as FlowJo®. 

Although the majority of OSA cells are likely to be larger than leukocytes (Lin et al. 

2010, Chinen et al. 2014), tumour cells can be heterogeneous at the phenotypic and 

molecular level (Stanta & Bonin 2018). Therefore, it is possible that this technique may 
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exclude smaller, more atypical OSA cells with light scatter characteristics similar to 

those of leukocytes. 

2.8.3 Flow Cytometry Analysis – Technique and Analysis Challenges 

In comparison to PCR methods, flow cytometry may have slightly lower or similar 

sensitivity, but carries the benefit of having better specificity, particularly with low 

expression of tumour markers such as often noted with CTCs (Almazán-Moga et al. 

2014). Flow cytometry allows not only for recognition of marker presence on each 

individual cell, but also quantification of positive cells, making this a more robust method 

for CTC analysis (Jahan-Tigh et al. 2012). Furthermore, with specialized cytometers 

(i.e. BD FACSAria IIIÒ), cells may be sorted yielding enriched CTC populations for 

additional characterization experiments, such as cytologic examination, RT-PCR, 

immunocytochemistry, immunofluorescence, etc. (Almazán-Moga et al. 2014, Krebs et 

al. 2010). Despite the strengths of flow cytometry for CTC detection, data analysis and 

interpretation of results using this method are associated with challenges due to the 

rarity of CTCs in circulation, inherent autofluorescence, low signal-to-noise ratios 

(measure of desired cell signal brightness versus intrinsic background cell brightness), 

often limited cell viability, the presence of circulating tumour cell aggregates, and 

neoplastic cell size heterogeneity (Donnenberg & Donnenberg 2007, Donnenberg & 

Donnenberg 2015, Stanta & Bonin 2018). Few studies have analyzed OSA CTCs, but it 

is likely that similar challenges as with other CTC types also apply to OSA CTC. As 
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such, specific strategies like refined voltage settings and gating, doublet cell 

discrimination, non-viable cell elimination, limiting non-specific antibody binding, 

maximizing appropriate cellular antibodies and fluorochromes, and minimizing 

autofluorescence need to be overcome to maximize assay performance (Donnenberg & 

Donnenberg 2007, Donnenberg & Donnenberg 2015, Njemini et al. 2014, Van 

Craenenbroeck et al. 2008). Another challenge associated with flow cytometry is that 

this technique is technically demanding; it requires specialized training and equipment, 

and can be time consuming (Brown & Wittwer 2000, Jaroszeski & Radcliff 1999). 

Therefore, it does not have widespread benchtop availability, and is primarily limited to 

larger veterinary and human academic institutions. 

2.8.3.1 Autofluorescence 

Autofluorescence, the natural fluorescence of intracellular molecules, can obscure 

detection of specific fluorescence of labeled CTCs, and is one of the biggest challenges 

to overcome in analysis (Donnenberg & Donnenberg 2007, Donnenberg & Donnenberg 

2015, Ethier et al. 2014). The biggest generators of autofluorescence are eosinophils 

and neutrophils (Croce & Bottiroli 2014, Donnenberg & Donnenberg 2007). These cells 

contain intra-cellular compounds such as nicotinamide adenine dinucleotide (NAD)-

derivatives, flavins, protoporphyrins, vitamin A, as well as extracellular matrix 

compounds that are excited by blue-green light and emit fluorescence over a broad 

range of wavelengths (Croce & Bottiroli 2014, Donnenberg & Donnenberg 2007, 
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Donnenberg & Donnenberg 2015, Heintzelman et al. 2000, Monici 2005). Endogenous 

fluorescence of natural compounds can result in excessive background noise, making 

accurate detection of rare events more difficult and increasing the risk of false positive 

results (Axelrod et al. 2018, Monici 2005). 

In cases of leukocyte flow cytometric discrimination and evaluation, 

autofluorescence of myeloid cells, cellular debris, or RBC can be tackled by targeting 

these cells with a specific antibody, in order to move them out of the analysis process 

(Donnenberg & Donnenberg 2007). Using a brighter conjugated fluorochrome, such as 

PE for antibody detection can provide a brighter and more homogeneous signal thus 

increasing the signal-to-noise ratio compared with less bright fluorochromes such as 

FITC (Donnenberg & Donnenberg 2007). Anti-leukocyte markers such as CD45 or 

CD18 can also be incorporated into flow cytometry protocols to digitally remove 

leukocytes from analysis and minimize potential overlap with CTCs (Cobbold & Metcalfe 

1994, Rafat et al. 2018). This can be a useful method to minimize the risk of 

inadvertently detecting larger white blood cells such as macrophages, resulting in 

possible false positives. Granulocyte autofluorescence can also be partially 

compensated in the analysis process through the use of exclusion channels, which are 

filters that capture non-specific fluorescence. Fluorescence in such channels can later 

be digitally deducted in the analysis to minimize interference from autofluorescence 

(Donnenberg & Donnenberg 2007, Donnenberg & Donnenberg 2015). Unfortunately, 
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not all autofluorescence can be eliminated, and must thus be considered during 

interpretation of results as a possible contributor to reduced sensitivity and increased 

false positives.  

2.8.3.2 Cell Viability 

Dead cells and apoptotic cells can be highly autofluorescent and are more likely to 

bind non-specifically to antibodies, thereby increasing background staining and possibly 

resulting in false positive results (Donnenberg & Donnenberg 2007, Donnenberg & 

Donnenberg 2015). Gating based on FSC and SSC is not a reliable method alone for 

distinguishing dead cells (Perfetto et al. 2006). Therefore, it is essential that the extent 

of dead cells within an analyzed flow cytometric sample be determined using a viability 

dye to eliminate such cells from. The most commonly used viability dyes fall under the 

category of either DNA-binding dyes, or fixable viability dyes, also known as amine-

reactive dyes or protein-binding dyes. DNA binding dyes, such as 7-AAD or propidium 

iodide (PI), and 4′,6-diamidino-2-phenylindole (DAPI) are only able to enter cells whose 

membranes have been compromised. Once within the cell, these dyes bind DNA and 

fluoresce in order to highlight dead cells and allow elimination during analysis 

(Donnenberg & Donnenberg 2007). These particular dyes are simple to add into many 

protocols; however, they are not useful in cases where the staining protocol requires 

cell membrane permeabilization, since all cells permit dye entry. On the other hand, 

fixable amine-reactive viability dyes, such as eFluorTM 780, bind covalently to free 
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amines on and in the cell, and irreversibly label dead cells. This discrimination of dead 

from live cells occurs prior to cell fixation and permeabilization, and can thus be safely 

used with flow cytometry protocols requiring intracellular antigen staining (Donnenberg 

& Donnenberg 2007, Donnenberg & Donnenberg 2015, Perfetto et al. 2006) (Figure 2-3 

C).  

2.8.3.3 Doublet/Singlet Discrimination 

Cells fixed, permeabilized, incubated with antibodies and washed multiple times 

can aggregate into small clusters or doublets. Doublet cells are of particular concern 

since the two cells can be fused with one another, resulting in equal height to single 

cells, but larger cell area and width. Consequently, the cytometer detects these as one 

event instead of two separate events (Donnenberg & Donnenberg 2007). Improper 

analysis can therefore ensue; for example, if two smaller cells closely associate in 

doublet form, they may inaccurately be interpreted as one large (high FSC) and more 

complex (high SSC) cell, thus potentially increasing the risk of false positives 

(Donnenberg & Donnenberg 2007). Assuring only single cells are being analyzed can 

be accomplished by comparing cell height to cell area, and should be routinely 

employed to rule out doublets. Cells located along the central height axis are 

considered single cells, whereas cells located outside the axis represent doublet or 

multiplet aggregates to be excluded (Donnenberg & Donnenberg 2007, Bockerstett et 

al. 2018) (Figure 2-3 B). 
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Figure 2-3 Gating strategy for detection of OSA cells; blood sample from a normal dog spiked with 
25,000 OVC-cOSA-31 cells/ml. (A) A gate was applied to cells with high FSC and SSC. (B) 
Exclusion of doublets. Cells located along the central height axis are considered single cells, 
whereas cells located outside the gate represent doublet or multiplet aggregates and can be 
excluded in follow-up analyses. (C) Gating on viable cells with low eFluoro 647 violet fluorescence 
(viability dye). Cells positive for eFluoro 647 violet fluorescence are considered non viable and are 
excluded from follow-up analysis. 

 

Carcinoma cells due to epithelial origin have the highest likelihood of doublet 

formation due to specific intercellular tight junctions such as desmosomes (Gebhard et 

al. 2015). Osteosarcoma cells, of mesenchymal origin, likely have an inherently low 

propensity of doublet cell formation due to lack of cell-to-cell adhesive properties 

(Gebhard et al. 2015).  Furthermore, OSA CTCs are rare events in circulation (Wong et 

al. 2000, Zhang et al. 2017), thus increasing cell dispersion and theoretically decreasing 

the chances of such cells interacting with each other to form cell-to-cell adhesions. 
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2.8.3.4 Sample Concentration and Cell Rate 

The frequency of the event of interest in the sample is one of the parameters that 

dictates how many cells in total should be analyzed in order to have confidence in the 

resulting percentage (Donnenberg & Donnenberg 2007). As CTCs are assumed to be 

rare frequency events (Krebs et al. 2010, Paoletti & Hayes 2015), acquisition of a large 

number of events is desired to increase the probability of detection. The downfall of 

acquiring a large number of events during sampling is the increased duration of 

capture time and resulting data file size. The advent of high-speed flow cytometers has 

enabled analysis of millions of cells in minutes, and speed can be adjusted by sample 

dilution or concentration and flow rate (Donnenberg & Donnenberg 2007). However, 

increasing flow rate excessively can result in amplified sample pressure relative to 

sheath pressure, thus increasing the occurrence of doublets (Donnenberg & 

Donnenberg 2007). The sample volume for processing should be optimized in order to 

adequately concentrate the sample for maximal event rate detection, without 

concentrating the sample beyond the capacity of the instrument. Increasing the odds of 

CTC detection can be further improved through digital enrichment. Implementation of 

virtual enrichment incorporates specific gating and data analysis (i.e. FlowJo®) 

(Donnenberg & Donnenberg 2007). 
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2.8.3.5 Cell Sorting and Cytology 

Cells can be sorted using specialized flow cytometers (i.e. BD FACSAria IIIÒ) 

and subsequently placed on slides for cytologic analysis. Sorted OSA CTCs would be 

expected to display cytomorphologic characteristics consistent with those previously 

defined for diagnosis of canine OSA (Reinhardt et al. 2005, Àekerman et al. 1976). 

Specific cytologic criteria for differentiation of OSA from benign bone lesions include 

combinations of cellular necrosis, eosinophilic cytoplasmic granulation, bi- or multi-

nucleation, high nuclear-to-cytoplasmic ratio, clumped chromatin pattern, mitotic 

osteoblasts, and presence of criteria of malignancy such as angular nucleoli, thickened 

nuclear membrane, cytoplasmic vacuolisation, anisonucleosis, macronucleoli, aberrant 

mitoses and nuclear moulding (Àekerman et al. 1976, Reinhardt et al. 2005, White et al. 

1988). Cytologic studies have reported the size of most circulating leukocytes to be 

approximately 6-8 µm in diameter (Chinen et al. 2014, Downey et al. 1990, Vona et al. 

2010, Zabaglo et al. 2003, Zheng et al. 2010). In contrast, the majority of CTC are at a 

minimum 10 µm in diameter (Chinen et al. 2014, Lin et al. 2010, Krebs et al. 2012, Vona 

et al. 2010, Zabaglo et al. 2003, Zheng et al. 2010), with circulating OSA cells noted as 

being even larger (Docheva et al. 2008, Gebhard et al. 2015, Pautke et al. 2004). This 

is the basis for ISET technologies of CTC capture, which utilize a standard filter pore 

size of 8 µm to filter out leukocytes (Downey et al. 1990, Vona et al. 2010, Zabaglo et al. 
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2003). Zabaglo et al. (2003) reported that the standard 8 µm filter pore size retained 85-

100% of circulating breast cancer cells, while retaining less than 0.1% of leukocytes.    

One challenge that may render identification of CTC more difficult is the unknown 

degree of change induced when tumour cells detach from a primary tumour location and 

enter the vascular system. Morphologic features of OSA cells are inherently quite 

variable, even among direct tumour aspirates (White et al. 1988). Intra-tumour and CTC 

heterogeneity may result in variable cell size and morphology (Stanta & Bonin 2018; 

Uhlen et al. 2017). As a result, some CTCs could be misclassified as leukocytes on 

cytology if they are of comparable size to smaller monocytes or granulocytes, have 

abnormal shape, or do not display typical features of OSA cells. However, this is 

unlikely since leukocytes are typically of uniform and predictable size, and lack features 

of neoplastic mesenchymal cells (Downey et al. 1990). 

2.9 CTC Biologic Behaviour 

Despite the promise of using CTC enumeration as a monitoring tool for early 

metastasis and response to treatment, the largely unknown biology of CTCs in vivo 

remains one of the foremost uncertainties in all of CTC research (Masuda et al. 2016). 

Circulating tumour cells may be identified in a patient, however, only a small proportion 

of CTCs are thought to actually give rise to metastases (Masuda et al. 2016). The 

challenge lies in determining which factors are most influential in allowing neoplastic 
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cells to enter the circulation, become CTCs, survive following removal of the primary 

tumour, and allow extravasation and establishment of metastases.  

2.9.1 CTC Heterogeneity 

Inter-tumour cellular and molecular heterogeneity in response to unique spatial 

and temporal environments has previously been shown (Uhlen et al. 2017, Wood et al. 

2007). Newer research also identified that neoplastic cells can be heterogeneous within 

tumours, with different regions of a tumour supporting unique cell populations with 

distinct phenotypes, morphologies and cellular behaviour (Gerashchenko et al. 2013, 

Stanta & Bonin 2018). The degree of heterogeneity among CTCs is still not well 

understood as these cells are rare and challenging to isolate and study (Lim et al. 2019, 

Paterlini-Brechot & Benali 2007). Other work showed a high degree of heterogeneity in 

mutations between primary tumours and corresponding sessile tumour cells, as well as 

among CTCs, even those derived from the same tumour (Hayes & Paoletti 2013, Lim et 

al. 2019, Sannino, et al. 2017, Wang et al. 2019).  

Cellular heterogeneity can develop as a result of random mutations in genetically 

unstable cancer cells over time (Gerashchenko et al. 2013, Hayes & Paoletti 2013). 

Heterogeneity can also result from differential expression of cancer genes in response 

to different microenvironments, immune system defenses, and therapies 

(Gerashchenko et al. 2013, Hayes & Paoletti 2013). DNA alterations can occur at 
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various levels, and range from point mutations to complete chromosomal 

rearrangements (Lim et al. 2019). The biological features of CTCs are highly variable: it 

is likely that such cellular differences are influenced by phenotypic plasticity induced in 

response to cellular signals and interactions with different tumour microenvironments 

(Gerashchenko et al. 2013, Stanta & Bonin 2018). The numerous host and tumour 

factors active at each step of the metastatic process likely alter the in vivo behaviour of 

CTCs (Follain et al. 2018, Lambert et al. 2017).  

Circulating tumour cell heterogeneity impacts diagnosis, survival in circulation, 

susceptibility to chemotherapy and other therapy, and formation of metastasis (Hayes & 

Paoletti 2013, Lim et al. 2019, Paterlini-Brechot & Benali 2007, Stanta & Bonin 2018). 

Molecular studies suggest that the mutational profile of CTCs acquired early in 

tumourigenesis in response to environment and therapeutic pressures during cell 

extravasation or during circulation affects their likelihood to establish metastases 

(Paterlini-Brechot & Benali 2007). Supporting this concept, Wang et al. (2019) 

demonstrated DNA mutations comparing CTCs before and after chemotherapy (Wang 

et al. 2019).  

A specific example of genetic changes that might alter tumour cell behaviour, and 

increase invasiveness is epithelial-to-mesenchymal transition (EMT). Carcinoma cells 

that are likely to disseminate undergo EMT, acquiring the ability to invade endothelium 

and digest extracellular matrix, among other functional properties (Grover et al. 2014, 
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Harper et al. 2016, Paterlini-Brechot & Benali 2007). Mesenchymal-to-epithelial 

transition (MET) occurs in sarcomas, but neither the extent, the frequency, the biological 

mechanisms nor implications on metastatic potential, are as well characterized as for 

EMT (Sannino et al. 2017). It has been proposed that mesenchyme-derived cancer cells 

are unlikely to fully differentiate to an epithelial cell type, but rather that a “metastable” 

phenotype intermediate between epithelial and mesenchymal cell type is common 

among aggressive sarcomas (Sannino et al. 2017). Such a metastable state may 

enable EMT or MET-related changes, depending on specific conditions of hypoxia, 

inflammation, rheological properties or cytokine milieu (Sannino et al. 2017). The ability 

to better characterize EMT/MET in CTC in terms of gene mutations and gene 

expression is expected to evolve from a better ability to isolate such cells (Paterlini-

Brechot & Benali 2007). The ability of tumour cells to transition between embryonal cell 

types also suggests that any assay to identify CTCs should not be based solely on 

antibodies to universal epithelial or mesenchymal markers (Paterlini-Brechot & Benali 

2007).  

 Circulating tumour cell heterogeneity may not only affect CTC behaviour, but also 

the ability to accurately detect CTCs. Mutational status can result in different expression 

of cell surface markers (Hayes & Paoletti 2013). Cells may no longer express markers 

typical of the targeted tumour type, and thus evade antibody-based testing technologies 

(Hayes & Paoletti 2013, Lim et al. 2019, Sannino et al. 2017). Mutations and 
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heterogeneity may affect not only cell surface antigens, but also cell size, and may 

hence affect size-based detection methods (Chinen et al. 2014, Sannino et al. 2017). 

Ideally, neoplastic cell heterogeneity would be monitored in each individual to 

identify metastatic tumour evolution, enumerate CTC subpopulations and stratify 

patients for additional or alternate therapy (Hayes & Paoletti 2013, Lim et al. 2019, 

Paterlini-Brechot & Benali 2007). Previously, biopsies of primary and metastatic lesions 

would have been required to stratify neoplastic cells, which was costly, time consuming, 

invasive and impractical (Gorges et al. 2019). Circulating tumour cell capture and 

genomic sequencing offers a unique opportunity for non-invasive monitoring of serial 

mutational changes over time (Wang et al. 2019). In fact, CTC enumeration and sorting, 

along with DNA analysis by fluorescence in situ hybridization (FISH) and comparative 

genomic hybridization (CGH) technologies may provide synergistic and real-time 

information regarding a patient’s disease progression (Lim et al. 2019, Paterlini-Brechot 

& Benali 2007, Powell et al. 2012). 

2.9.2 CTC Survival and Capture 

From experimental animal model systems it has been estimated that one gram of 

tumour tissue can release approximately 1 x 106 tumour cells daily into the bloodstream 

(Paterlini-Brechot & Benali 2007). However, formation of metastases is considered an 

inefficient process, with less than 0.1% of CTC remaining viable, and only 0.01% of all 
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cells resulting in macrometastasis (Krebs et al. 2010, Luzzi et al. 1998, Paterlini-Brechot 

& Benali 2007). A large fraction of CTCs is either eliminated by host phagocytic 

defenses, undergoes apoptosis, remains dormant in specific tissue niches, is unable to 

extravasate, or is unable to stimulate angiogenesis and proliferate into macroscopic 

tumours (Follain et al. 2018, Lambert et al. 2017, Paterlini-Brechot & Benali 2007).  

The half-life of CTCs has been estimated to be very short (approximately 1-2.4 

hours) in patients whose primary tumour has just been removed (Banys et al. 2012, 

Meng et al. 2004). The majority of tumour cells able to separate from the stroma, 

extracellular matrix, and surrounding cancer cells, rapidly undergo programmed cell 

death in a process known as anoikis (Banys et al. 2012, Meng et al. 2004, Paterlini-

Brechot & Benali 2007). If such few CTCs remain viable, and their half-life is short, how 

can they be captured in some patients without gross metastases following removal of 

the primary tumour? The answer is likely a combination of tumour-specific 

predisposition for early metastasis, the presence of disseminated tumour cells in 

secondary homing sites, and tumour dormancy resulting in continuous low level 

replenishment of CTCs for many months to years (Banys et al. 2012, Paterlini-Brechot 

& Benali 2007).   
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2.9.3 Tumour Dormancy 

In contrast to the traditional metastatic theory where time must elapse in order for 

tumour cells to mutate and acquire traits that allow them to enter the metastatic 

cascade, more recent studies have suggested that in some cases tumour cell 

dissemination can occur early (Aguirre-Ghiso 2010). Breast and oral cancer research 

has indicated that tumour cells can spread at a very early stage of tumour development, 

even months to years before diagnosis (Paterlini-Brechot & Benali 2007). Disseminated 

tumour cells (DTCs) result when CTCs move from the vascular system into body 

tissues. Metastases always arise from DTCs, therefore understanding the biology of 

CTCs is essential to better understand the complexities of the metastatic process in 

actual patients (Aguirre-Ghiso 2010). Disseminated tumour cells can cease to 

continuously proliferate and transition to a quiescent state for prolonged periods, known 

as dormancy, during which time they are still present but have not progressed to cause 

metastases (Paterlini-Brechot & Benali 2007). Tumour dormancy has been shown in 

humans with breast, renal, prostate, and thyroid cancers, as well as in melanoma and 

B-cell lymphoma (Banys et al. 2012).  

It is unclear which factors determine a cell’s fate to transition into a dormant state 

and for how long (Banys et al. 2012). During the state of dormancy, tumour cells can 

either enter a stage of cell arrest (mitotic arrest), and/or continue to proliferate at a slow 

rate that is counterbalanced by apoptosis and angiogenic inhibition (Banys et al. 2012, 
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Paterlini-Brechot & Benali 2007). The microenvironment, tumour phenotype and host 

genetics are thought to play a major role in the induction of dormancy. 

Microenvironment restrictions and unique genetic mutations in either the tumour or host 

might overcome dominant oncogenic signals and allow tumour cells to survive in a 

dormant state (Banys et al. 2012). There is a lack of clarity as to whether the presence 

of a surrounding hostile environment may induce dormancy in order to allow a cell to 

survive in the bloodstream, whether the seeding environment may favor activation of 

dormancy, or whether a cell may possess unique mutations causing it to be innately 

more predisposed to dormancy (Banys et al. 2012, Meng et al. 2004).   

Secondary reservoir sites likely serve as a source of CTC replenishment long after 

removal of the primary tumour (Banys et al. 2012). The bone marrow appears to be the 

most common homing organ and DTC reservoir for a variety of malignant epithelial 

tumours, even for tumours that do not typically metastasize to bone (Wikman et al. 

2008, Aguirre-Ghiso 2010). Although not reported for mesenchymal neoplasia, the bone 

marrow may also be their DTC reservoir. However, other homing sites cannot be ruled 

out.  

 Studies using animal models have shown that a large fraction of DTCs, even 

when present, may never develop into macro or established metastasis due to cell 

death or permanent maintenance of a dormant state (Banys et al. 2012, Wikman et al. 

2008). The conditions required for a DTC to escape from a dormant state and enter into 
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the active phase of metastasis formation occur when the balance between tumour cell 

and microenvironment immunosurveillance becomes disturbed and unchecked (Banys 

et al. 2012). During such times the secondary DTC reservoir sites (i.e. bone marrow and 

other soft tissue sites) can serve as a source of CTC replenishment into circulation, long 

after removal of the primary tumour (Banys et al. 2012). 

Dormant cells may be more difficult to target with chemotherapy since 

chemotherapy optimally targets highly proliferative cells. Dormant tumour cells are 

primarily slowly proliferating or in a state of arrested growth, therefore, cytotoxic 

chemotherapy regimens may fail to effectively target these pre-metastatic cells (Banys 

et al. 2012).  

2.10  CTC Sampling 

2.10.1 Detection Frequency in Dogs 

In humans, CTCs are typically rare and infrequent, and very small changes in 

CTC number are considered clinically relevant and of prognostic value (Cristofanilli et 

al. 2004). Despite this up to 23,618 CTCs per 7.5 mL of blood have been identified in 

some humans; therefore, generation of CTC can be highly variable (Allard et al. 2004, 

Cruz et al. 2005). At this time, the frequency of either carcinoma or sarcoma CTCs in 

dogs is unknown. Since human and canine OSA have many similarities (Fenger et al. 

2014, Mueller et al. 2007), human CTC OSA techniques may be extrapolated to dogs 
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(Wong et al. 2000, Zhang et al. 2017). Like most CTCs, OSA CTCs have prognostic 

value but are rare in human patients (Wong et al. 2000, Zhang et al. 2017). However, 

the number of CTC identified in dogs with OSA may be higher than in humans (Wright 

et al. 2019).  

Osteosarcoma is a highly aggressive neoplasm in dogs (Brodey & Riser 1969, 

Withrow & Wilkins 2010). In fact, circulating OSA cells may at times be observed even 

on routine blood smear review (personal communication, DB). Therefore, frequent 

CTCs may be a biological feature of this particular tumour. There are also likely species 

variations in the duration of clinical signs prior to definitive treatment. OSA is more likely 

to be diagnosed at a late stage of disease in dogs relative to humans, since owner 

observation of lameness and/or presence of a distinct mass is needed, while humans 

with OSA have bone pain (Federman et al. 2009, Mueller et al. 2007). Late diagnosis 

theoretically allows more time for tumour growth and metastasis, and thus higher CTC 

shedding in dogs versus people. Furthermore, standard of care veterinary 

chemotherapy is less aggressive than that used in humans (Morello et al. 2011, Mueller 

et al. 2007). These factors may result in relatively higher tumour burden in dogs, which 

in turn could affect CTCs in circulation.  

It is possible for CTC clusters (two or more cells) to traverse capillary-sized 

vessels and contribute to metastasis (Au et al. 2016). Despite the possibility of cell 

clusters contributing to new tumour formation via the circulatory system, it is also 
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possible that such clusters fail to be captured during CTC identification in peripheral 

blood. Blood cells collected from peripheral vessels must pass through the pulmonary 

capillary beds and capillary beds of distal extremities where they may become lodged 

instead of continuing to circulate. Undetectable tumour cell clusters may still contribute 

to tumour dissemination into primary draining organ beds such as the lungs. Therefore, 

the number of CTC with metastatic potential may be even greater than reflected by CTC 

enumeration (Au et al. 2016).   

2.10.2 CTC Distribution in Circulation and Peripheral Collection  

Peripheral blood sampling assumes cells are randomly and evenly distributed 

within a patient, consistent with Poisson-type distribution (Allard et al. 2004). Random 

distribution allows for reproducible measurements from the same patient. Moreno et al. 

(2001) evaluated the concept of diurnal CTC variability in eight patients with metastatic 

carcinoma of the prostate. Blood samples of 5 mL each were collected at three time 

points throughout the day in each patient, and CTCs at each time point were quantified. 

Although the overall number of subjects examined was small, the results demonstrated 

that there was no significant variation in CTC number among the various time points 

throughout the day (Moreno et al. 2001). The lack of diurnal variability suggests a 

relatively constant rate of CTC shedding and circulation within the vascular system. 

According to Moreno et al. (2001), the total blood volume passes through the pulmonary 

capillary bed every 1-2 minutes; therefore, not only are CTCs likely shed at a constant 
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rate, but they are also surviving passage through the pulmonary and other capillary bed 

systems at a constant rate (Moreno et al. 2001). Evidence of consistent daily CTC 

number within the vascular system of an individual provides validity to enumeration 

methods; blood samples collected at any time point in the day are likely representative 

of the true CTC number and disease progression within that patient at that point in time 

versus simply diurnal variation.  

Short-term mobilization of benign epithelial or mesenchymal cells into circulation 

occurs under certain circumstances, such as during stages of extensive wound healing 

(i.e. following surgery) and in other specific disease conditions (Camara et al. 2006, 

Iqbal et al. 2014, Muto et al. 2011, Tai et al. 2018). For example, benign circulating 

fibrocytes have been demonstrated in patients with marked acute lung injury such as 

acute respiratory distress syndrome (Tai et al. 2018), and in cases of fibroproliferative 

disease (Iqbal et al. 2014). Kwon et al. (2018) found circulating angiogenic cells from 

bone marrow origin in association with repair of ischemic tissues. Camara et al. (2006) 

showed that circulating EpCAM-positive epithelial cells were significantly increased (up 

to 50,000cells/mL) during the initial postoperative period of wound healing in a control 

biliary surgery patient negative for neoplasia. Following completion of wound healing 

(approximately 100 days), circulating epithelial cell numbers permanently returned to a 

non-detectable level (Camara et al. 2006). In contrast, patients with metastatic breast 

cancer had CTC numbers that remained increased or were at least detectable until 
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adjuvant therapy was provided (Camara et al. 2006). These findings suggest that 

benign cells can be mobilized into circulation following extensive tissue trauma, but that 

they are cleared from blood and return to normal levels following completion of wound 

healing.  

It is therefore plausible that concurrent inflammatory and specific pathologic 

progresses could result in circulation of benign cells in the bloodstream that might be 

mistaken for CTCs based on flow cytometric parameters. Specific gating might exclude 

such benign circulating cells from the analytic process, in addition to light scatter based 

on cell size and granularity. For example, circulating fibrocytes were found COL I 

positive using flow cytometry; however, these cells were also positive for CD45 

(leukocyte common antigen) (Tai et al. 2018), unlike most nonhemopoietic neoplastic 

cells (Chang et al. 2003, DuBois et al. 2010, Leon et al. 2004), including OSA (Zhang et 

al. 2017). 

Circulating non-neoplastic osteogenic or osteoblast-type cells during wound 

healing or other inflammatory conditions have not been documented. However, lineage-

quiescent osteoclast precursors circulated in blood prior to settling down in bone (Muto 

et al. 2011). Possible situations during which osteogenic cells with osteoblastic specific 

markers could theoretically circulate temporarily would be concurrent osteoarthritis, 

osteomyelitis and bone fractures. Further examination of CTC enumeration during such 

conditions is warranted. As a result, at this time, CTC enumeration is considered more 
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valuable as a monitoring tool in patients with known OSA versus as a diagnostic or 

screening test for OSA.  

2.11 Conclusions 

Despite significant advancements in the management of neoplastic disease, 

detection of early metastasis remains a significant challenge in human and veterinary 

medicine (Morello et al. 2011, Mueller et al. 2007). This is particularly relevant for a 

highly aggressive neoplasia, such as OSA. (Brodey & Riser 1969, Ling et al. 1974, Liu 

et al. 1977). With hematogenous spread as the likely predominant method of metastasis 

for OSA (Brodey & Riser 1969, Misdorp & Hart 1979, Pennacchioli et al. 2012), the 

ability to identify and enumerate CTC holds immense promise for early detection of 

micrometastasis, dynamic evaluation of response to treatment, directing alterations in 

therapy and providing a more accurate prognosis.  

Development of a feasible and precise CTC enumeration technique for canine 

patients could allow for CTC evaluation in clinical patients. Flow cytometric methods, 

allowing for sensitive identification of CTCs that display specific osteoblastic-like cellular 

markers, hold immense promise for OSA CTC identification. This technique could 

specifically allow for simultaneous qualitative and quantitative enumeration, with the 

combined ability to collect these cells in an intact and unfragmented manner. Due to the 



 

 

 

 

 

 

110 

rarity of CTCs, specific strategies during processing, acquisition and analysis are 

required to maximize utility of this technique. 

The frequency of CTC in canine patients with OSA, the timing of release in 

circulation, degree of contribution to metastatic spread, and dynamic behaviour of OSA 

CTCs, continue to be poorly understood. Long-term clinical studies corroborating CTC 

number with disease-free interval and overall survival should help further elucidate their 

biology and behaviour.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

111 

2.12 References 

1. Àekerman M, Berg NO and Persson B. M. Fine needle aspiration biopsy in the 

evaluation of tumor-like lesions of bone. Acta Orthopaedica Scandinavica. 

1976;47(2):129–136 

2. Aguirre-Ghiso JA. On the theory of tumor self-seeding: implications for 

metastasis progression in humans. Breast Cancer Research. 2010;12(2):302-

304 

3. Alix-Panabieres C and Pantel K. Clinical applications of circulating tumor cells 

and circulating tumor DNA as liquid biopsy. Cancer Discovery. 2016;6(5):479–

491 

4. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C et al. Tumor 

cells circulate in the peripheral blood of all major carcinomas but not in healthy 

subjects or patients with nonmalignant diseases. Clinical Cancer Research: An 

Official Journal of the American Association for Cancer Research. 

2004;10(20):6897–6904  

5. Almazán-Moga A, Roma J, Molist C, Vidal I, Jubierre L, Soriano A et al. 

Optimization of rhabdomyosarcoma disseminated disease assessment by flow 

cytometry. Cytometry Part A. 2014;85(12):1020–1029 

6. Amankwah EK, Conley AP and Reed DR. Epidemiology and therapies for 

metastatic sarcoma. Clinical Epidemiology. 2013;5:147–162  



 

 

 

 

 

 

112 

7. Amsellem PM, Selmic LE, Wypij JM, Bacon NJ, Culp WTN, Ehrhart NP et al. 

Appendicular osteosarcoma in small-breed dogs: 51 cases (1986-2011). Journal 

of the American Veterinary Medical Association. 2014;245(2):203–210 

8. Au SH, Storey BD, Moore JC, Tang Q, Chen Y-L, Javaid S et al. Clusters of 

circulating tumor cells traverse capillary-sized vessels. Proc Natl Acad Sci. 

2016;113(18):4947-4952  

9. Axelrod HD, Pienta KJ and Valkenburg KC. Optimization of immunofluorescent 

detection of bone marrow disseminated tumor cells, Biological Procedures 

Online. 2018;20:1-13 

10. Baba AI and Câtoi C. The tumor cell: tumor cell morphology, in: Comparative 

Oncology. Bucharest, RO, The Publishing House of the Romanian Academy. 

2007  

11. Bacon NJ, Ehrhart NP, Dernell WS, Lafferty M and Withrow SJ. Use of 

alternating administration of carboplatin and doxorubicin in dogs with microscopic 

metastases after amputation for appendicular osteosarcoma: 50 cases (1999-

2006). Journal of the American Veterinary Medical Association. 

2008;232(10):1504–1510 

12. Bailey D, Erb H, Williams L, Ruslander D and Hauck M. Carboplatin and 

doxorubicin combination chemotherapy for the treatment of appendicular 

osteosarcoma in the dog. Journal of Veterinary Internal Medicine. 

2003;17(2):199–205 



 

 

 

 

 

 

113 

13. Balic M, Dandachi N, Hofmann G, Samonigg H, Loibner H, Obwaller A et al. 

Comparison of two methods for enumerating circulating tumor cells in carcinoma 

patients. Cytometry Part A. 2005;68B(1):25–30 

14. Banys M, Hartkopf AD, Krawczyk N, Becker S and Fehm T. Clinical implications 

of the detection of circulating tumor cells in breast cancer patients. Biomarkers in 

Medicine. 2012;6(1):109–118 

15. Barger A, Graca R, Bailey K, Messick J, de Lorimier LP, Fan T and Hoffmann W. 

Use of alkaline phosphatase staining to differentiate canine osteosarcoma from 

other vimentin-positive tumors. Veterinary Pathology. 2005;42(2):161–165  

16. Bellows CG, Reimers SM and Heersche JN. Expression of mRNAs for type-I 

collagen, bone sialoprotein, osteocalcin, and osteopontin at different stages of 

osteoblastic differentiation and their regulation by 1,25 dihydroxyvitamin D3. Cell 

and Tissue Research. 1999;297(2):249–259 

17. Benayahu D, Shur I, Marom R, Meller I and Issakov J. Cellular and molecular 

properties associated with osteosarcoma cells. Journal of Cellular Biochemistry. 

2001;84(1):108–114 

18. Berg J. Canine Osteosarcoma. Veterinary Clinics of North America: Small Animal 

Practice. 2001;26(1):111–121 

19. Berg J, Gebhardt MC and Rand WM. Effect of timing of postoperative 

chemotherapy on survival of dogs with osteosarcoma. Cancer. 1997;79(7):1343–

1350 



 

 

 

 

 

 

114 

20. Berg J, Lamb CR and O'Callaghan MW. Bone scintigraphy in the initial 

evaluation of dogs with primary bone tumors. Journal of the American Veterinary 

Medical Association. 1990;196(6):917–920 

21. Berg J, Weinstein MJ, Schelling SH and Rand WM. Treatment of dogs with 

osteosarcoma by administration of cisplatin after amputation or limb-sparing 

surgery: 22 cases (1987-1990). Journal of the American Veterinary Medical 

Association. 1992;200(12):2005–2008 

22. Berg J, Weinstein MJ, Springfield DS and Rand WM. Results of surgery and 

doxorubicin chemotherapy in dogs with osteosarcoma. Journal of the American 

Veterinary Medical Association. 1995;206(10):1555–1560 

23. Bergman PJ, MacEwen EG, Kurzman ID, Henry CJ, Hammer AS, Knapp DW et 

al. Amputation and carboplatin for treatment of dogs with osteosarcoma: 48 

cases (1991 to 1993). Journal of Veterinary Internal Medicine. 1996;10(2):76–81 

24. Bidard FC, Peeters DJ, Fehm T, Nolé F, Gisbert-Criado R, Mavroudis D et al. 

Clinical validity of circulating tumour cells in patients with metastatic breast 

cancer: a pooled analysis of individual patient data. Lancet Oncology. 

2014;15(4):406–414  

25. Bockerstett K, Wong C, Koehm S, Ford E and DiPaolo R. Molecular 

characterization of gastric epithelial cells using flow cytometry. International 

Journal of Molecular Sciences. 2018;19(4):1096–1105 



 

 

 

 

 

 

115 

26. Boerman I, Selvarajah GT, Nielen M and Kirpensteijn J. Prognostic factors in 

canine appendicular osteosarcoma - a meta-analysis. BMC Veterinary Research. 

2012;8(1):56-67  

27. Boston, SE. Musculoskeletal neoplasia and limb-sparing surgery, in Johnston SA 

and Tobias KM (2nd ed.): Veterinary Surgery Small Animal. St. Louis, MO, 

Elsevier. 2018. pp. 1347-1372 

28. Boston SE, Duerr F, Bacon N, Larue S, Ehrhart EJ and Withrow S. Intraoperative 

radiation for limb sparing of the distal aspect of the radius without transcarpal 

plating in five dogs. Veterinary Surgery. 2007;36(4):314–323 

29. Boston SE, Ehrhart NP, Dernell WS, Lafferty M and Withrow SJ. Evaluation of 

survival time in dogs with stage III osteosarcoma that undergo treatment: 90 

cases (1985-2004). Journal of the American Veterinary Medical Association. 

2006;228(12):1905–1908  

30. Boston SE, Vinayak A, Lu X, Larue S, Bacon NJ, Bleedorn JA et al. Outcome 

and complications in dogs with appendicular primary bone tumors treated with 

stereotactic radiotherapy and concurrent surgical stabilization. Veterinary 

Surgery. 2017;46(6):829–837  

31. Braun AC, de Mello CAL, Corassa M, Abdallah EA, Urvanegia AC, Alves VS et 

al. EGFR expression in circulating tumor cells from high-grade metastatic soft 

tissue sarcomas. Cancer Biology & Therapies. 2018;19(6):454-460  



 

 

 

 

 

 

116 

32. Britt T, Clifford C, Barger A, Moroff S, Drobatz K, Thacher C and Davis G. 

Diagnosing appendicular osteosarcoma with ultrasound-guided fine-needle 

aspiration: 36 cases. The Journal of Small Animal Practice. 2007;48(3):145–150  

33. Brodey RS and Abt DA. Results of surgical treatment in 65 dogs with 

osteosarcoma. Journal of the American Veterinary Medical Association. 

1976;168(11):1032–1035 

34. Brodey RS and Riser WH. A Clinicopathologic study of 194 cases. Clinical 

Orthopaedics and Related Research. 1969;62(1):54–64 

35. Brown M and Wittwer C. Flow cytometry: principles and clinical applications in 

hematology. Clinical Chemistry. 2000;46(8):1221–1229 

36. Budd GT, Cristofanilli M, Ellis MJ, Stopeck A, Borden E, Miller MC et al. 

Circulating tumor cells versus imaging - predicting overall survival in metastatic 

breast cancer. Clinical Cancer Research: An Official Journal of the American 

Association for Cancer Research. 2006;12(21):6403–6409 

37. Buracco P, Morello E, Martano M and Vasconi ME. Pasteurized tumoral autograft 

as a novel procedure for limb sparing in the dog: a clinical report. Veterinary 

Surgery. 2002;31(6):525–532  

38. Burningham Z, Hashibe M, Spector L and Schiffman JD. The epidemiology of 

sarcoma. Clinical Sarcoma Research. 2012;2(1):14-29 

39. Camara O, Kavallaris A, Nöschel H, Rengsberger M, Jörke C and Pachmann K. 

Seeding of epithelial cells into circulation during surgery for breast cancer: the 



 

 

 

 

 

 

117 

fate of malignant and benign mobilized cells. World Journal of Surgical Oncology. 

2006;4(1):67–73 

40. Carrle D and Bielack SS. Current strategies of chemotherapy in osteosarcoma. 

International Orthopaedics. 2006;30(6):445–451  

41. Cavalcanti JN, Amstalden EMI, Guerra JL and Magna LC. Osteosarcoma in 

dogs: clinical-morphological study and prognostic correlation. Brazilian Journal of 

Veterinary Research and Animal Science. 2004;41(5):299–305  

42. Cesario L, Garrett LD, Barger AM, O'Brien RT and Fan TM. Diagnosis and 

ultrasonographic appearance of hepatic metastasis in six cases of canine 

appendicular osteosarcoma (2005-2013). Australian Veterinary Journal. 

2016;94(5):160–165 

43. Chang A, Benda PM, Wood BL and Kussik SJ. Lineage-specific identification of 

nonhematopoietic neoplasms by flow cytometry. American Journal of Clinical 

Pathology. 2003;11:643-655 

44. Chang L, Asatrian G, Dry SM and James AW. Circulating tumor cells in 

sarcomas: a brief review. Medical Oncology. 2014;32(1):430-436 

45. Chang AE, Schaner EG, Conkle DM, Flye MW, Doppman JL and Rosenberg S. 

Evaluation of computed tomography in the detection of pulmonary metastases: a 

prospective study. Cancer. 1979;43(3):913–916 

46. Chinen L, Mello C, Abdallah E, Ocea L, Buim M, Mingues N et al. Isolation, 

detection, and immunomorphological characterization of circulating tumor cells 



 

 

 

 

 

 

118 

(CTCs) from patients with different types of sarcoma using isolation by size of 

tumor cells: a window on sarcoma-cell invasion. OncoTargets and Therapy. 

2014;7:1609–17 

47. Chou AJ, Geller DS and Gorlick R. Therapy for osteosarcoma. Pediatric Drugs. 

2008;10(5):315–327 

48. Chun R, Garrett LD, Henry C, Wall M, Smith A and Azene NM. Toxicity and 

efficacy of cisplatin and doxorubicin combination chemotherapy for the treatment 

of canine osteosarcoma. Journal of the American Animal Hospital Association. 

2005;41(6):382–387 

49. Chun R, Kurzman ID, Couto CG, Klausner J, Henry C and MacEwen EG. 

Cisplatin and doxorubicin combination chemotherapy for the treatment of canine 

osteosarcoma: a pilot study. Journal of Veterinary Internal Medicine. 

2000;14(5):495–498 

50. Cobbold S and Metcalfe S. Monoclonal antibodies that define canine 

homologues of human CD antigens: summary of the first international Canine 

Leukocyte Antigen Workshop (CLAW). Tissue Antigens. 1994;43:137–154 

51. Cohen SJ, Punt CJA, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY et al. 

Relationship of circulating tumor cells to tumor response, progression-free 

survival, and overall survival in patients with metastatic colorectal cancer. Journal 

of Clinical Oncology. 2008;26(19):3213–3221 



 

 

 

 

 

 

119 

52. Cooley DM and Waters DJ. Skeletal neoplasms of small dogs: a retrospective 

study and literature review. Journal of the American Animal Hospital Association. 

1997;33(1):11–23  

53. Coomber BL, Denton J, Sylvestre A and Kruth S. Blood vessel density in canine 

osteosarcoma. Canadian Journal of Veterinary Research. 1998;62(3):199–204 

54. Covey JL, Farese JP, Bacon NJ, Schallberger SP, Amsellem P, Cavanaugh RP 

and Milner RJ. Stereotactic radiosurgery and fracture fixation in 6 dogs with 

appendicular osteosarcoma. Veterinary Surgery. 2014;43(2):174–181  

55. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC et al. 

Circulating tumor cells, disease progression, and survival in metastatic breast 

cancer. The New England Journal of Medicine. 2004;351(8):781–791 

56. Croce AC and Bottiroli G. Autofluorescence spectroscopy and imaging: a tool for 

biomedical research and diagnosis. European Journal of Histochemistry. 

2014;58(4):1–18  

57. Cruz I, Ciudad J, Cruz JJ, Ramos M, Gómez-Alonso A, Adansa JC et al. 

Evaluation of multiparameter flow cytometry for the detection of breast cancer 

tumor cells in blood samples. American Journal of Clinical Pathology. 

2005;123(1):66–74 

58. Culp WTN, Olea-Popelka F, Sefton J, Aldridge CF, Withrow SJ, Lafferty MH et al. 

Evaluation of outcome and prognostic factors for dogs living greater than one 



 

 

 

 

 

 

120 

year after diagnosis of osteosarcoma: 90 cases (1997–2008). Journal of the 

American Veterinary Medical Association. 2014;245(10):1141–1146  

59. Dacic S, Kalajzic I, Visnjic D, Lichtler AC and Rowe DW. Col1a1-driven 

transgenic markers of osteoblast lineage progression. The Official Journal of the 

American Society for Bone and Mineral Research. 2001;16(7):1228–1236  

60. Davis GJ, Kapatkin AS, Craig LE, Heins GS and Wortman JA. Comparison of 

radiography, computed tomography, and magnetic resonance imaging for 

evaluation of appendicular osteosarcoma in dogs. Journal of the American 

Veterinary Medical Association. 2002;220(8):1171–1176 

61. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H et al. 

Circulating tumor cells predict survival benefit from treatment in metastatic 

castration-resistant prostate cancer. Clinical Cancer Research: An Official 

Journal of the American Association for Cancer Research. 2008;14(19):6302–

6309  

62. Degna MT, Ehrhart N, Feretti A and Buracco P. Bone transport osteogenesis for 

limb salvage. Veterinary and Comparative Orthopaedics and Traumatology. 

2018;13(1):18–22  

63. Dernell W, Ehrhart NP, Straw RC and Vail DM. Tumors of the skeletal system, in 

Withrow S and Vail D (4th ed): Withrow and MacEwen's Small Animal Clinical 

Oncology. St Louis, MO, Elsevier Saunders. 2007. pp. 540–582  



 

 

 

 

 

 

121 

64. Dickerson VM, Coleman KD, Ogawa M, Saba CF, Cornell KK, Radlinsky MG and 

Schmiedt CW. Outcomes of dogs undergoing limb amputation, owner satisfaction 

with limb amputation procedures, and owner perceptions regarding postsurgical 

adaptation: 64 cases (2005-2012). Journal of the American Veterinary Medical 

Association. 2015;247(7):786–792 

65. Docheva D, Padula D, Popov C, Mutschler W, Clausen-Schaumann H and 

Schieker M. Researching into the cellular shape, volume and elasticity of 

mesenchymal stem cells, osteoblasts and osteosarcoma cells by atomic force 

microscopy. Journal of Cellular and Molecular Medicine. 2008;12(2):537–552  

66. Donnenberg AD and Donnenberg VS. Rare-event analysis in flow cytometry. 

Clinics in Laboratory Medicine. 2007;27(3):627–52 

67. Donnenberg VS and Donnenberg AD. Coping with artifact in the analysis of flow 

cytometric data. Methods. 2015;82(C):3–11 

68. Downey GP, Doherty DE, Schwab B, Elson EL, Henson PM and Worthen GS. 

Retention of leukocytes in capillaries: role of cell size and deformability. Journal 

of Applied Physiology. 1990; 69(5):1767–1778  

69. DuBois SG, Epling CL, Teague J, Matthay KK and Sinclair E. Flow cytometric 

detection of Ewing sarcoma cells in peripheral blood and bone marrow. Pediatric 

Blood & Cancer. 2010;54(1):13–18  

70. Eberle N, Fork M, von Babo V, Nolte I and Simon D. Comparison of examination 

of thoracic radiographs and thoracic computed tomography in dogs with 



 

 

 

 

 

 

122 

appendicular osteosarcoma. Veterinary and Comparative Oncology. 

2010;9(2):131–140  

71. Ehrhart N, Dernell WS, Hoffmann WE, Weigel RM, Powers BE and Withrow SJ. 

Prognostic importance of alkaline phosphatase activity in serum from dogs with 

appendicular osteosarcoma: 75 cases (1990-1996). Journal of the American 

Veterinary Medical Association. 1998;213(7):1002–1006 

72. Endicott M. Principles of treatment for osteosarcoma. Clinical Techniques in 

Small Animal Practice. 2003;18(2):110–114 

73. Ethier C, Lacy P and Davoine F. Identification of human eosinophils in whole 

blood by flow cytometry. Methods in molecular biology. 2014;1178:81-93 

74. Farese JP, Milner R, Thompson MS, Lester N, Cooke K, Fox L et al. Stereotactic 

radiosurgery for treatment of osteosarcomas involving the distal portions of the 

limbs in dogs. Journal of the American Veterinary Medical Association. 

2004;225(10):1567–1572 

75. Federman N, Bernthal N, Eilber FC and Tap WD. The multidisciplinary 

management of osteosarcoma. Current Treatment Options in Oncology. 

2009;10(1-2):82–93  

76. Fenger JM, London CA and Kisseberth WC. Canine osteosarcoma: a naturally 

occurring disease to inform pediatric oncology. ILAR Journal. 2014;55(1):69–85  

77. Ferreira MM, Ramani VC and Jeffrey SS. Circulating tumor cell technologies. 

Molecular Oncology. 2016;10(3):374–394  



 

 

 

 

 

 

123 

78. Follain G, Osmani N, Azevedo AS, Allio G, Mercier L, Karreman MA et al. 

Hemodynamic forces tune the arrest, adhesion, and extravasation of circulating 

tumor cells. Developmental Cell. 2018;45(1):33–52 

79. Forrest LJ, Dodge RK, Page RL, Heidner GL, McEntee MC, Novotney CA and 

Thrall DE. Relationship between quantitative tumor scintigraphy and time to 

metastasis in dogs with osteosarcoma. Journal of Nuclear Medicine. 1992;33(8): 

1542–1547 

80. Frimberger AE, Chan CM and Moore AS. Canine osteosarcoma treated by post-

amputation sequential accelerated doxorubicin and carboplatin chemotherapy: 

38 Cases. Journal of the American Animal Hospital Association. 2016;52(3):149–

156 

81. Garzotto CK, Berg J, Hoffmann WE and Rand WM. Prognostic significance of 

serum alkaline phosphatase activity in canine appendicular osteosarcoma. 

Journal of Veterinary Internal Medicine. 2000;14(6):587–592 

82. Gebhard C, Gabriel C and Walter I. Morphological and immunohistochemical 

characterization of canine osteosarcoma spheroid cell cultures. Anatomia, 

Histologia, Embryologia. 2015;45(3):219–230  

83. Gerashchenko TS, Denisov EV, Litviakov NV, Zavyalova MV, Vtorushin SV, 

Tsyganov MM et al. Intratumor heterogeneity: nature and biological significance. 

Biochemistry. 2013;78(11):1201–1215  



 

 

 

 

 

 

124 

84. Gorges K, Wiltfang L, Gorges T, Sartori A, Hildebrandt L, Keller L et al. Intra-

patient heterogeneity of circulating tumor cells and circulating tumor DNA in 

blood of melanoma patients. Cancers. 2019;11(11):1685–17  

85. Gorman E, Barger AM, Wypij JM and Pinkerton ME. Cutaneous metastasis of 

primary appendicular osteosarcoma in a dog. Veterinary Clinical Pathology. 

2006;35(3):358–361 

86. Green EM, Adams WM and Forrest LJ. Four fraction palliative radiotherapy for 

osteosarcoma in 24 dogs. Journal of the American Animal Hospital Association. 

2002;38(5):445–451  

87. Grover PK, Cummins AG, Price TJ, Roberts-Thomson IC and Hardingham JE. 

Circulating tumour cells: the evolving concept and the inadequacy of their 

enrichment by EpCAM-based methodology for basic and clinical cancer 

research. Annals of Oncology. 2014;25(8):1506–1516 

88. Griffin LR, Thamm DH, Brody A and Selmic LE. Prognostic value of fluorine18 

fluorodeoxyglucose positron emission tomography/computed tomography in dogs 

with appendicular osteosarcoma. Journal of Veterinary Internal Medicine. 

2018;33(2):820-826  

89. Guimaraes JB, Facchetti L, Rigo L, Garcia DL, Gama P, Franc BL and Nardo L. 

The role of PET/CT in the assessment of primary bone tumors. Curr. Radiol. 

Rep. 2016;4(53):1-15 



 

 

 

 

 

 

125 

90. Gundberg CM. Biochemical markers of bone formation. Clinics in Laboratory 

Medicine. 2000;20(3):489–502  

91. Hall CS, Karhade MG, Bowman Bauldry JB, Valad LM, Kuerer HM, DeSnyder 

SM and Lucci A. Prognostic value of circulating tumor cells identified before 

surgical resection in nonmetastatic breast cancer patients. Journal of the 

American College of Surgeons. 2016;223(1):20-29  

92. Hammer AS, Weeren FR, Weisbrode SE and Padgett SL. Prognostic factors in 

dogs with osteosarcomas of the flat or irregular bones. Journal of the American 

Animal Hospital Association. 1995;31(4):321–326  

93. Harper KL, Sosa MS, Entenberg D, Hosseini H, Cheung JF, Nobre R et al. 

Mechanism of early dissemination and metastasis in Her2+ mammary cancer. 

Nature. 2016;540(7634):588–592  

94. Hatano H, Kawashima H, Ogose A, Hotta T and Endo N. A PCR-ELISA assay for 

the detection of disseminated osteosarcoma cells in a mouse metastatic model. 

Journal of Orthopaedic Science: Official Journal of the Japanese Orthopaedic 

Association. 2001;6(3):269–275  

95. Hayes DF. Circulating tumor cells at each follow-up time point during therapy of 

metastatic breast cancer patients predict progression-free and overall survival. 

Clinical Cancer Research: An Official Journal of the American Association for 

Cancer Research. 2006;12(14):4218–4224  



 

 

 

 

 

 

126 

96. Hayes DF and Paoletti C. Circulating tumour cells: insights into tumour 

heterogeneity. Journal of Internal Medicine. 2013;274(2):137–143  

97. Heersche JN, Reimers SM, Wrana JL, Waye MM and Gupta AK. Changes in 

expression of alpha 1 type 1 collagen and osteocalcin mRNA in osteoblasts and 

odontoblasts at different stages of maturity as shown by in situ hybridization. 

Proceedings of the Finnish Dental Society. 1992;88(1):173–182 

98. Heintzelman DL, Lotan R and Kortum RRR. Characterization of the 

autofluorescence of polymorphonuclear leukocytes, mononuclear leukocytes and 

cervical epithelial cancer cells for improved spectroscopic discrimination of 

inflammation from dysplasia. Photochemistry and Photobiology. 2000;71(3): 

327–332.  

99. Henriksen K and Karsdal MA. Type I collagen, in Karsdal MA (1st ed.): 

Biochemistry of Collagens, Laminins and Elastin. St. Louis, MO, Elsevier Inc. 

2016. pp. 1–11 

100. Heyman SJ, Diefenderfer DL, Goldschmidt MH and Newton CD. Canine axial 

skeletal osteosarcoma. A retrospective study of 116 cases (1986 to 1989). 

Veterinary Surgery. 1992;21(4):304–310 

101. Hillers KR, Dernell WS, Lafferty MH, Withrow SJ and Lana SE. Incidence and 

prognostic importance of lymph node metastases in dogs with appendicular 

osteosarcoma: 228 cases (1986-2003). Journal of the American Veterinary 

Medical Association. 2005;226(8):1364–1367 



 

 

 

 

 

 

127 

102. Hofman V, Bonnetaud C, Ilie MI, Vielh P, Vignaud JM, Flejou JF et al. 

Preoperative circulating tumor cell detection using the isolation by size of 

epithelial tumor cell method for patients with lung cancer is a new prognostic 

biomarker. Clinical Cancer Research: An Official Journal of the American 

Association for Cancer Research. 2011;17(4):827–835 

103. Hofman VJ, Ilie MI, Bonnetaud C, Selva E, Long E, Molina T et al. 

Cytopathologic detection of circulating tumor cells using the isolation by size of 

epithelial tumor cell method. American Journal of Clinical Pathology. 

2011;135(1):146–156  

104. Hüsemann Y, Geigl JB, Schubert F, Musiani P, Meyer M, Burghart E et al. 

Systemic spread is an early step in breast cancer. Cancer Cell. 2008;13(1):58–

68 

105. Jahan-Tigh RR, Ryan C, Obermoser G and Schwarzenberger K. Flow 

cytometry. Journal of Investigative Dermatology. 2012;132(10):1–6  

106. Jankowski MK, Steyn PF, Lana SE, Dernell WS, Blom CM, Uhrig JL et al. 

Nuclear scanning with 99mTc-HDP for the initial evaluation of osseous 

metastasis in canine osteosarcoma. Veterinary and Comparative Oncology. 

2003;1(3):152–158 

107. Jaroszeski MJ and Radcliff G. Fundamentals of flow cytometry. Molecular 

Biotechnology. 1999;11(1):37–53  



 

 

 

 

 

 

128 

108. Jiang L, Tao C and He A. Prognostic significance of p53 expression in 

malignant bone tumor: a meta-analysis. Tumor Biol. 2013;34:1037-1043  

109. Johnson VS, Ramsey IK, Thompson H, Cave TA, Barr FJ, Rudorf H et al. 

Thoracic high-resolution computed tomography in the diagnosis of metastatic 

carcinoma. The Journal of Small Animal Practice. 2004;45(3):134–143 

110. Kagan M, Howard D, Clinical JD, Bendele T, Mayes J, Silvia J et al. A sample 

preparation and analysis system for identification of circulating tumor cells. 

Journal of Clinical Ligand Assay. 2002;25(1):104–110 

111. Kayton ML, Huvos AG, Casher J, Abramson SJ, Rosen NS, Wexler LH et al. 

Computed tomographic scan of the chest underestimates the number of 

metastatic lesions in osteosarcoma. Journal of Pediatric Surgery. 

2006;41(1):200–206  

112. Kent MS, Strom A, London CA and Seguin B. Alternating carboplatin and 

doxorubicin as adjunctive chemotherapy to amputation or limb-sparing surgery in 

the treatment of appendicular osteosarcoma in dogs. Journal of Veterinary 

Internal Medicine. 2004;18(4):540–544 

113. Kidd ME, Shumaker DK and Ridge KM. The role of vimentin intermediate 

filaments in the progression of lung cancer. American Journal of Respiratory Cell 

and Molecular Biology. 2013;50(1):1-6 



 

 

 

 

 

 

129 

114. Kirpensteijn J, van den Bos R and Endenburg N. Adaptation of dogs to the 

amputation of a limb and their owners' satisfaction with the procedure. Veterinary 

Record. 1999;144(5):115–118 

115. Kirpensteijn J, Kik M, Rutteman GR and Teske E. Prognostic significance of 

a new histologic grading system for canine osteosarcoma. Veterinary Pathology. 

2002;39(2):240–246  

116. Kowalik A, Kowalewska M and Góźdź S. Current approaches for avoiding the 

limitations of circulating tumor cells detection methods-implications for diagnosis 

and treatment of patients with solid tumors. Translational Research. 

2017;185:58–84  

117. Krebs MG, Hou JH, Sloane R, Lancashire L, Priest L, Nonaka D et al. 

Analysis of circulating tumor cells in patients with non-small cell lung cancer 

using epithelial marker-dependent and -independent approaches. JTO 

Acquisition. 2012;7(2):306–315  

118. Krebs MG, Hou JM, Ward TH, Blackhall FH and Dive C. Circulating tumour 

cells: their utility in cancer management and predicting outcomes. Therapeutic 

Advances in Medical Oncology. 2010;2(6):351–365 

119. Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall FH and Dive C. 

Molecular analysis of circulating tumour cells-biology and biomarkers. Nature 

Reviews. Clinical Oncology. 2014;1(3):129–144  



 

 

 

 

 

 

130 

120. Kuntz CA, Dernell WS, Powers BE and Withrow S. Extraskeletal 

osteosarcomas in dogs: 14 cases. Journal of the American Animal Hospital 

Association. 1998;34(1):26–30 

121. Kwon YW, Lee SJ, Heo SC, Lee TW, Park GT, Yoon JW et al. Role of 

CXCR2 in the Ac-PGP-induced mobilization of circulating angiogenic cells and its 

therapeutic implications. Stem Cells Translational Medicine. 2018;49:49-59  

122. Lambert AW, Pattabiraman DR and Weinberg RA. Emerging biological 

principles of metastasis. Cell. 2017;168(4):670–691 

123. Lang J, Wortman JA, Glickman LT, Biery DN and Rhodes WH. Sensitivity of 

radiographic detection of lung metastases in the dog. Veterinary Radiology & 

Ultrasound. 1986;27(3):74–78 

124. Langenbach A, Anderson MA, Dambach DM, Sorenmo KU and Shofer FD 

Extraskeletal osteosarcomas in dogs: a retrospective study of 169 cases (1986-

1996). Journal of the American Animal Hospital Association. 1998;34(2):113–120  

125. LaRue SM, Withrow SJ, Powers BE, Wrigley RH, Gillette EL, Schwarz PD et 

al. Limb-sparing treatment for osteosarcoma in dogs. Journal of the American 

Veterinary Medical Association. 1989;195(12):1734–1744 

126. LaRue SM, Withrow SJ and Wrigley RH. Radiographic bone surveys in the 

evaluation of primary bone tumors in dogs. Journal of the American Veterinary 

Medical Association. 1986;188(5):514–516 



 

 

 

 

 

 

131 

127. Lascelles BDX, Dernell WS, Correa MT, Lafferty M, Devitt CM, Kuntz CA et 

al. Improved survival associated with postoperative wound infection in dogs 

treated with limb-salvage surgery for osteosarcoma. Annals of Surgical 

Oncology. 2005;12(12):1073–1083  

128. Leibman NF, Kuntz CA, Steyn PF, Fettman MJ, Powers BE, Withrow SJ and 

Dernell WS. Accuracy of radiography, nuclear scintigraphy, and histopathology 

for determining the proximal extent of distal radius osteosarcoma in dogs. 

Veterinary Surgery. 2001;30(3):240–245  

129. Leon ME, Hou JS, Galindo LM and FU Garcia. Fine-needle aspiration of adult 

small-round-cell tumors studied with flow cytometry. Diagnostic Cytopathology. 

2004;31(3):147-154 

130. Li H, Min D, Zhao H, Wang Z, Qi W, Zheng S et al. The prognostic role of 

Ezrin immunoexpression in osteosarcoma: a meta-analysis of published data. 

PLoS One. 2013;8(6):1-7   

131. Li H, Zhang K, Liu LH, Ouyang Y, Bu J, Guo HB, Xiao T. A systematic 

review of matrix metalloproteinase 9 as a biomarker of survival in patients with 

osteosarcoma. Tumour Biol. 2014;35:5487-5491  

132. Lianidou ES and Markou A. Circulating tumor cells in breast cancer: detection 

systems, molecular characterization, and future challenges. Clinical Chemistry. 

2011;57(9):1242–1255  



 

 

 

 

 

 

132 

133. Lim SB, Yeo T, Lee WD, Bhagat AAS, Tan SJ, Tan DSW et al. Addressing 

cellular heterogeneity in tumor and circulation for refined prognostication. 

Proceedings of the National Academy of Sciences of the United States of 

America. 2019;116(36):17957–17962  

134. Lin HK, Zheng S, Williams AJ, Balic M, Groshen S, Scher HI et al. Portable 

filter-based microdevice for detection and characterization of circulating tumor 

cells. Clinical Cancer Research: An Official Journal of the American Association 

for Cancer Research. 2010;16(20):5011–5018  

135. Ling GV, Morgan JP and Pool RR. Primary bone tumors in the dog: a 

combined clinical, radiographic, and histologic approach to early diagnosis. 

Journal of the American Veterinary Medical Association. 1974;165(1):55–67 

136. Liptak JM, Dernell WS, Ehrhart N, Lafferty MH, Monteith GJ and Withrow SJ. 

Cortical allograft and endoprosthesis for limb-sparing surgery in dogs with distal 

radial osteosarcoma: a prospective clinical comparison of two different limb-

sparing techniques. Veterinary Surgery. 2006;35(6):518–533  

137. Liptak JM, Dernell WS, Lascelles BDX, Larue SM, Jameson VJ, Powers BE 

et al. Intraoperative extracorporeal irradiation for limb sparing in 13 dogs. 

Veterinary Surgery. 2004;33(5):446–456  

138. Liu SK, Dorfman HD, Hurvitz AI and Patnaik AK. Primary and secondary 

bone tumours in the dog. The Journal of Small Animal Practice. 1977;18(5):313–

326 



 

 

 

 

 

 

133 

139. Loukopoulos P and Robinson WF. Clinicopathological relevance of tumour 

grading in canine osteosarcoma. Journal of Comparative Pathology. 

2007;136(1):65–73 

140. Loukopoulos P, Rozmanec M and Sutton RH. Cytological versus 

histopathological diagnosis in canine osteosarcoma. Veterinary Record. 

2005;157(24):784 

141. Loukopoulos P, Thornton JR and Robinson WF. Clinical and pathologic 

relevance of p53 index in canine osseous tumors. Veterinary Pathology. 

2003;40(3):237–248  

142. Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N, Morris VL, Chambers AF 

and Groom AC. Multistep nature of metastatic inefficiency: dormancy of solitary 

cells after successful extravasation and limited survival of early micrometastases. 

The American Journal of Pathology. 1998;153(3):865–873  

143. Mackall CL, Meltzer PS and Helman LJ. Focus on sarcomas. Cancer Cell. 

2002;2(3):175–178 

144. Maecker HT, Frey T, Nomura LE and Trotter J. Selecting fluorochrome 

conjugates for maximum sensitivity. Cytometry Part A. 2004;62A(2):169–173  

145. Masuda T, Hayashi N, Iguchi T, Ito S, Eguchi H and Mimori K. Clinical and 

biological significance of circulating tumor cells in cancer. Molecular Oncology. 

2016;10(3):408–417  



 

 

 

 

 

 

134 

146. Mauldin GN, Matus RE, Withrow SJ and Patnaik AK. Canine osteosarcoma. 

Journal of Veterinary Internal Medicine. 1988;2(4):177–180  

147. McKinnon KM. Flow cytometry: an overview. Current Protocols in 

Immunology. 2018;120(1):1–11  

148. McNeill CJ, Overley B, Shofer FS, Kent MS, Clifford CA, Samluk M et al. 

Characterization of the biological behaviour of appendicular osteosarcoma in 

Rottweilers and a comparison with other breeds: a review of 258 dogs. 

Veterinary and Comparative Oncology. 2007;5(2):90–98  

149. Meng S, Tripathy D, Frenkel EP, Shete S, Naftalis EZ, Huth JF et al. 

Circulating tumor cells in patients with breast cancer dormancy. Clinical Cancer 

Research. 2004;10(24):8152–8162  

150. Messerschmitt PJ, Garcia RM, Abdul-Karim FW, Greenfield EM and Getty P. 

Osteosarcoma. The Journal of the American Academy of Orthopaedic Surgeons. 

2009;17(8):515–527 

151. Miyamoto DT, Ting DT, Toner M, Maheswaran S and Haber DA. Single-cell 

analysis of circulating tumor cells as a window into tumor heterogeneity. Cold 

Spring Harbor Symposia on Quantitative Biology. 2016;81:269–274  

152. Miller MC, Doyle GV and Terstappen LWMM. Significance of circulating 

tumor cells detected by the CellSearch system in patients with metastatic breast 

colorectal and prostate cancer. Journal of Oncology. 2010;2010(1):1–8  



 

 

 

 

 

 

135 

153. Misdorp W and Hart A. Some prognostic and epidemiologic factors in canine 

osteosarcoma. Journal of the National Cancer Institute. 1979;62(3):537-545 

154. Mitchell KE, Boston SE, Kung M, Dry S, Straw RC, Ehrhart NP and Ryan SD. 

Outcomes of limb-sparing surgery using two generations of metal endoprosthesis 

in 45 dogs with distal radial osteosarcoma. Veterinary Surgery. 2016;45(1):36–43  

155. Monici M. Cell and tissue autofluorescence research and diagnostic 

applications. Biotechnology Annual Review. 2005;11:227–256  

156. Moore AS, Dernell WS, Ogilvie GK, Kristal O, Elmslie R, Kitchell B et al. 

Doxorubicin and BAY 12-9566 for the treatment of osteosarcoma in dogs: a 

randomized, double-blind, placebo-controlled study. Journal of Veterinary 

Internal Medicine. 2007;21(4):783–790 

157. Morello E, Buracco P, Martano M, Peirone B, Capurro C, Valazza A et al. 

Bone allografts and adjuvant cisplatin for the treatment of canine appendicular 

osteosarcoma in 18 dogs. The Journal of Small Animal Practice. 2001;42(2):61–

66 

158. Morello E, Martano M and Buracco P. Biology, diagnosis and treatment of 

canine appendicular osteosarcoma: similarities and differences with human 

osteosarcoma. The Veterinary Journal. 2011;189(3):268–277  

159. Morello E, Vasconi E, Martano M, Peirone B and Buracco P. Pasteurized 

tumoral autograft and adjuvant chemotherapy for the treatment of canine distal 

radial osteosarcoma: 13 cases. Veterinary Surgery. 2003;32(6):539–544  



 

 

 

 

 

 

136 

160. Moreno JG, O'Hara SM, Gross S, Doyle G, Fritsche H, Gomella LG and 

Terstappen LW. Changes in circulating carcinoma cells in patients with 

metastatic prostate cancer correlate with disease status. Urology. 

2001;58(3):386–392 

161. Mueller, F, Fuchs B and Kaser-Hotz B. Comparative biology of human and 

canine osteosarcoma. Anticancer Research. 2007;27(1):155–164 

162. Muto A, Mizoguchi T, Udagawa N, Ito S, Kawahara I, Abiko Y et al. Lineage-

committed osteoclast precursors circulate in blood and settle down into bone. 

Journal of Bone and Mineral Research: The Official Journal of the American 

Society for Bone and Mineral Research. 2011;26(12):2978–2990  

163. Nemanic S, London CA and Wisner ER. Comparison of thoracic radiographs 

and single breath-hold helical CT for detection of pulmonary nodules in dogs with 

metastatic neoplasia. Journal of Veterinary Internal Medicine. 2006;20(3):508–

515 

164. Nicolazzo C and Gradilone A. Significance of circulating tumor cells in soft 

tissue sarcoma. Analytical Cellular Pathology. 2015;2015(1):1–5  

165. Njemini R, Onyema OO, Renmans W, Bautmans I, De Waele M and Mets T. 

Shortcomings in the application of multicolour flow cytometry in lymphocyte 

subsets enumeration. Scandinavian Journal of Immunology. 2014;79(2):75–89  



 

 

 

 

 

 

137 

166. Oblak ML, Boston SE, Woods JP and Nykamp S. Comparison of concurrent 

imaging modalities for staging of dogs with appendicular primary bone tumours. 

Veterinary and Comparative Oncology. 2013;13(1):28–39  

167. Paoletti C and Hayes DF. Circulating tumor cells, in Stearns V (1st ed): Novel 

Biomarkers in the Continuum of Breast Cancer. New York, NY, Cham: Springer 

International Publishing. 2015. pp 235-258 

168. Park HR, Jung WW, Bacchini B, Bertoni F, Kim YW and Park YK. Ezrin in 

osteosarcoma: comparison between conventional high-grade and central low-

grade osteosarcoma. Pathology Research and Practice. 2006;202(7):509-515  

169. Partridge NC, Alcorn D, Michelangeli VP, Ryan G and Martin TJ. 

Morphological and biochemical characterization of four clonal osteogenic 

sarcoma cell lines of rat origin. Cancer Research. 1983;43(9):4308–4314 

170. Paterlini-Brechot P and Benali NL. Circulating tumor cells (CTC) detection: 

clinical impact and future directions. Cancer Letters. 2007;253(2):180–204  

171. Pautke C, Schieker M, Tischer T, Kolk A, Neth P, Mutschler W and Milz S. 

Characterization of osteosarcoma cell lines MG-63, Saos-2 and U-2 OS in 

comparison to human osteoblasts. Anticancer Research. 2004;24(6):3743–3748 

172. Pennacchioli E, Tosti G, Barberis M, De Pas TM, Verrecchia F, Menicanti C 

et al. Sarcoma spreads primarily through the vascular system: are there 

biomarkers associated with vascular spread? Clinical & Experimental Metastasis. 

2012;29(7):757–773  



 

 

 

 

 

 

138 

173. Perfetto SP, Chattopadhyay PK, Lamoreaux L, Nguyen R, Ambrozak D, 

Koup RA and Roederer M. Amine reactive dyes: an effective tool to discriminate 

live and dead cells in polychromatic flow cytometry. Journal of Immunological 

Methods. 2006;313(1-2):199–208  

174. Phillips B, Powers BE, Dernell WS, Straw RC, Khanna C, Hogge GS and Vail 

DM. Use of single-agent carboplatin as adjuvant or neoadjuvant therapy in 

conjunction with amputation for appendicular osteosarcoma in dogs. Journal of 

the American Animal Hospital Association. 2009;45(1):33–38  

175. Picot J, Guerin CL, Le Van Kim C and Boulanger CM. Flow cytometry: 

retrospective, fundamentals and recent instrumentation. Cytotechnology. 

2012;64(2):109–130  

176. Pinzani P, Salvadori B, Simi L, Bianchi S, Distante V, Cataliotti L et al. 

Isolation by size of epithelial tumor cells in peripheral blood of patients with 

breast cancer: correlation with real-time reverse transcriptase–polymerase chain 

reaction results and feasibility of molecular analysis by laser microdissection. 

Human Pathology. 2006;37(6):711–718  

177. Powell AA, Talasaz AH, Zhang H, Coram MA, Reddy A, Deng G et al. Single 

cell profiling of circulating tumor cells: transcriptional heterogeneity and diversity 

from breast cancer cell lines. Plos One. 2012;7(5):e33788–12  



 

 

 

 

 

 

139 

178. Powers BE, LaRue SM, Withrow SJ, Straw RC and Richter SL. Jamshidi 

needle biopsy for diagnosis of bone lesions in small animals. Journal of the 

American Veterinary Medical Association. 1988;193(2):205–210 

179. Prideaux M, Wijenayaka AR, Kumarasinghe DD, Ormsby RT, Evdokiou A, 

Findlay DM and Atkins GJ. SaOS2 osteosarcoma cells as an in vitro model for 

studying the transition of human osteoblasts to osteocytes. Calcified Tissue 

International. 2014;95(2):183–193  

180. Rack B, Schindlbeck C, Jückstock J, Andergassen U, Hepp P, Zwingers T et 

al. Circulating tumor cells predict survival in early average-to-high risk breast 

cancer patients. Journal of the National Cancer Institute. 2014;106(5):793–802  

181. Rafat M, Aguilera TA, Vilalta M, Bronsart LL, Soto LA, Eyben VR et al. 

Macrophages promote circulating tumor cell-mediated local recurrence following 

radiotherapy in immunosuppressed patients. Cancer Research. 

2018;78(15):4241–4252 

182. Ramirez O, Dodge RK, Page RL, Price GS, Hauck ML, LaDue TA et al. 

Palliative radiotherapy of appendicular osteosarcoma in 95 dogs. Veterinary 

Radiology & Ultrasound. 1999;40(5):517–522 

183. Reinhardt S, Stockhaus C, Teske E, Rudolph R and Brunnberg L. 

Assessment of cytological criteria for diagnosing osteosarcoma in dogs. The 

Journal of Small Animal Practice. 2005;46(2):65–70 



 

 

 

 

 

 

140 

184. Riethdorf S, Fritsche H, Muller V, Rau T, Schindlbeck C, Rack B et al. 

Detection of circulating tumor cells in peripheral blood of patients with metastatic 

breast cancer: a validation study of the CellSearch system. Clinical Cancer 

Research. 2007;13(3):920–928  

185. Rodan SB, Imai Y, Thiede MA, Wesolowski G, Thompson D, Bar-Shavit Z et 

al. Characterization of a human osteosarcoma cell line (Saos-2) with osteoblastic 

properties. Cancer Research. 1987;47(18):4961–4966 

186. Rowell JL, McCarthy DO and Alvarez CE. Dog models of naturally occurring 

cancer. Trends in Molecular Medicine. 2011;17(7):380–388  

187. Roy J, Wycislo KL, Pondenis H, Fan TM and Das A. Comparative proteomic 

investigation of metastatic and non-metastatic osteosarcoma cells of human and 

canine origin. Plos One. 2017;12(9):e0183930–21  

188. Ru G, Terracini B. and Glickman LT. Host related risk factors for canine 

osteosarcoma. The Veterinary Journal. 1998;156(1):31–39 

189. Saam DE, Liptak JM, Stalker MJ, Stalker MJ and Chun R. Predictors of 

outcome in dogs treated with adjuvant carboplatin for appendicular 

osteosarcoma: 65 cases (1996–2006). Journal of the American Veterinary 

Medical Association. 2011;238(2):195–206 

190. Sabattini S, Renzi A, Buracco P, Defourny S, Garnier-Moiroux M, Capitani O 

and Bettini G. Comparative assessment of the accuracy of cytological and 



 

 

 

 

 

 

141 

histologic biopsies in the diagnosis of canine bone lesions. Journal of Veterinary 

Internal Medicine. 2017;31(3):864–871  

191. Saifuddin A. The accuracy of imaging in the local staging of appendicular 

osteosarcoma. Skeletal Radiology. 2002;31(4):191–201  

192. Sannino G, Marchetto A, Kirchner T and Grünewald TGP. Epithelial-to-

mesenchymal and mesenchymal-to-epithelial transition in mesenchymal tumors: 

a paradox in sarcomas? Cancer Research. 2017;77(17):4556–4561  

193. Satelli A, Batth I, Brownlee Z, Mitra A, Zhou S, Noh H et al. EMT circulating 

tumor cells detected by cell-surface vimentin are associated with prostate cancer 

progression. Oncotarget. 2017;8(30):49329–49337  

194. Satelli A, Mitra A, Cutrera JJ, Devarie M, Xia X, Ingram DR et al. Universal 

marker and detection tool for human sarcoma circulating tumor cells. Cancer 

Research. 2014;74(6):1645–1650  

195. Schmidt AF, Groenwold RHH, Amsellem P, Bacon N, Klungel OH, Hoes AW 

et al. Which dogs with appendicular osteosarcoma benefit most from 

chemotherapy after surgery? Results from an individual patient data meta-

analysis. Preventive Veterinary Medicine. 2016;125:116–125  

196. Schmidt AF, Nielen M, Klungel OH, Hoes AW, de Boer A, Groenwold RHH et 

al. Prognostic factors of early metastasis and mortality in dogs with appendicular 

osteosarcoma after receiving surgery: an individual patient data meta-analysis. 

Preventive Veterinary Medicine. 2013;112(3-4):414–422  



 

 

 

 

 

 

142 

197. Schott CR, Tatiersky LJ, Foster RA and Wood, G. A. Histologic grade does 

not predict outcome in dogs with appendicular osteosarcoma receiving the 

standard of care. Veterinary Pathology. 2017;55(2):202–211  

198. Seguin B, O'Donnell MD, Walsh PJ and Selmic LE. Long-term outcome of 

dogs treated with ulnar rollover transposition for limb-sparing of distal radial 

osteosarcoma: 27 limbs in 26 dogs. Veterinary Surgery. 2017;46(7):1017–1024 

199. Selmic LE, Burton JH, Thamm DH, Withrow SJ and Lana SE. Comparison of 

carboplatin and doxorubicin-based chemotherapy protocols in 470 dogs after 

amputation for treatment of appendicular osteosarcoma. Journal of Veterinary 

Internal Medicine. 2014;28(2):554–563 

200. Selmic LE, Griffin LR, Nolan MW, Custis J, Randall E and Withrow SJ. Use of 

PET/CT and stereotactic radiation therapy for the diagnosis and treatment of 

osteosarcoma metastases. Journal of the American Animal Hospital. 

2017;53(1):52-58  

201. Selvarajah GT and Kirpensteijn J. Prognostic and predictive biomarkers of 

canine osteosarcoma. The Veterinary Journal. 2010;185(1):28–35  

202. Selvarajah GT, Kirpensteijn J, van Wolferen ME, Rao N.A, Fieten H. and Mol 

JA. Gene expression profiling of canine osteosarcoma reveals genes associated 

with short and long survival times. Molecular Cancer. 2009;8(1):72-89 

203. Shapiro, HM. Parameters & probes, in Shapiro HM (4th ed): Practical Flow 

Cytometry. Hoboken, NJ, Wiley-Liss. 2003. pp. 273-278 



 

 

 

 

 

 

143 

204. Shi S, Kirk M and Kahn A. J. The role of type I collagen in the regulation of 

the osteoblast phenotype. Journal of Bone and Mineral Research. 

1996;11(8):1139–1145  

205. Skubitz KM, Pambuccian S, Manivel JC and Skubitz AP. Identification of 

heterogeneity among soft tissue sarcomas by gene expression profiles from 

different tumors. Journal of Translational Medicine. 2008;6(1):23–35  

206. Spodnick GJ, Berg J, Rand WM, Schelling SH, Couto G, Harvey HJ et al. 

Prognosis for dogs with appendicular osteosarcoma treated by amputation alone: 

162 cases (1978-1988). Journal of the American Veterinary Medical Association. 

1992;200(7):995–999 

207. Stanta G and Bonin S. Overview on clinical relevance of intra-tumor 

heterogeneity. Frontiers in Medicine. 2018;5:85-94  

208. Straw RC and Withrow SJ. Limb-sparing surgery versus amputation for dogs 

with bone tumors. Veterinary Clinics of North America: Small Animal Practice. 

1996;26(1):135–143  

209. Straw RC, Withrow SJ, Richter SL, Powers BE, Klein MK, Postorino NC et al. 

Amputation and cisplatin for treatment of canine osteosarcoma. Journal of 

Veterinary Internal Medicine. 1991;5(4):205–210 

210. Suehara Y. Proteomic analysis of soft tissue sarcoma. International Journal 

of Clinical Oncology. 2011:16(2), 92–100  



 

 

 

 

 

 

144 

211. Sundaram M, McGuire MH, Herbold DR, Wolverson MK and Heiberg E. 

Magnetic resonance imaging in planning limb-salvage surgery for primary 

malignant tumors of bone. The Journal of Bone and Joint Surgery. 

1986;68(6):809–819 

212. Tai W, Zhou Z, Zheng B, Li J, Ding J, Wu H et al. Inhibitory effect of 

circulating fibrocytes on injury repair in acute lung injury/acute respiratory 

distress syndrome mice model. Journal of Cellular Biochemistry. 

2018;119(10):7982–7990  

213. Talbott JL, Boston SE, Milner RJ, Lejeune A, Souza CHM, Kow K et al. 

Retrospective evaluation of whole body computed tomography for tumor staging 

in dogs with primary appendicular osteosarcoma. Veterinary Surgery. 

2016;46(1):75–80 

214. Tan GJS, Gerrand CH and Rankin KS. Blood-borne biomarkers of 

osteosarcoma: a systematic review. Pediatric Blood & Cancer. 

2018;66(1):e27462–9 

215. Tellez-Gabriel M, Brown HK, Young R, Heymann MF and Heymann D. The 

challenges of detecting circulating tumor cells in sarcoma. Frontiers in Oncology. 

2016;6(3):202-209  



 

 

 

 

 

 

145 

216. Thavarajah M, Evans DB and Kanis JA. Differentiation of heterogeneous 

phenotypes in human osteoblast cultures in response to 1,25-dihydroxyvitamin 

D3. Bone. 1993;14(5):763–767 

217. Thompson JP and Fugent MJ. Evaluation of survival times after limb 

amputation, with and without subsequent administration of cisplatin, for treatment 

of appendicular osteosarcoma in dogs: 30 cases (1979-1990). Journal of the 

American Veterinary Medical Association. 1992;200(4):531–533 

218. Timercan A, Brailovski V, Petit Y, Lussier B and Seguin B. Personalized 

3D-printed endoprostheses for limb sparing in dogs: Modeling and in vitro testing. 

Medical Engineering & Physics. 2019;71:17-29  

219. Tjalma, RA. Canine bone sarcoma: estimation of relative risk as a function of 

body size. Journal of the National Cancer Institute. 1966;36:1137-1150 

220. Uhlen M, Zhang C, Lee S, Sjöstedt E, Fagerberg L, Bidkhori G et al. A 

pathology atlas of the human cancer transcriptome. Science. 

2017;357(6352):2507-2517  

221. Van Craenenbroeck EMF, Conraads VMA, Van Bockstaele DR, Haine SE, 

Vermeulen K, Van Tendeloo VF et al. Quantification of circulating endothelial 

progenitor cells: a methodological comparison of six flow cytometric approaches. 

Journal of Immunological Methods. 2008;332(1-2):31–40  



 

 

 

 

 

 

146 

222. Vona G, Sabile A, Louha M, Sitruk V, Romana S, Schütze K et al. Isolation 

by size of epithelial tumor cells. The American Journal of Pathology. 

2010;156(1):57–63  

223. Wallwiener M, Hartkopf AD, Baccelli I, Riethdorf S, Schott S, Pantel K et al. 

The prognostic impact of circulating tumor cells in subtypes of metastatic breast 

cancer. Breast Cancer Research and Treatment. 2012;137(2):503–510  

224. Wang Z, Sun N, Liu H, Chen C, Ding P, Yue X et al. High-efficiency isolation 

and rapid identification of heterogeneous circulating tumor cells (CTCs) using 

dual-antibody-modified fluorescent-magnetic nanoparticles. ACS Applied 

Materials & Interfaces. 2019;11(43):39586–39593  

225. Waters DJ, Coakley FV, Cohen MD, Davis MM, Karmazyn B, Gonin R et al. 

The detection of pulmonary metastases by helical CT: a clinicopathologic study 

in dogs. Journal of Computer Assisted Tomography. 1998;22(2):235–240 

226. White VA, Fanning CV, Ayala AG, Raymond AK, Carrasco CH and Murray 

JA. Osteosarcoma and the role of fine-needle aspiration. A study of 51 cases. 

Cancer. 1988;62(6):1238–1246 

227. Wikman H, Vessella R and Pantel K. Cancer micrometastasis and tumour 

dormancy. APMIS. 2008;116(7-8):754–770  

228. Withrow SJ and Wilkins RM. Cross talk from pets to people: translational 

osteosarcoma treatments. ILAR Journal. 2010;51(3):208–213 



 

 

 

 

 

 

147 

229. Wong IH, Chan AT and Johnson PJ. Quantitative analysis of circulating 

tumor cells in peripheral blood of osteosarcoma patients using osteoblast-specific 

messenger RNA markers: a pilot study. Clinical Cancer Research: An Official 

Journal of the American Association for Cancer Research. 2000:6(6):2183–2188 

230. Wood LD, Parsons DW, Jones S, Lin J, Sjöblom T, Leary RJ et al. The 

genomic landscapes of human breast and colorectal cancers. Science. 

2007;318(5853):1108–1113  

231. Wright T, Brisson BA, Wood GA, Oblak M, Mutsaers AJ, Sabine V et al. Flow 

cytometric detection of circulating osteosarcoma cells in dogs. Cytometry Part A. 

2019;95(9):997–1007  

232. Wu ZJ, Tan JC, Qin X, Liu B and Yuan ZC. Significance of circulating tumor 

cells in osteosarcoma patients treated by neoadjuvant chemotherapy and 

surgery. Cancer Management and Research. 2018;10:3333–3339  

233. Yao D, Cai GH, Chen J, Ling R, Wu SX and Li YP. Prognostic value of p53 

alterations in human osteosarcoma: a meta analysis. Int. J. Clin. Pathol. 

2014;7(10):6725-6733  

234. Yang MH, Imrali A and Heeschen C. Circulating cancer stem cells: the 

importance to select. Chinese Journal of Cancer Research. 2015;27(5):437–449 

235. Yu M, Stott S, Toner M, Maheswaran S and Haber DA. Circulating tumor 

cells: approaches to isolation and characterization. The Journal of Cell Biology. 

2011;192(3):373–382  



 

 

 

 

 

 

148 

236. Yu N, Zhou J, Cui F and Tang X. Circulating tumor cells in lung cancer: 

detection methods and clinical applications. Lung. 2015;193(2):157–171  

237. Zabaglo L, Ormerod MG, Parton M, Ring A, Smith IE and Dowsett M. Cell 

filtration-laser scanning cytometry for the characterisation of circulating breast 

cancer cells. Cytometry Part A. 2003;55A(2):102–108  

238. Zhang H, Gao P, Xiao X, Heger M, Geng L, Fan B et al. A liquid biopsy-

based method for the detection and quantification of circulating tumor cells in 

surgical osteosarcoma patients. International Journal of Oncology. 2017;50(4): 

1075–1086 

239. Zheng S, Lin HK, Lu B, Williams A, Datar R, Cote RJ and Tai YC. 3D 

microfilter device for viable circulating tumor cell (CTC) enrichment from blood. 

Biomedical Microdevices. 2010;13(1):203–213  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

149 

3 Chapter III: Flow Cytometric Detection of Circulating 
Osteosarcoma Cells in Dogs 

 
This manuscript was published in Cytometry Part A, July 2019, 95(9), 997–1007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

150 

Flow Cytometric Detection of Circulating Osteosarcoma Cells in Dogs 

 

Tanya Wright, Brigitte A. Brisson, Geoffrey A. Wood, Michelle Oblak, Anthony J. 

Mutsaers,Victoria Sabine, Karolina Skowronski, Catherine Belanger, Angela Tiessen, & 

Dorothee Bienzle 

 

From the Department of Clinical Studies, Ontario Veterinary College, University of 

Guelph, Guelph, Ontario, Canada  

Supported by the Natural Sciences and Engineering Research Council of Canada and 

the Pet Trust Foundation, University of Guelph, Canada.  

 

Presented in abstract form at American College of Veterinary Surgeons Convention, 

October 2018.  

 

 

Address correspondence to Dr. Dorothee Bienzle at dbienzle@uoguelph.ca  

 



 

 

 

 

 

 

151 

3.1 Abstract 

Osteosarcoma (OSA) is a malignant tumour of middle-aged dogs and adolescent 

humans. The clinical outcome of OSA has not improved over more than three decades, 

and dogs typically succumb to metastatic disease within 6 months despite tumour 

resection through limb amputation and adjuvant chemotherapy. Therefore, undetectable 

tumour cells with potential to form metastases are present at diagnosis. An assay to 

identify canine immortalized and primary OSA cells through flow cytometric detection of 

intracellular collagen 1 (COL I) and osteocalcin was optimized, and applied to blood 

samples from tumour bearing dogs for detection of circulating tumour cells (CTCs). 

Spiking variable number of OSA cells into normal dog blood recovered 50–60% of COL 

I positive cells with high forward and variable side light scatter. An algorithm to exclude 

nonviable, doublet, and autofluorescent cells was applied to sequential blood samples 

from three dogs obtained prior to and after limb amputation, and at approximately, 

triweekly intervals over 121, 142, and 183 days of chemotherapy, respectively. Dogs 

had >100 CTC/106 leukocytes prior to amputation, variably frequent CTC during 

chemotherapy, and an increase up to 4,000 CTC/106 leukocytes within 4 weeks before 

overt metastases or death. Sorted CTCs were morphologically similar to direct tumour 

aspirates and positive for COL I. Although preliminary, findings suggest that CTCs are 

frequent in canine OSA, more numerous than carcinoma CTC in humans, and that an 

increase in CTC frequency may herald clinical deterioration. This assay may enable 
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enumeration and isolation of OSA CTC for prognostic and functional studies, 

respectively. 

3.2 Introduction 

Osteosarcoma is a primary bone cancer that is common in middle-aged to older, 

large breed dogs, and less common in humans, where children and young adults are 

most often affected. Therapy consisting of limb amputation or limb sparing tumour 

resection followed by chemotherapy (typically platinum or doxorubicin-based) is the gold 

standard, but the clinical outcome of OSA in dogs and humans remains poor (Morello et 

al. 2011, Withrow & Wilkins 2010, Saraf et al. 2018). Dogs with OSA of the appendicular 

skeleton treated with amputation and chemotherapy had median survival times (STs) of 

235–540 days (Selmic et al. 2014), while in humans 5-year survival has been stagnant 

at about 60% (Allison et al. 2012). Although the median ST is relatively homogeneous, 

the range of ST in dogs with OSA treated identically varies from 2 to >30 months, 

illustrating that there is extensive heterogeneity in tumour biology and/or host response 

(Schmidt et al. 2016, Selvarajah et al. 2009, Stanta & Bonin 2018). Metastatic disease 

is the usual cause of spontaneous death or euthanasia, but fewer than 10% of dogs 

have radiographic evidence of metastasis at the time of diagnosis (Withrow & Wilkins 

2010). Computed tomography also lacks sensitivity for identifying metastases, and 
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histologic grading schemes for canine OSA poorly predict biological behaviour (Oblak et 

al. 2013, Schott et al. 2017, Waters et al. 1998). 

Hence, there is a need for better means to predict the behaviour of OSA at the 

time of diagnosis. In a recent systematic review of studies on blood biomarkers in OSA, 

it was concluded that in humans certain plasma proteins such as a high concentration of 

vascular endothelial growth factor, and specific constellations of plasma micro-RNAs 

(miR), might correlate with the prognosis of OSA (Tan et al. 2018). Similarly, from a 

recent study in dogs, it was concluded that combination of circulating miR-214 and -126 

concentrations and serum alkaline phosphatase activity had potential to predict the 

outcome of appendicular OSA patients treated with amputation and chemotherapy 

(Heishima et al. 2019). Measurement of miR is promising but alike other biomarkers, 

current evidence on their prognostic value is limited, and large-scale validation is 

needed (Tan et al. 2018). 

Circulating tumour cells (CTCs) are thought to be released from primary tumours, 

and include cells able to establish distant metastases (Lambert et al. 2017). In order for 

distant metastases to occur, a so-called “invasion-metastasis cascade” takes place: 

CTCs lose adherence to the primary tumour, intravasate into the vasculature, migrate in 

the venous circulation, arrest at specific capillary sites, extravasate, invade 

parenchymal tissue, and eventually form metastatic tumours. Numerous host and 

tumour factors influence each of these steps, and it has recently become clear that only 
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a small fraction of CTCs from carcinomas, which in humans are much more common 

than sarcomas, remain viable and capable of forming metastases after entry into the 

vasculature (Follain et al. 2018). Carcinoma cells that are likely to disseminate undergo 

epithelial to mesenchymal transition (EMT), acquiring the ability to invade endothelium 

and digest extracellular matrix, among other functional properties (Grover et al. 2014, 

Harper et al. 2016). 

A large fraction of CTCs is either eliminated by host phagocyte defenses, 

undergoes apoptosis, remains dormant in specific tissue niches, or is unable to 

extravasate or proliferate. Hence, the biological features of CTCs are highly variable, 

and the degree of mesenchymal differentiation among carcinoma cells is also highly 

variable, with only a small proportion of CTCs thought to actually give rise to 

metastases (Lambert et al. 2017). Mesenchymal to epithelial transition (MET) has been 

reported in sarcomas, but neither extent nor frequency, biological mechanisms or 

implications on metastatic potential are characterized in a similar manner as EMT 

(Sannino et al. 2017). 

More than 90% of dogs with OSA die spontaneously or are euthanized due to 

metastatic disease within 1 year of diagnosis following local control treatment (limb 

amputation) (Brodey & Abt 1976, Broder & Riser 1969, Spodnick et al. 1992). The most 

frequently affected location of metastases is the lung, followed less frequently by bone, 

other soft tissue sites such as liver, skin, abdominal cavity and brain, and draining 
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lymph nodes (Brodey & Riser 1969, Hillers et al. 2005, Withrow & Wilkins 2010). The 

high frequency of metastases in canine OSA despite radical resection of the primary 

tumour, and predilection for lung, suggests that micrometastases likely exist at the time 

of diagnosis, that hematogenous rather than lymphatic spread is more likely, and that 

complex interactions between the primary tumour, micrometastases and host affect the 

development of overt life-ending metastases.  

Enumeration and capture of CTCs is widely used to prognosticate, monitor, and 

tailor the therapy of human breast, prostatic, and other carcinomas, and to characterize 

the biology of CTCs (de Albuquerque et al. 2012, Krebs et al. 2010, Paoletti & Hayes 

2015). Capture of CTCs and tumour derived DNA samples for genetic, proteomic and 

other analyses has been termed “liquid biopsy” (Pachmann et al. 2011) since simple 

blood samples, often obtained repeatedly over time, yield information regarding 

otherwise difficult to access solid tissue tumours. Initial carcinoma CTC assays were 

immune-based using fluorescent antibodies to antigens widely expressed by epithelial 

cells, such as cytokeratin and cell adhesion molecules (Wong et al. 2009). Over the 

past years, multiple commercial platforms involving negative and positive immune and 

nonimmune-based identification of leukocyte and tumour antigens, respectively, were 

used in oncology, and recently efforts are underway to assess agreement across 

platforms and methods (Zeune et al. 2018). The number of CTCs detected in humans 

with carcinoma is extremely low, and significant prognostic differences have been 
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attributed to 3 versus 5 CTC/7.5 ml of blood (Krebs et al. 2010, Miller et al. 2010). 

Enumeration of CTCs in humans with OSA using a combination of leukocyte depletion, 

immunochemistry, and fluorescent in situ hybridization identified significant differences 

in progression-free survival among patients with ≤2 versus >2 CTC/7.5 ml of blood 

(Zhang et al. 2017). Furthermore, using quantitative PCR techniques, detection of 

osteospecific mRNA in blood of humans with OSA was significantly associated with the 

development of metastases during the subsequent 12-months period (Wong et al. 

2000). Diagnostic leukapheresis of 60 ml of blood with continuous centrifugation and 

return of all blood elements, except the mononuclear the cell fraction including 

carcinoma CTCs, was recently described, and dramatically increased the number of 

CTCs detected, and therefore the repeatability of enumeration (Fehm et al. 2018).  

The goal of this study was to determine whether circulating OSA cells could be 

detected in dogs with OSA. For that purpose, an assay utilizing extensive positive and 

negative control cells and reagents was developed. Assay sensitivity and specificity was 

assessed using a range of antibodies to tumour, leukocyte, and other cell antigens, 

spiking experiments with primary and immortalized canine OSA cells, cell sorting, 

immunofluorescence, and cell morphology. An optimized protocol was then applied to 

sequential clinical samples from dogs with OSA before and after therapy. 
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3.3 Material and Methods 

3.3.1 Immortalized OSA Cell Lines 

Cell lines OVC-cOSA-75 and OVC-cOSA-31 were derived from autopsy and 

amputation specimens from two separate dogs with lung metastases or primary OSA of 

the distal tibia, respectively (Schott et al. 2018). Cell lines were established and 

maintained as monolayers in DMEM (Sigma Aldrich, Oakville, ON) supplemented with 

10% fetal bovine serum (Fisher Scientific, Ottawa, ON) and 1% penicillin/streptomycin 

(Sigma Aldrich), and cultured at 37oC in a humidified incubator in the presence of 95% 

atmospheric air and 5% CO2. Cells were passaged once monolayers had reached 

>90% confluence. Monolayers were first washed with PBS and then detached with 1x 

trypsin–ethylene diaminetetraacetic acid (EDTA; Sigma Aldrich) diluted in PBS, and 

neutralized with media. Cells were then replated into fresh media at 1:4 split ratio. 

Media was changed every 3–4 days. Cells had been passaged between five and eight 

times at the time of these studies. 

3.3.2 Antibodies 

The following isotype- and fluorochrome-matched antibodies were used as 

negative controls in all assays: (1) Mouse antirat CD4 monoclonal antibody OX-35 

(IgG2a) conjugated to fluorescein isothiocyanate (FITC); (2) Mouse anti-rat CD71 

monoclonal antibody OX-26 (IgG2a) conjugated to phycoerythrin (PE), both from BD 
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(Mississauga, ON); (3) mouse monoclonal antibody to bovine retinal pigment epithelium 

(RPE) 65 (401.8B11.3D9, IgG1) conjugated to FITC (Novus Biologicals, Oakville, ON); 

and (4) mouse monoclonal antibody to human CD146 (P1H12, IgG1) conjugated to PE 

from EMD Millipore (Etobicoke, ON). Anti-CD4 and anti-CD71 antibodies did not cross-

react with canine leukocytes or OSA cells when 1, 3, or 5 μl were added to 100 μl of cell 

suspension (data not shown); hence, 1 μl of each antibody was used in all subsequent 

assays.  

Antibody to RPE65 was used as an isotype- and fluorochrome-matched control 

that would not be expected to bind to OSA cells. Protein RPE65 is 100% identical 

between dog, human, mouse, and bovine (Basic Local Alignment Search Tool [BLAST], 

data not shown) and expressed in pigmented neuroepithelium. This antibody was tested 

using 3, 5, 7, and 10 μl of a 1/10 dilution added to 100 μl of cell suspension, and no 

specific binding to OSA cells was observed. Therefore, 3 μl of a 1/10 dilution of the 

antibody was subsequently used in all assays. CD146, also termed MUC18, is 

approximately 94% identical between human and dog, and expressed by endothelial 

cells. Antibody to CD146 was used to detect potential circulating endothelial cells, and 

was tested using 3, 5, 7, and 10 μl of 1/10 dilution. No specific binding to OSA cells was 

observed, and 3 μl of a 1/10 dilution of the antibody was subsequently added to 100 μl 

of cell suspension in all assays.  
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Mouse anti-human osteocalcin monoclonal antibody 190,125 (IgG1) conjugated 

to PE was from R&D Systems (Minneapolis, MN), and mouse anti-human collagen 1 

(COL I) monoclonal antibody clone 5D8-G9 (IgG1) conjugated to FITC was from 

Millipore. Both of these antibodies recognize intracellular epitopes. COL I has 100% 

amino acid identity between dog and human, and the 49-amino acid sequence used to 

generate the osteocalcin antibody is 93% identical between human and dog (BLAST, 

data not shown). These antibodies were tested at 1, 3, 5, 7, and 10 μl of a 1/10 dilution 

using OVC-cOSA-75 and OVC-cOSA-31 cells. An optimal signal to noise ratio was 

identified for both antibodies using 3 μl of a 1/10 dilution added to 100 μl of cell 

suspension. This amount of antibody was used in all subsequent experiments. 

In order to distinguish canine leukocytes from circulating OSA cells, two 

antibodies against canine leukocytes were used in optimization assays: Mouse anti-dog 

CD18 monoclonal antibody CA1.4E9 (IgG1) conjugated to Alexa Fluor647 and rat anti-

dog CD45 monoclonal antibody YKIX716.13 (IgG2b) conjugated to FITC (Bio-Rad, 

Hercules, CA). These antibodies has been characterized previously, and 5 μl of a 1/10 

dilution was added to 100 μl of cell suspension (Moore et al. 1990). Antibodies were 

tested singly and in combination for appropriate signal detection. 
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3.3.3 Flow Cytometry of OSA Cell Lines 

Cultured OSA cells were detached, harvested into cold PBS, counted in a 

hemocytometer chamber, and resuspended at a concentration of 1 x 106/ml. Cells were 

washed twice with old flow cytometry (FC) buffer (PBS with 0.5 mM EDTA, 1% horse 

serum, 0.5% Na azide, pH adjusted to 7.4), and 106 cells were placed in FC tubes. Cells 

were then pelleted by centrifugation for 10 min at 400g, the supernatant was decanted, 

resuspended in 1 ml of FC buffer, and 1 μl of fixable viability dye eFluor 780 

(eBioscience; Thermo Fisher, Waltham, MA) was added. Samples were incubated at 

4oC for 30min in the dark, washed with 1 ml of FC buffer, and 500 μl of cold fixation 

buffer (R&D Systems) was added. Samples were incubated for 10 min at room 

temperature with vortexing every 3 min to keep cells in suspension. Samples were then 

centrifuged for 10 min at 500g and washed twice with 1 ml of cold FC buffer. Cells were 

permeabilized by adding 100 μl of 1x permeabilization/wash buffer (R&D Systems), and 

antibodies were added as follows: Tube 1: anti-rat CD4-FITC and anti-rat CD71-PE; 

Tube 2: anti-RPE65-FITC and anti-CD146-PE; Tube 3: osteocalcin–PE; and Tube 4: 

COL I FITC. Cells were incubated for 30 min at 4oC, washed once more with 

permeabilization/wash buffer, resuspended in 500 μl of FC buffer and analyzed in an 

Accuri C6 FC (BD). For all subsequent experiments, a FACSCanto (BD) cytometer was 

used for data acquisition since timely collection of 106 events was challenging with the 

Accuri C6 cytometer. 
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3.3.4 Blood Samples Spiked with OSA Cell Line Cells 

Aliquots of potassium EDTA-anticoagulated blood samples leftover after 

complete blood cell (CBC) counts from three non- OSA bearing dogs with normal 

leukocyte concentration were spiked with approximately 500, 5,000, and 50,000 OVC-

cOSA- 31 cells/ml of blood. Red blood cells were lysed with ammonium chloride 

potassium (ACK) lysis buffer consisting of 154.4 mM ammonium chloride, 10 mM 

potassium bicarbonate, and 97.3 μM EDTA tetrasodium salt (all Sigma-Aldrich), and the 

remaining nucleated cells were washed twice with FC buffer at 400g for 10 min. A total 

volume of 1 μl of the fixable viability dye eFluor 780 dye in 1 ml of FC buffer was added 

to all tubes and they were incubated at 4oC for 30min in the dark. Samples were then 

centrifuged at 400g for 10 min and the following antibodies were added: Tubes 1–3: 

anti-dog CD45-FITC and Tubes 4–9: anti-dog CD18-Alexa 647. Each set of three of 

tubes thus contained leukocytes plus 500, 5,000, or 50,000 spiked OSA cells, 

respectively. Samples were incubated at 4oC for 15min in the dark, washed with FC 

buffer and 1 μl of fixable viability dye eFluor 780 was added. Cells were resuspended in 

500 μl of fixation buffer (R&D Systems) followed by fixation and permeabilization as 

described above. Antibody CD146-PE was added to Tubes 1–3, antibody RPE65-FITC 

to Tubes 4–6, and antibody COL I-FITC to Tubes 7–9. All samples were processed as 

above and analyzed in a FACSCanto II FC. Collagen I-FITC positive cells were sorted 

from samples containing spiked OSA cells using a FACSAria II cytometer (BD) based 
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on high forward scatter (FSC), moderate to high side scatter (SSC), and FITC 

fluorescence. 

3.3.5 Blood Samples Spiked with Primary OSA Cells 

Cells were aspirated from an OSA in a freshly amputated leg with a 20-gauge 

needle and syringe, and placed in a 2 ml blood tube anticoagulated with EDTA. The 

diagnosis of OSA had been established prior to amputation from a biopsy and routine 

histologic assessment (Schott et al. 2017). Viable aspirated tumour cells were counted 

by Trypan blue exclusion in a hemocytometer chamber, and adjusted with FC buffer to 

a concentration of 105 cells/ml. Tumour cells were added to aliquots of blood from dogs 

with a normal CBC to yield approximately 500, 5,000, and 25,000 OSA cells/ml of whole 

blood. Samples were processed as above, fixed, and permeabilized, and then 

incubated with antibodies to CD4 and CD71 (Tube 1), CD146 and RPE65 (Tube 2), OC 

(Tube 3), and COL I (Tube 4). Samples were analyzed in a FACSCanto II cytometer 

and sorted using the FACSAria II as above. 

3.3.6 Clinical Samples 

Blood samples (~1 ml) were collected from three dogs with appendicular OSA 

immediately prior to and immediately after amputation, and at various time points during 

subsequent chemotherapy. All affected dogs weighed >30 kg, and blood collection was 

approved by the University of Guelph Committee on Animal Care (Protocol no. 3571) in 
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accordance with recommendations of the Canadian Council on Animal Care. Canine 

patients were enrolled into the study after informed owner consent was obtained. The 

previously established FC protocol was applied to all clinical samples: Aliquots (200 μl) 

of EDTA anticoagulated blood were placed into FC tubes. Red blood cells were lysed 

with ACK buffer, and samples were washed twice with FC buffer. Then, 1 μl of fixable 

viability dye (eFluor 780) was added to each tube at 4oC for 30min in the dark. Samples 

were washed, resuspended in 500 μl of fixation buffer (R&D Systems) and processed 

as described above. Samples were resuspended in 100 μl of permeabilization/wash 

buffer (R&D Systems), and directly conjugated antibodies to CD4, CD71, RPE65, 

CD146, OC, and COL I, as described above, were added. Samples were incubated at 

4oC for 30min, 1ml of permeabilization/wash buffer was added, samples were 

centrifuged, and resuspended in 800 μl of FC buffer. Prior to FC analysis, samples were 

passed through a sterile 40 μm filter (Corning Falcon, Thermo Fisher, Mississauga, 

ON). All samples were processed and analyzed within 6 h of collection. For each tube, 

106 events were acquired. All FCs passed daily internal quality controls and were 

calibrated each week using manufacturer-specified fluorescent beads and protocols 

(BD).  

3.3.7 Cytomorphology and Immunofluorescence 

Cells aspirated directly from OSA tissue, OSA cell line cells, and OSA CTCs 

were sorted from spiked or patient-derived blood samples, and then concentrated onto 
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microscope slides using a cytocentrifuge (Wescor, Logan, UT). Slides were air dried, 

stained with Wright stain, and reviewed for cytomorphologic characteristics. Features 

typical of OSA cells are spindle-shape, presence of large nuclei, single or multiple 

prominent nucleoli, cytoplasmic vacuoles, cytoplasmic projections, and indistinct 

cytoplasmic borders (Sabattini et al. 2017). Cytocentrifuged cell preparations were fixed 

for 5 min in 10% buffered formalin, washed thrice with FC buffer, and then covered with 

a 1/10 dilution of COL I FITC antibody overnight at 4oC. Slides were rinsed with PBS, 

nuclei were counterstained with 40,6-diamidino-2-phenylindole (DAPI), and images 

were collected on a Leica DMI 6000 microscope with the Nuance CRi imaging software 

version 3.0.2 (Concord, ON). 

3.3.8 Data Analysis 

Gated events in the region of interest (ROI) were analyzed with the FlowJo 

software (Tree Star, Ashland, OR). A gating strategy was developed for analysis of 

viable, single cells with high FSC, and medium to high SSC. Leukocytes were excluded 

based on light scatter characteristics and expression of CD18 and/or CD45. 

Autofluorescent cells with high FSC and moderate to high SSC were excluded by gating 

on cells with low 575 and 680 nm fluorescence, and gates for specific fluorescence 

were set using isotype- and fluorochrome matched controls. COL I-FITC positive cells in 

the ROI were enumerated. 
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3.4 Results 

3.4.1 OSA Cell Lines 

Protocols for detection of canine CTC have not been reported, and most protocols 

for human samples are optimized for circulating carcinoma cells. Therefore, we set out 

to first characterize canine OSA cell lines and direct tumour aspirates; then prepared 

blood samples spiked with immortalized and freshly aspirated tumour cells, and then 

analyzed a set of clinical samples utilizing multiple control antibodies and ancillary 

methods to identify OSA cells. Two available canine OSA cell lines were assessed. Cell 

line OVC-cOSA-31 had high FSC and moderate to high SCC, and OVC-cOSA-75 had 

moderate to high FSC and low SCC (Figure 3-1). Cell line OVC-cOSA-31 contained 

99.2% COL I positive cells, and OVC-cOSA-75 had 96.1% positive cells. Osteocalcin 

was detected at a dim to medium bright level in 21.7 and 45.8% of OVC cOSA-31 and 

OVC-cOSA-75 cells, respectively. Experiments were repeated with three different 

passages of each cell line with similar results. Initial cell line samples were analyzed 

with the Accuri C6 cytometer, and all subsequent samples were acquired with the 

FACSCanto due to better fluidic handling of concentrated samples. 
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Figure 3-1 Canine OSA cell lines OVC-cOSA-31 (A) and OVC-cOSA-75 (B), gated as indicated, were 
highly positive for intracellular COL I (center panel) and variably positive for OC (right panel). Blue 
= anti-rat CD4 control antibody; red = COL I or OC antibody. 
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3.4.2 Spiked Blood Samples 

Blood samples from dogs with normal hemograms were spiked with OSA cells 

and direct tumour aspirates, processed for cell surface labeling with pan-leukocyte 

antibodies, and subsequently fixed and permeabilized for detection of intracellular 

antigens. Cytometer parameters were set to visualize typical leukocyte populations, and 

in addition cells with high FSC and SSC (Figure 3-2). Lymphocyte, monocyte, and 

neutrophil populations were identifiable by characteristic light scatter, and expression of 

CD18 and CD45 leukocyte antigens (Figure 3-2 A–C). Less than 1% of any leukocyte 

population cells were positive for COL I. Among cells with high FSC and SSC 94 and 

96% of were negative for CD18 and CD45, respectively, and 89% were positive for COL 

I (Figure 3-2 D). Detection of CD18 with antibody CA1.4E9 showed highest expression 

on neutrophils and monocytes, and more variable staining on lymphocytes, consistent 

with previous findings (Cobbold & Metcalfe 1994). A few CD18 or CD45 positive cells 

among cells with high FSC and SSC suggested that the gate included a few leukocytes 

with high FSC and SCC, which might be circulating large monocytes or macrophages 

(Figure 3-2 D). 

For enumeration of CTCs, first cells with high FSC and SSC were selected, then 

doublets were excluded, then viable cells with low eFluoro 647 fluorescence were 

selected, then cells with low fluorescence at 575 and 680 nm were selected, then cells 

negative for CD4-FITC, CD71-PE, RPE65-FITC, and CD146-PE were selected, and 
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finally cells positively staining with COL I-FITC were captured (Figure 3-3). This analytic 

workflow was applied to all spiked and clinical samples using the FlowJo software. 

Blood samples from three different dogs each were spiked with OSA cell line 

cells and direct OSA tumour cell aspirates. Different concentrations of primary OSA 

cells spiked into normal dog blood yielded recovery of 51–67% of cells that were 71–

96% positive for COL I, applying the above analytic algorithm (Figure 3-4). Viability of 

spiked OSA cell line cells was consistently >85%, and that of spiked primary OSA cells 

was >95% (data not shown).  
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Figure 3-2 Blood sample from a normal dog spiked with 50,000 OVC-cOSA-31 cells/ml of blood. 
FSC and SSC identifies lymphocytes (A), monocytes (B), neutrophils (C), and OSA cells (D). (A–C) 
Gating on individual leukocyte populations shows positive staining with anticanine CD18 and 
CD45 antibodies, and staining for COL I on <1% of cells. (D) Cells with high FSC and SCC contain 
COL I positive cells. 
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Figure 3-3 Gating strategy for detection of OSA cells; blood sample from a normal dog spiked with 
25,000 OVC-cOSA-31 cells/ml. (A) A gate was applied to cells with high FSC and SSC. (B) 
Exclusion of doublets. (C) Gating on viable cells with low eFluoro 647 violet fluorescence. (D) 
Gating on single viable cells with low fluorescence at 680 and 575 nm. (E) Gating on single viable 
cells with low autofluorescence and negative for fluorochrome- and isotype-matched antibody. (F) 
Detection of COL I among sequentially gated cells. 
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Figure 3-4 Spiking of normal dog blood with graded numbers of primary OSA cells, and detection 
of COL I fluorescence. (A) No added cells; (B) 500 added cells/ml of blood; (C) 5,000 added 
cells/ml of blood; and (D) 25,000 added cells/ml of blood. The number of COL I positive cells was 
26, 247, 2,788, and 14,651 per 106 events, respectively. 
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3.4.3 Blood Samples from Dogs with OSA 

Blood samples from canine patients with OSA were processed and analyzed as 

above. Typically, fewer cells with high FSC/SCC were apparent in the ROI of clinical 

samples than in samples with spiked tumour cells except for some clinical samples that 

were obtained shortly before detection of pulmonary metastasis (Figure 3-5). COL I was 

detected in 28–45% of cells with high FSC/SSC, while OC was detected in <5% of cells. 

Blood samples from three dogs with OSA were analyzed immediately prior to 

amputation, within 3 days postamputation, at 4–12 time points while receiving 

chemotherapy, and before death due to metastatic disease. The number of CTCs 

detected in dogs with OSA was variable over time with an increased number typically 

noted prior to detection of metastases by imaging (Figure 3-6). CTCs were 616/106 

leukocytes prior to amputation, fewer than 150 and sometimes close to 0/106 leukocytes 

over the subsequent 125 days, and then increased to 4,074 on the day the dog was 

euthanized due to metastatic disease (Figure 3-7 A). In two other dogs, CTC varied 

between 5 and 721/106 leukocytes over 142 days, and 7 and 635 per 106 leukocytes 

over 121 days (Figure 3-7 B,C). 
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Figure 3-5 CTC detection in a dog 120 days after amputation of a limb with OSA. The dog received 
chemotherapy at the time of sampling, and 7 days subsequent to these sample lung metastases 
were detected by radiograph (A) CTCs (29.8%) are positive for COL I while (B) 2.2% are positive for 
OC. 

 

 

 

 

 



 

 

 

 

 

 

174 

 

 

Figure 3-6 Blood sample from a dog with OSA. (A) Immediately after amputation and (B) at the 
time of death due to metastatic disease. 
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Figure 3-7 The number of COL I positive cells/106 leukocytes detected over time in three different 
dogs. 
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3.4.4 Cell Morphology 

OSA cell line cells prepared by cytocentrifugation had features typical of 

immortalized cells detached by trypsinization (Figure 3-8 A). Cytoplasmic borders were 

indistinct, nuclear to cytoplasmic ratio was relatively high, and mitotic cells were readily 

apparent. Primary OSA cells spiked into blood and then sorted based on detection of 

COL I-FITC were larger than leukocytes, had large round to oval nuclei, indistinct 

cytoplasmic borders with cytoplasmic projections and cytoplasmic vacuoles. Cells 

sorted following fixation and permeabilization had reduced preservation relative to fresh 

cells (Figure 3-8 B,C). Directly aspirated OSA tumour cells were morphologically similar 

to sorted cells and markedly larger than neutrophils (Figure 3-8 D). Sorted primary and 

cell line OSA cells had similar morphology except for increased basophilia in 

immortalized cells (Figure 3-8 E,F). Immortalized OSA cells and primary CTC sorted 

from blood of a dog with OSA had membranous and cytoplasmic COL I 

immunofluorescence (Figure 3-8 G,H). 
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Figure 3-8 Cytomorphology of OSA cells. Cytocentrifuge preparations of (A) cultured OVC-cOSA-
31 cells (400x); (B) normal dog blood leukocytes spiked with primary OSA tumour aspirate cells, 
fixed, and permeabilized (arrow on OSA cell, 400x); (C) CTC sorted based on COL I positivity from 
blood of dog with a primary OSA (1,000x); (D) cell directly aspirated from a primary OSA (1,000x) 
with neutrophil (arrow); (E) primary OSA cells aspirated from tumour and sorted based on COL I 
positivity (1,000x); (F) OVC-cOSA-31 cells sorted from spiked normal dog blood (1,000x). All slides 
were Wright stained. Immunofluorescence of COL I FITC positive; (G) OVC-cOSA-31 cells; and (H) 
CTC cells sorted from blood of a dog with OSA. Nuclei are stained with DAPI (1,000x). 
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3.5 Discussion 

We have here described a preliminary protocol for detection and enumeration of 

circulating OSA cells in dogs. Sarcomas occur more frequently in dogs than in humans, 

but the biological behavior, occurrence of frequent and early metastases, and hence 

poor prognosis, are similar for OSA in both species (Morello et al. 2011, Withrow & 

Wilkins 2010). Metastases are rarely detected at the time of diagnosis but are the usual 

cause of death. Hence, devising a method for detecting and enumerating CTCs could 

be of prognostic and biologic value in both species. In this study, effort was invested on 

optimizing a specific assay through use of multiple antibodies to exclude nonspecific 

antibody binding to extracellular or intracellular epitopes of OSA cells, distinction of 

leukocytes from OSA cells, and assuring that only viable single cells were being 

assessed. Initial optimization experiments utilizing cell lines derived from a primary and 

a metastatic tumour showed slightly differing light scatter properties, consistent also 

with differing biological properties and signaling pathways of these cell lines (Schott et 

al. 2018). Both cell lines had moderate to high FSC but OVC-cOSA-75 cells had low 

SSC. The biological correlates of SSC are incompletely defined, but cytoplasmic 

granules are thought to contribute to this parameter, which in OSA cells might represent 

different frequency of lysosomes (Harrington et al. 2012). 
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OSA is a tumour of bone and osteoid producing cells (Brodey & Riser 1969) and 

has been shown to retain osteoblastic properties in vitro and in vivo (Rodan et al. 1987). 

Cellular markers specific to osteoblast and new bone formation, such as COL I, and 

other non collagenous proteins such as osteocalcin, osteonectin, and osteopontin, are 

theoretical candidates for cellular labeling of circulating OSA cells (Wehrle-Martinez et 

al. 2016, Wong et al. 2000). Among these, COL I is considered the most promising 

osteospecific marker in the literature concerning human OSA (Wong et al. 2000), and 

was therefore a logical choice to assess in canine OSA. Both canine OSA cell lines 

were indeed highly positive with antibodies to COL I, consistent with the fundamental 

characteristic of collagen production by this tumour histotype (Gebhard et al. 2015, 

Rafat et al. 2018). Osteocalcin was detected in most but not all tumour cell lines, which 

is in agreement with findings from immunohistochemical assays of primary tumour 

tissue (Rafat et al. 2018, Wehrle-Martinez et al. 2016), and studies of human OSA 

(Wong et al. 2000). However, analysis of blood samples from clinical patients indicated 

variable COL I and rare OC detection among CTCs. Osteocalcin was inconsistently 

detected in primary OSA tissues (Wehrle-Martinez et al. 2016), and may be more 

consistent in clonal cell lines. The absence of COL I in CTCs might relate to loss of 

mesenchymal characteristics by OSA cells that have metastatic potential (Sannino et al. 

2017), but would impact on enumeration of CTC. 
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Spiking of normal blood was performed to assess whether OSA cells could be 

distinguished from leukocytes by light scatter. Cytometer settings were adjusted to allow 

detection of distinct leukocyte populations concurrent with the much larger OSA cells, 

and individual leukocyte populations were interrogated with pan-leukocyte antibodies. 

Results confirmed that expression of CD18 was higher on monocytes and neutrophils 

relative to lymphocytes, while CD45 was relatively more highly expressed on 

lymphocytes than other leukocytes (Cobbold & Metcalfe 1994). Rare cells with high 

FSC and low SCC were positive with CD45 antibody, and might represent circulating 

macrophages (Pautke et al. 2004). OSA cells spiked into normal blood were highly but 

not uniformly positive for COL I compared to immortalized OSA cells. A possible 

explanation might be that gating of circulating cells with high FSC and SCC may include 

non-OSA cells such as endothelial or hematopoietic precursor cells or macrophages, 

which would not express COL I. Alternatively, primary tumour cells may be less 

uniformly positive for COL I than cell lines. 

Experiments spiking graded numbers of OSA cells into normal dog blood indicated 

that approximately 50–60% of cells were identified as collagen positive after applying 

the analytic algorithm for exclusion of nonviable cells, doublets, autofluorescent cells, 

and cells that nonspecifically bound isotype- and fluorochrome-matched control 

antibodies. This range of cell recovery was considered reasonable in light of variability 

in manual cell counting of OSA cells, a conservative algorithm for definition of OSA 
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cells, and potential other non-OSA cells in circulation. OSA cells rarely adhered to each 

other; therefore, exclusion of individual OSA cells by filtration was considered unlikely. 

Sequential patient blood samples analyzed with the algorithm varied regarding the 

proportion of cells with high FSC and SSC. In some cases, few cells were apparent in 

the gate, corresponding to <50 cells/106 leukocytes, while in other cases, in particular 

within 1 month prior to radiographic evidence of metastases or patient clinical 

deterioration, a relatively large proportion of COL I positive cells was identified. A 

pattern of frequent initial CTC, followed by relatively few CTC at biweekly to triweekly 

reevaluations during chemotherapy, followed by a spike in CTC near the canine 

patient’s end of life was noted in three dogs, although Dog 3 also had a spike in CTC 

during chemotherapy (Figure 3-7). Not all cells with high FSC and SCC were COL I 

positive, which was interpreted to most likely indicate reduced expression of collagen in 

CTC relative to that in OSA cell lines or primary tumour cells. Cytomorphologically, OSA 

cells that had been fixed and permeabilized for intracellular staining, and then sorted, 

were similar in appearance to direct OSA aspirate cells or CTCs. Immortalized cells had 

a rounded appearance attributed to trypsinization. Collagen was detected by 

immunofluorescence in OSA cells and CTCs. 

The number of CTC identified in dogs with OSA was much higher than the number 

of carcinoma CTC typically reported in humans. OSA is a highly aggressive neoplasm in 

dogs, and circulating OSA cells may at times be observed even on routine blood smear 



 

 

 

 

 

 

182 

review (data not shown); therefore, frequent CTCs may be a biological feature of the 

tumour. Limited studies of OSA CTC in humans also report a higher number than 

typically noted for carcinomas, but not nearly as high as those in our study (Wong et al. 

2000, Wu et al. 2018, Zhang et al. 2017). Strengths of our study are that blood samples 

from dogs were analyzed multiple times, including immediately before death, which 

provided a dynamic picture of CTC frequency. However, whether fluctuations in CTC 

number correspond to ST, imminent metastatic disease, quality of life, or other patient 

factors, remains to be determined. Furthermore, this assay should be considered at the 

proof-of-principle stage, and validation with additional methods, such as quantitative 

assessment of OSA transcripts or CTC transplantation into immunodeficient mice, are 

required. In mice, injection of OSA cells revealed CTC prior to development of tumour 

masses, which might suggest potential for CTC enumeration as an early test in dogs at 

high risk for development of OSA (Boerman et al. 2012, Budd et al. 2006, Chalopin et 

al. 2018). 

CTCs are very likely biologically different from their corresponding sessile tumour 

cells. It has been proposed that mesenchyme-derived sarcoma cells are unlikely to fully 

differentiate to an epithelial cell type, but rather that a “metastable” phenotype 

intermediate between epithelial and mesenchymal state is common among aggressive 

sarcomas (Sannino et al. 2017). Such a metastable condition may enable EMT- or 

MET-related changes, depending on specific conditions of hypoxia, inflammation, 
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rheological properties, or cytokine milieu. Hence, it would be of great interest to 

investigate genetic and functional properties of solid tumour cells versus CTCs. In this 

study, we have described as proof-of-principle that CTCs are present and frequent in 

dogs with OSA, and assay refinements with retention of viability could potentially be 

achieved through a combination of negative immune depletion of leukocytes, lysis of 

erythrocytes, sorting of cells based on large size and/or positive selection with 

antibodies directed to cell surface antigens. It appears likely that many biological 

aspects of OSA may be investigated through a “liquid biopsy” in the form of a small 

blood sample. 

3.6 Conclusions 

In conclusion, a preliminary assay for detection of circulating canine OSA cells has 

been established. Although the assay should be refined for less time-consuming and 

more precise enumeration, initial findings suggest that circulating OSA cells are 

frequent in dogs that their number decreases immediately after limb amputation and 

increases prior to terminal metastases or euthanasia. 
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4 Chapter IV: Circulating Tumour Cells Over Time in Dogs 
with Naturally-Occurring Appendicular Osteosarcoma 

Wright TF, Brisson BA, Belanger CR, Tiessen A, Sabine V, Skowronski K, Wood GA, 

Oblak M, Mutsaers AJ, Sears W, Bienzle D. 

4.1 Abstract 

 Enumeration of circulating tumor cells (CTCs) has shown promise for 

prognostication and guidance of therapeutic decisions in human cancers. The objective 

of this study was to enumerate CTCs over time in dogs with naturally-occurring 

osteosarcoma (OSA), and to correlate that number with patient outcome.   

Twenty-six dogs with OSA and no evidence of metastatic disease at the time of 

amputation were enrolled. Dogs were assessed for lung metastases and CTC 

frequency prior to and following amputation, and at each chemotherapy visit. Twenty-

one dogs completed the study. At the end of the study period, 19 dogs had been 

euthanized and two were alive and free of detectable metastasis. Overall survival time 

ranged from 88 to 1,058 days with a median survival time (MST) of 374 days (lower 

quartile 242 days, upper quartile 687 days). Increased serum alkaline phosphatase 

activity, advanced age, and higher body weight were significantly associated with a 

lower MST. Dogs with OSA had a mean of 356 CTC/106 leukocytes. In 12 of 15 dogs 

that developed radiographic evidence of metastasis, a spike in CTC number was 
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detected within 100 days prior to the detection of metastasis. This pre-metastatic CTC 

spike was detected on average 36.5 days (range 1 - 100 days) prior to the development 

of metastasis, and was significantly associated with a shorter MST (301 ± 64 days vs. 

626 ± 55 days; p=0.0107). In a multivariable analysis, dogs with a CTC spike were 10x 

more likely to die compared with those who did not experience a CTC spike.  

These results suggest that a spike in CTC frequency precedes detection of overt 

metastasis in dogs with OSA and is associated with shorter survival. More frequent 

enumeration of CTC in a larger cohort of dogs with OSA may be warranted.   

4.2 Introduction 

Osteosarcoma (OSA) is an aggressive malignant bone cancer that affects 

primarily middle-aged to older, large-breed dogs (Brodey & Riser 1969, Ling et al. 1974, 

Liu et al. 1977). Metastasis is common and affected sites in approximate order of 

frequency are lung, bone, and other tissues such as liver, skin, abdominal cavity, brain, 

and draining lymph nodes (Withrow & Wilkins 2010, Brodey & Riser 1969, Hillers et al. 

2005, Cesario et al. 2016). Amputation or limb-sparing tumor resection followed by 

chemotherapy is the therapeutic gold standard in dogs, and has a reported median 

survival time (MST) of 235-540 days (Selmic et al. 2014). Although the MST is similar 

across many reported studies, the range of survival times in identically treated dogs 

varies from 2 to >30 months, suggesting that there is extensive heterogeneity in tumor 
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biology and/or host factors (Schmidt et al. 2016, Stanta & Bonin 2018, Selvarajah & 

Kirpensteijn 2010, Withrow & Wilkins 2010). Although less than 10% of patients have 

radiographic evidence of metastasis at time of diagnosis, approximately 90% of patients 

will die from metastatic disease within the first year following local control (Brodey & Abt 

1976, Brodey & Riser 1969, Spodnick et al. 1992). The high frequency of lung 

metastasis despite limb amputation and chemotherapy implies that micrometastases 

likely exist at the time of diagnosis, that hematogenous rather than lymphatic spread is 

more common, and that complex interactions between the primary tumor, 

micrometastases and host affect the development of overt life-ending metastases 

(Boerman et al. 2012, Pennacchioli et al. 2012, Schmidt et al. 2016, Wright et al. 2019). 

Detection of microscopic tumor dissemination is difficult due to limited sensitivity 

and specificity of available imaging modalities (Amankwah et al. 2013, Budd et al. 2006, 

Chang et al. 2014, Eberle et al. 2010, Oblak et al. 2013). Three-view thoracic 

radiographs are the standard of care for the diagnosis of pulmonary metastasis in 

veterinary medicine (Dernell et al. 2007, Lang et al. 1986), however, detection of 

pulmonary metastasis is affected by intrinsic factors such as lesion location, size, 

shape, opacity; superimposition of normal thoracic structures; radiographic technique; 

and experience of the interpreting radiologist (Lang et al. 1986). Furthermore, due to a 

typical lack of ossification, pulmonary metastases are not reliably identifiable until they 

reach a size of 7 to 20 mm (Nemanic et al. 2006, Oblak et al. 2013). Computed 
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tomography (CT) has improved the ability to detect smaller pulmonary nodules, but also 

lacks sensitivity for identifying micrometastatic OSA (Oblak et al. 2013, Waters et al. 

1998).  

Circulating tumor cells (CTCs) are released from the primary tumor, and include 

cells with the potential to form distant metastases (Lambert et al. 2017). Formation of 

metastases involves cell loss of adherence to the primary tumor, intravasation into the 

vasculature, migration in the venous circulation, arrest at specific capillary sites, 

extravasation, invasion of parenchymal tissue and establishment of a metastatic tumor 

(Follain et al. 2018, Lambert et al. 2017). Each of these steps is influenced by various 

host, tumor, and micro-environmental factors (Follain et al. 2018, Lambert et al. 2017). 

The biological characteristics of CTC are highly variable, and only a small fraction of 

CTCs are considered to remain viable and capable of forming metastases after entry 

into the vasculature (Follain et al. 2018, Lambert et al. 2017). 

Circulating tumor cells are enumerated to prognosticate, monitor disease 

progression, and decide on appropriate therapy of human breast, prostatic and other 

carcinomas, and some mesenchymal cancers (de Albuquerque et al. 2012, Krebs et al. 

2010, Paoletti & Hayes 2015, Alix-Panabieres & Pantel 2016, Masuda et al. 2016). The 

number of CTCs detected in humans with breast or prostate carcinoma is typically 

extremely low, and significant prognostic differences have been attributed to 3 versus 5 

CTC/7.5 mL of blood (Krebs et al. 2010, Miller et al. 2010). Similarly, ≤2 compared to >2 
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CTC/7.5 mL of blood, enumerated by a combination of leukocyte depletion, 

immunochemistry and fluorescent in situ hybridization, was associated with significant 

differences in progression-free survival in humans with OSA (Zhang et al. 2017). 

Furthermore, the copy number of bone specific mRNA in the blood of humans with OSA 

was significantly associated with the development of metastases during the subsequent 

12-month period (Wong et al. 2000). Biological analysis of captured CTCs has revealed 

changes specific to these cells relative to the primary tumor, and heterogeneity among 

CTCs (Alix-Panabieres & Pantel 2016, de Albuquerque et al. 2012, Krebs et al. 2010, 

Masuda et al. 2016, Paoletti & Hayes 2015). 

A flow cytometric assay was developed and validated for detection of CTCs in a 

cohort of dogs with OSA (Wright et al. 2019). Results from this pilot study indicated that 

CTCs were common in dogs with appendicular OSA relative to dogs without OSA, that 

CTCs were more numerous than those typically detected in humans with carcinoma, 

and that an increase in CTC number was predictive of clinical disease progression. The 

purpose of this study was to prospectively enumerate CTCs throughout the course of 

OSA in a cohort of dogs undergoing chemotherapy followed by standard of care 

chemotherapy and regular evaluation for metastasis. We hypothesized that an 

increasing frequency of CTCs in dogs with OSA would predict impending overt 

metastasis. The objectives of the study were to prospectively enumerate CTCs over 

time, and to correlate CTC frequency with patient outcome and disease progression.   
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4.3 Materials and Methods 

4.3.1 Patients 

With owner consent, client-owned dogs >20kg presenting to the Ontario 

Veterinary College (OVC) for suspected or confirmed appendicular OSA and absence of 

overt metastasis were prospectively enrolled in the study.  

The study protocol was approved by the University of Guelph Animal Care 

Committee (protocol #3571) in accordance with recommendations of the Canadian 

Council on Animal Care. Dogs were enrolled into the study after informed owner 

consent was obtained. No compensation was provided for participation in the study, and 

dogs were allowed to be withdrawn at any time at the discretion of the owner and/or 

primary clinician. 

4.3.2 Clinical Procedures 

All dogs underwent definitive treatment of the primary OSA by amputation of the 

affected limb. A diagnosis of OSA was based on histopathologic examination of the 

amputated limb. Tumor type and grade, when available, were recorded (Schott et al. 

2017). 

Standard chemotherapy was initiated 10 to 14 days following amputation at the 

time of suture removal, according to institutional protocol. All dogs received single agent 
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carboplatin (Pfizer, Kirkland, PQ) chemotherapy at 300 mg/m2 administered 

intravenously at 21 day intervals for 4 cycles. Following the first dose, complete blood 

cell counts (CBC) were performed at 7 or 14 day intervals, depending on oncologist 

preference. Dogs had a CBC, and a full serum biochemistry panel or serum creatinine 

concentration, determined at each visit prior to administration of the next dose of 

carboplatin. If the absolute neutrophil count was <2 x109/L, the platelet count was <75 

x109/L, or adverse clinical events were observed, chemotherapy was delayed and/or the 

dose reduced, at the oncologist’s discretion. Five dogs in addition received rapamycin 

(Rapamune, 0.1 mg/kg, Pfizer) after completion of carboplatin chemotherapy, as part of 

a concurrent study by the National Institute of Health-National Cancer Institute 

Comparative Oncology Trial Consortium (COTC).   

For CTC enumeration, 1 to 2 mL of blood was collected via either jugular or 

lateral saphenous venipuncture and placed into 2.0 mL collection tubes anticoagulated 

with 3.5 mM potassium ethylenediaminetetraacetic acid (EDTA; BD Vacutainer, BD, 

Franklin Lakes, NJ). All blood samples were kept at 4°C until processing within 24 hours 

of collection. Blood samples were obtained before surgery, and then at regularly 

scheduled appointments for recheck of amputation, chemotherapy, and/or staging or 

monitoring, as recommended by the attending oncologist. When possible, blood 

collection was timed to coincide with venipuncture for other tests such as a CBC, and all 

patient visits were timed to include multiple procedures. Thus, samples for CTC 
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enumeration were obtained immediately prior to amputation (time point A), in first 24 

hours after amputation (time point B), and starting two weeks after limb amputation at 

tri-weekly intervals during four cycles of chemotherapy (time points C-F). Subsequent 

blood samples were obtained approximately every 2 to 3 months, and at the time of re-

staging with thoracic radiography (time points G and onward) until the detection of 

metastasis, death from other causes, or end of the study period. Remnant blood 

samples obtained for reasons unrelated to this study from dogs with conditions other 

than OSA served as control samples. 

4.3.3 Detection of Metastasis and Outcome Assessment 

Three-view thoracic radiographs were performed prior to limb amputation, in 

most cases at the 3rd or 4th dose of chemotherapy, and then approximately every 2 to 3 

months thereafter. Other diagnostic tests were performed as deemed necessary by the 

attending clinician. All radiographs were interpreted by a board-certified radiologist, and 

the reports were used to determine the date of pulmonary metastasis. After detection of 

metastasis, dogs were withdrawn from further blood sample collection and considered 

to have completed the study.  

Patient outcome was determined from recheck visits, telephone interviews with 

referring veterinarians, or both. Data collected were the date of first detection of 

metastasis, the site of metastasis, date of death or euthanasia, necropsy findings (when 
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available, including location of metastases), and cause of death or euthanasia. Survival 

time (ST) was defined as the time between amputation and death or euthanasia. If alive 

at the end of the study with a ST > 1000 days, the dog was considered a long-term 

survivor and data were censored. Disease free interval (DFI) was defined as the period 

from amputation until detection of metastatic disease.   

Tumour volume was calculated using the following formula based on post 

amputation tumour measurements (Sápi et al. 2015): 

"
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4.3.4 Enumeration of CTCs 

The flow cytometry (FC) protocol developed and described previously was 

applied (Wright et al. 2019). Briefly, 200 μL of blood was placed in FC tubes; red blood 

cells were lysed with ammonium chloride potassium (ACK) buffer, and the remaining 

nucleated cells were washed twice. Samples were incubated with the fixable viability 

stain eFluor 780 (Thermo-Fisher, Mississauga, ON), washed, re-suspended in fixation 

buffer (R&D Systems, Minneapolis, MN), permeabilized, and monoclonal antibodies to 

collagen type I (COL I, clone 5D8-G9 conjugated to FITC, Millipore, Etobicoke, ON) and 

osteocalcin (clone 190125 conjugated to PE, R&D Systems) were added. Control 

samples consisted of cells incubated with monoclonal antibodies to bovine retinal 
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pigment epithelium 65 (401.8B11.3D9 conjugated to FITC, Novus Biologicals, Oakville, 

ON) and human CD146 (P1H12, conjugated to PE, Millipore), expressed on endothelial 

cells. Samples were analyzed in a flow cytometer (FACSCanto II™, BD Biosciences) 

with acquisition of 106 events. COL I-FITC positive, viable, single cells with high forward 

and medium side scatter, as determined with FlowJo software (BD), indicated the 

number of circulating OSA cells. Results were expressed as the number of CTCs per 

106 leukocytes (Figure 4-1). 

A “CTC spike” was defined as the highest number of CTCs following the first 

chemotherapy dose (defined as time point C). A “pre-metastatic spike” was defined as a 

CTC spike that occurred within 100 days prior to the detection of metastasis. Metastasis 

was determined by thoracic radiography or histologic confirmation of bone metastasis, if 

euthanized for suspected secondary bone neoplasia.   
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Figure 4-1 Gating strategy for detection of OSA cells; blood sample from a dog with OSA. (A) A 
gate was applied to cells with high FSC and SSC. (B) Exclusion of doublets. (C) Gating on single 
viable cells with low fluorescence at 680 and 575 nm. (D) Gating on single viable cells negative for 
fluorochrome. (E) Sequential gating on single viable cells isotype-matched for COL I-FITC 
antibody. 
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4.3.5 Statistical Analysis 

All analyses were performed using SAS 9.4 (Cary, NC). PROC MEANS was 

used to calculate summaries of continuous variables (quartiles, min, max, std and n), 

sometimes broken down by level of category. 

Survival time analyses were conducted in two ways: for single categorical 

variables (sex, spike, age, weight) PROC LIFETEST was used to test for differences 

(Log-Rank test) and provide quartile estimates with 95% confidence intervals (CI). 

When continuous variables or more than one variable were examined, PROC PHREG 

was employed to apply the Cox proportional model to test for effects, to estimate hazard 

ratios and determine CIs. Spearman's rho was computed for relationships among 

continuous variables using PROC CORR; Spearman does not require data to be 

normally distributed (age, weight, sex, spike). A Mann-Whitney test was conducted to 

compare mean age and weight variables between dogs with and without OSA; the 

Mann-Whitney test also does not require data to be normally distributed.  

To compare the CTC number at the time of metastasis versus the CTC number 

at the time of a pre-metastatic spike in an individual, a Wilcoxon Signed-Rank test was 

applied using PROC UNIVARIATE, which computes an exact p-value. This test does 

not require data to be normally distributed. In addition, PROC was used to determine 
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quartiles and extremes for CTC values at the time of metastasis, and CTC number at 

the time of spikes.  

To compare the mean CTC number within dog, and between dogs that survived 

and those that did not survive, a Mann-Whitney test, using PROC NPAR1WAY, was 

conducted; one was for visits A, B, C and a second was for visits A-F. PROC FREQ 

was used to test if survival of >6 months was related to tumor location (distal radius 

versus other locations) with a Fisher's Exact Test, which also provided an odds-ratio 

estimate and CI.  

To compare mean CTC number between dogs with OSA (pre-metastatic spike and 

no pre-metastatic spike) and dogs without OSA, and the mean CTC number at the time 

of spike between dogs with OSA and dogs without OSA, a one-way ANOVA test was 

applied using PROC UNIVARIATE, which computes an exact p-value. A log 

transformation was applied to data to meet criteria for normality. PROC was also used 

to obtain quartiles and extremes for CTC values of all dogs with OSA (spike and no 

spike), dogs with OSA and a spike at the time of the spike, and dogs without OSA. A p-

value <0.05 was considered significant for all tests. 



 

 

 

 

 

 

206 

4.4 Results 

4.4.1 Patients 

Twenty-six dogs presented for treatment of appendicular OSA were enrolled in 

the study between May 2016 and November 2017. The study observation period ended 

on August 1, 2019, yielding a total study period of 1,184 days. Four dogs were excluded 

due insufficient timepoints for CTC enumeration (lack of blood sample collection, error 

in sample preparation, cytometer malfunction or owner refusal of venipuncture), and 

one dog was lost to follow-up.  

Dogs (n = 21) that completed the study included 12 (57%) neutered males and 9 

(43%) spayed females that were mixed breed (n = 8; 38%), Great Dane (n = 3; 14%), 

Labrador retriever (n = 3; 14%), and one of each American bulldog, Australian 

shepherd, border collie, Bouvier des Flandres, Catahoula leopard, German shepherd 

and Great Pyrenees (5% each) breed. Mean and median weight at the time of surgery 

was 35.43 ± 9.67 kg, and 35.6 kg, respectively. Mean and median age at the time of 

surgery was 8.18 ± 1.82 years and 7.96 years, respectively. Primary tumors were 

located in the distal radius (n = 9; 43%), distal tibia (n = 4; 19%), proximal humerus (n = 

3; 14%), distal femur (n = 2; 10%), and one each in the proximal ulna (5%), proximal 

tibia (5%) and scapula (5%; Table 4-1). Tumor volume was calculable in 16 dogs, and 
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ranged from 0.131 cm3 to 1,734.16 cm3 with a mean and median of 163.39 cm3 and 

27.49 cm3, respectively (Table 4-2). 
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Table 4-1 Clinical features of 21 dogs with appendicular osteosarcoma. 

Dog Sex Breed Age 
(days) 

Weight 
(kg) 

ALPa 
(U/L) 

Tumour 
location Side 

Illness duration 
before diagnosis 
(days) 

1 MC Labrador 
retriever 

2062 40 143 Proximal 
humerus 

Left 42 

2 MC Golden retriever 
x Poodle 

2372 25.4 17 Distal radius Left 48 

3 MC Australian 
shepherd 

3303 23.2 52 Distal radius Left 61 

4 FS Labrador 
retriever cross 

3516 25.5 22 Distal radius Right 67 

5 MC Siberian husky 
cross 

2399 28.5 24 Proximal 
ulna 

Right 35 

6 FS Great Dane 2374 53 158 Distal tibia Left 39 
7 FS Great Dane 2208 50 45 Proximal 

humerus 
Right 57 

8 MC German 
shepherd 

2632 35.6 26 Distal radius Right 19 

9 MC Labrador 
retriever 

3709 31.8 195 Proximal 
tibia 

Right 29 

10 FS Labrador 
retriever 

3724 35.8 120 Distal femur Left 82 

11 MC Catahoula 
leopard 

3918 34 1524 Scapula Right 32 
 

12 FS Great Pyrenees 1926 40.2 29 Distal femur Right 19 
13 MC Mixed breed 3133 23.4 41 Distal radius Left 50 
14 FS Siberian husky 

shepherd x  
3754 38 34 Distal radius Left 21 

15 MC Great Dane 3569 63 129 Distal radius Right 4 
16 FS Shepherd x 

rottweiler 
2770 32.2 108 Distal radius Right 11 

17 MC Shepherd x 
rottweiler 

2904 42.2 100 Proximal 
humerus 

Right 58 

18 MC Border collie 3308 25.6 33 Distal radius Right 58 
19 FS American 

bulldog 
3277 40.4 53 Distal tibia Left 30 

20 FS German 
shepherd chow x 
 
 

2637 31.8 75 Distal tibia Right 27 

21 MC Bouvier des 
Flandres 

2291 39 45 Distal tibia Left 34 

a = alkaline phosphatase (ALP); reference interval [RI] 22 - 143 U/L 
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Table 4-2 Tumour features and outcome in 21 dogs with appendicular osteosarcoma. 

Dog Volumea 
(cm3) 

Histopathologic 
diagnosis Metastatic site DFIb 

(days) 
STc 
(days) Necropsy findings 

1 144.3 Chondroblastic 
OSA 

Lung 53 123 NAd 

2 0.131 Fibrous OSA, 
grade 1 

Lung 721 841 Metastasis: 
retroperitoneum, 
kidney, heart, lung 

3 35.56 Osteoblastic OSA, 
grade 2 

Lung 300 342 NA 

4 6.28 OSA, grade 3 None, soft tissue 
sarcoma 

- 966 No metastases; soft 
tissue sarcoma 

5 NA OSA None, alive - 1042 NA 
6 23.56 OSA, grade 2 Rib, liver  95 106 Metastasis: ribs and 

liver 
7 NA OSA Lung 112 374 NA 
8 7.85 Osteoblastic OSA Rib, vertebrae 687 687 Metastasis: ribs and 

vertebrae 
9 280.65 OSA Lung 182 319 NA 
10 1734.16 Telangiectatic 

OSA, grade 3 
Lung 265 265 Metastasis: lung, 

kidneys 
11 109.96 Osteoblastic OSA 

grade 3 
Lung, abdomen 88 88 Metastasis: lung, 

kidneys, heart, liver 

12 31.42 OSA, grade 2 None; orthopedic 
disease 

- 851 Cruciate ligament 
rupture 

13 6.28 Osteoblastic OSA 
grade 3 

Lung 322 540 Metastasis: adrenal, 
lung, heart, kidneys 

14 34.56 Osteoblastic OSA, 
grade 3 

Lung 329 383 Metastasis: lung 

15 NA OSA, grade 1 None; 
hemangiosarcoma 

- 266 Hemangiosarcoma: 
spleen, heart, liver 

16 4.71 OSA, grade 1 Vertebrae 589 589 Metastasis: vertebrae  

17 164.93 Chondroblastic 
OSA 

Lung 92 242 NA 

18 7.85 OSA None; suspected 
neurologic disease 

- 534 NA 

19 21.99 Osteoblastic OSA Lung 91 109 NA 
20 144.3 Fibroblastic OSA, 

grade 2 
Lung 97 147 NA 

21 0.131 OSA None, alive - 1058 NA 
 

a = tumour volume, b = disease free interval (DFI), c = survival time (ST), d = data not available (NA) 
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Dogs without OSA (n = 18) included 8 (44%) neutered males and 10 (56%) 

spayed females of mixed breed (n = 6; 33%), German shepherd (n = 4; 22%), and one 

of each Great Dane, Tibetan spaniel, Lhasa apso, flat-coated retriever, Leonberger, 

Coton de Tulear, Boston terrier (5.6% each) breed. Mean and median weight at the time 

of surgery was 22.21 ± 15.14 kg, and 31.9 kg, respectively. Mean and median age at 

the time of surgery was 7.90 ± 3.81 years and 8.25 years, respectively. Control dogs 

were diagnosed with cruciate ligament tear (n = 1), intestinal foreign body (n = 1), 

abscess and bacterial infection (n = 1), patent ductus arteriosus (n = 1), altered 

mentation (n = 1), transitional cell carcinoma (n = 2), skin tumor (n = 2), lymphosarcoma 

(n = 6), or lacked clinical abnormalities (n = 3) (Table 4-3). Median weight between dogs 

with OSA and dogs without OSA was significantly different (p = 0.015), while the median 

age between dogs with OSA and without OSA was not significantly different (p = 0.587).  
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Table 4-3 Clinical features of 18 control dogs without appendicular osteosarcoma. 

 Sex Breed Age (days) Weight 
(kg) Diagnosis 

1 FS Labrador 
retriever 

3222 31.9 Chronic inflammation, infection 

2 MC Great Dane 328 40.0 Orthopedic patient 
3 FS Mixed breed 2079 21.0 Foreign body, pancreatitis 
4 MC Leonberger 3843 40.6 Lymphosarcoma 
5 MC German 

shepherd 
282 20.0 Patent ductus arteriosus 

6 FS Mixed breed 3540 18.0 Clinically normal 
7 MC Mixed breed 312 8.5 Clinically normal 
8 FS Boston terrier 2487 11.8 Transitional cell carcinoma 
9 FS Mixed breed 4561 8.0 Mast cell tumour 
10 FS Mixed breed 2992 5.0 Mammary carcinoma 
11 MC German 

shepherd 
3071 46.0 Lymphosarcoma 

12 FS Mixed breed 2606 36.2 Lymphosarcoma 

13 FS Cocker spaniel 4556 9.1 Lymphosarcoma 
14 FS Lhasa apso 3012 7.1 Lymphosarcoma 
15 MC German 

shepherd 
2638 41.8 Lymphosarcoma 

16 MC Coton de Tulear 4287 7.7 Transitional cell carcinoma 
17 MC Flatcoat 

retriever 
3749 40.4 Lymphosarcoma 

18 FS Tibetan spaniel 4343 6.7 Blind, altered mentation 
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4.4.2 Clinical Procedures 

All dogs with OSA had a preoperative CBC and serum biochemistry analysis, 

and 13 dogs also had a urinalysis. The mean and median serum alkaline phosphatase 

(ALP) activity was 141.57 U/L and 52 U/L (range: 17-1,524 U/L; reference interval [RI] 

22 - 143 U/L), respectively. Preoperative steroid-induced ALP activity was mildly 

increased in two dogs, and markedly increased (1,524 U/L, reference interval 0 - 84 

U/L) in one dog. No pulmonary metastases were detected by thoracic radiography in 

any dog preoperatively, and abdominal ultrasound performed in 17 of 21 of dogs (81%) 

was also negative for metastases. The mean and median duration of clinical signs 

reported by owners prior to amputation was 39 and 35 days, respectively (range: 4 - 82 

days). The first noted abnormalities were intermittent to continuous moderate lameness 

in 19 (91%) dogs, severe acute lameness secondary to a pathologic fracture in one 

(5%) dog, and presence of a bony mass in one (5%) dog (Table 4-2).  

None of the dogs received preoperative chemotherapy. Nineteen of 21 surgeries 

were performed by a board-certified surgeon or surgical resident while two were 

performed by primary care veterinarians prior to referral to the OVC. Surgery consisted 

of forequarter amputation in 14 (67%) dogs, coxofemoral disarticulation in six (29%) 

dogs, and proximal femoral amputation for local control of a distal tibial tumor in one 

(5%) dog. All tumors were confirmed as OSA by histopathology. Histological tumor 

grade was reported for specimens from 12 dogs, and included three (14%) grade 1, four 
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(19%) grade 2, and five (24%) grade 3 OSAs. Tumor grade was not reported for nine 

(43%) dogs (Table 4-2). 

Postoperative chemotherapy was initiated in all dogs. Seventeen dogs (81%) 

completed standard carboplatin chemotherapy. Four dogs did not complete the 

chemotherapy protocol because they developed pulmonary metastasis (n = 3) or 

hemoabdomen secondary to diffuse intra-abdominal metastasis (n =1).   

At the end of the study period, 19 (90%) dogs had been euthanized due to 

deterioration of clinical condition and/or poor quality of life, and two (10%) dogs were 

alive and free of detectable metastasis 1,047 and 1,062 days after diagnosis. Fifteen of 

19 (79%) dogs were euthanized because of OSA-related metastatic disease. Metastatic 

disease was diagnosed by thoracic radiography confirmed and/or histopathology after 

necropsy by board-certified specialists. The metastatic site was identified in seven 

(47%) dogs by thoracic radiography, one (6.5%) dog by thoracic radiography and 

necropsy (only pulmonary metastasis were present), four (26.5%) dogs by thoracic 

radiography and necropsy (pulmonary and additional organs affected), and in three 

(20%) dogs by necropsy (only bone metastasis was present).  

Four of 19 (21%) dogs with OSA were euthanized due to ruptured splenic 

hemangiosarcoma, cruciate ligament rupture, cervical neuropathy, and soft tissue 
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sarcoma. Three underwent necropsy, which confirmed the latter conditions and 

absence of metastatic OSA (Figure 4-2).  

4.4.3 CTC Frequency 

In total, 184 peripheral blood samples were analyzed. The mean and median 

number of samples per dog were 8.8 and 7.0, respectively, with a range of 4 – 21 

(Table 4-4). Samples were obtained prior to amputation from six dogs (time point A 

only), within 24 hours of amputation from one dog (time point B only), and at both times 

points A and B from eight dogs. All dogs (n = 21) were sampled immediately prior to the 

first chemotherapy and sequentially thereafter until the development of metastasis or 

study conclusion.  

Circulating OSA cells were identified in at least one sample from each dog, and 

in 166 of 184 blood samples. The mean and median CTC number was 356 and 177 

cells/106 leukocytes, respectively, with a range of 0 to 4,443 cells/106 leukocytes. 

Twelve of 15 dogs that developed metastasis during the study period had a CTC spike 

(highest CTC number after visit C) within 100 days prior to radiographic evidence of 

OSA metastasis, referred to as a pre-metastatic spike. Circulating tumor cells in these 

dogs ranged from 0 to 4,443 cells/106 leukocytes throughout the study, with a mean of 

457 (±751) cells/106 leukocytes and median of 185 cells/106 leukocytes. Three dogs 

developed metastasis without identification of a pre-metastatic CTC spike. Two dogs 
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developed neither a pre-metastatic spike nor metastasis during the study period, 

survived > 1000 days, and were considered long-term survivors. Four dogs that did not 

develop a pre-metastatic spike were euthanized due non OSA-related disease without 

OSA metastasis (Table 4-4). The number of CTCs for nine dogs that did not develop a 

spike ranged from 0 to 2,843 cells/106 leukocytes with a mean and median of 284 

(±392) and 176 cells/106 leukocytes, respectively. The mean number of CTCs was not 

statistically different between the two groups (p = 0.904). The mean and median CTC 

number for dogs without OSA was 195 (±260) cells/106 leukocytes and 140 cells/106 

leukocytes, respectively, with a range of 24 to 1,153 cells/106 leukocytes. The mean 

number of CTCs from all events was not statistically different between dogs with OSA 

and dogs without OSA (p = 0.994).  

The mean and median CTCs for the 12 dogs with a pre-metastatic spike at the 

time of pre-metastatic CTC spike was 1,932 and 2,110 cells/106 leukocytes, 

respectively, while their mean and median CTC number at the time of metastasis was 

346 and 143 cells/106 leukocytes, respectively. The mean CTC number at time of the 

pre-metastatic spike was significantly higher than at the time of metastasis (p = 0.0156) 

and was also significantly higher than the mean in dogs without OSA (p <0.001).  
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Figure 4-2 The number of gated events in the region of interest (ROI), representing large single 
cells with high FSC and medium to high SSC in (A) an osteosarcoma (OSA) patient, (B) a control 
dogs without OSA but with other neoplasms (lymphosarcoma), and a control dog without OSA or 
other neoplasia. 
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Table 4-4 Circulating tumour cell (CTC) dynamics in dogs with appendicular osteosarcoma. CTC 
spike was defined as the largest CTC number after timepoint C (first chemotherapy). A pre-
metastatic spike occurred when the CTC spike was within 100 days prior to the detection of 
metastasis.   

Dog Number of 
Samples 

Spike CTC 
concentration 

CTC 
concentration at 
time of metastasis 

   
   CTC spike   Days from spike to      

  metastasis 

1 5 487 143 Yes 21 

2 12 2425 732 Yes 55 

3 7 2806 1 Yes 35 

4 21 NM NM No N/A 

5 21 NM NM No N/A 

6 7 322 27 Yes 57 

7 5 975 975 Yes 1 

8 17 NS 478 No N/A 

9 5 599 599 Yes 1 

10 7 NS ND No N/A 

11 4 277 ND Yes 40 

12 6 NM NM No N/A 

13 8 2110 75 Yes 111 

14 7 1123 340 Yes 56 

15 8 NM NM No N/A 

16 12 NS ND No N/A 

17 4 862 ND Yes 34 

18 10 NM NM No N/A 

19 6 2311 118 Yes 27 

20 7 1080 1080 Yes 1  

21 6 NM NM No NM 

NM = no data due to lack of metastasis, N/A = value not available due to a lack of CTC pre-metastatic 
spike, NS = no data available due to lack of CTC pre-metastatic spike despite development of OSA 
metastasis, ND = no CTC sample data available for visit 
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The number of events in the region of interest (ROI), representing large cells with 

high FSC and medium to high SSC, was not significantly different between dogs with or 

without a pre-metastatic spike (p= 0.9172), or between dogs with OSA and a spike or no 

spike compared to dogs without OSA but with other neoplasms (p = 0.8725, p = 0.9879, 

respectively). There was a significant difference between the number of events in the 

ROI in dogs with OSA with a pre-metastatic spike or without a spike in comparison to 

dogs without OSA or with other neoplasms (p = 0.0024, p = 0.0065, respectively). There 

was no significant difference between the number of events in the ROI in dogs with 

neoplasms other than OSA compared dogs without neoplasms (p = 0.0531) (Figure 4-

3).  
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Figure 4-3 The number of COL I positive cells/106 leukocytes detected over time in dogs with 
osteosarcoma. (A) Dogs (n = 12) with a pre-metastatic spike; (B) dogs (n = 9) without a pre-
metastatic spike. Dog 21 represents a long-term survivor that survived to the end of the study 
period (time point W) but did not return for blood samples past time point H, as represented by *. 
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4.4.4 Survival 

The overall median DFI was 165 days (lower quartile 91 days, upper quartile 322 

days). The mean DFI for all dogs with OSA was 233 days. The mean DFI for 12 dogs 

with a CTC spike was 206 ± 55 days, and for nine dogs without a spike it was 426 ± 125 

days (p = 0.3176).  

Overall survival time ranged from 88 to 1,058 days with a MST of 374 days 

(lower quartile 242 days, upper quartile 687 days). The 1-, 2-, and 2.5-year survival 

rates for the 21 dogs with OSA were 52% (n = 11), 24% (n = 5), and 14% (n = 3), 

respectively. Two long-term survivors were alive at the time of censoring (Table 4-2). 

The MST for 12 dogs that had a pre-metastatic CTC spike was 301 ± 64 days 

and for nine dogs without a spike it was 626 ± 55 days. The presence of a CTC spike 

was significantly associated with decreased ST (p = 0.0107; Figure 4-4). In the 

multivariable analysis, dogs with a CTC spike were 10 times more likely to die 

compared to those that did not have a CTC spike.  

In a multivariable model, detection of a CTC spike (p = 0.0004), weight (p = 

0.0274) and age (p = 0.0478) were each significantly related to survival. The odds of 

dying increased by approximately 1.4 times for each year of age, and by approximately 

1.07 times for each 1 kg of weight. In the univariable model, age (p = 0.08) and weight 

(p = 0.295) were not significantly related to survival. Sex by itself (p = 0.624) or included 
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with other variables (p = 0.908) was not a significant predictor of survival, and was 

therefore excluded from the multivariable analysis model. Dogs that survived >6 months 

were more likely (p = 0.0046) to have OSA affecting the distal radius compared to all 

other locations combined.  

Increased sALP at the time of diagnosis was significantly associated with 

decreased survival (p = 0.0065). The odds of dying for dogs with increased sALP was 

7.5 times higher than that of dogs with normal sALP (OR 7.513; CI 1.51 - 31.25). There 

was no significant correlation between tumor volume and survival time (p = 0.823), 

tumor volume and duration of clinical signs prior to diagnosis (p = 0.519), or duration of 

clinical signs prior to diagnosis and survival time (p = 0.713). Tumor volume was not 

correlated with CTC number prior to amputation (p = 0.194) or prior to first 

chemotherapy (p = 0.509).  
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Figure 4-4 Kaplan-Meier estimates of survival in dogs with OSA and a CTC spike (solid line; n = 
12) or no spike (dashed line; n = 9) over 1,184 days. Six dogs among those without a CTC spike 
were censored from study (0). 

 

 

4.5 Discussion 

Osteosarcoma is a common and highly malignant tumor of dogs for which 

accurate predictors of survival are lacking. In this first-of-its-kind study, CTCs were 

enumerated using a previously validated assay in dogs undergoing amputation for 

appendicular OSA and throughout chemotherapy until detection of metastasis (Wright et 

al. 2019). Our findings suggest that the occurrence of a pre-metastatic CTC spike is 
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associated with a shorter survival in dogs treated for appendicular OSA by standard of 

care amputation and chemotherapy.   

Early detection of disseminated or metastatic tumors is a major challenge across 

species (Amankwah et al. 2013, Budd et al. 2006, Chang et al. 2014, Eberle et al. 2010, 

Oblak et al. 2013). In general, thoracic radiography allows detection of metastatic 

lesions 7 - 20 mm or greater (Nemanic et al. 2006, Oblak et al. 2013), while computed 

tomography (CT) allows detection of lesions as small as 1 mm (Nemanic et al. 2006, 

Kayton et al. 2006). Still, CT underestimated the number of viable pulmonary 

metastases in 26% of humans undergoing thoracotomy for metastatic OSA, and missed 

28% of histopathological metastases (Kayton et al. 2006). 

The major proposed benefit of CTC enumeration over image-based staging is the 

ability to identify pre-metastatic cells through a “real-time liquid biopsy”, and to follow 

disease burden from the time of diagnosis and throughout treatment (Alix-Panabieres & 

Pantel 2016, Krebs et al. 2010, Lambert et al. 2017, Masuda et al. 2016, Paoletti & 

Hayes 2015). From studies in human cancer patients it was concluded that CTC 

enumeration provides a more timely and representative indication of disease status and 

correlates better with survival than any available imaging modality (Budd et al. 2006, 

Cristofanilli et al. 2004, Hayes 2006). In humans, CTC enumeration in a clinical context 

is a highly standardized process that is typically based on commercial systems that are 

not available for veterinary use. In the study presented here, standardization was 
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maximized through use of identical blood collection tubes, uniform cell preparation, 

consistent flow cytometer settings and analytic approaches, and analysis a large 

number of viable cells.  

The number of CTCs detected in dogs with OSA was relatively high compared to 

that reported in humans, and was variable among dogs. In humans with cancer, CTCs 

are typically less frequent, and seemingly minute increases in CTC frequency had 

strong prognostic implications (Cristofanilli et al. 2004, Wong et al. 2000, Zhang et al. 

2017). However, CTC numbers as high as 23,618/7.5 mL of blood have also been 

reported for highly metastatic cancers (Allard et al. 2004, Camara et al. 2006, Cruz et al. 

2005). When compared in a relative fashion to the blood volume (1ml) collected from 

dogs in our study, the CTC frequencies are comparable to some of the higher numbers 

we observed in dogs. Wu et al. (2018) found that CTCs in blood of humans with OSA 

were higher than typically reported for most carcinomas. Thus, high CTC numbers in 

humans and dogs with OSA may reflect this tumor’s greater predilection to metastasize. 

Canine OSA has extremely high metastatic potential and may be diagnosed at a 

relatively advanced stage of disease (Brodey & Riser 1969, Withrow & Wilkins 2010, 

Federman et al. 2009, Mueller et al. 2007). Estimating how long a dog has had OSA 

prior to amputation is likely of limited clinical utility since it will be influenced by variable 

owner astuteness, owner recollection, and patient tolerance for pain. The variability in 
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CTC frequency among dogs and over time may reflect the heterogeneous biology of 

OSA.   

Although a large number of samples were analyzed per individual, since only 21 

dogs participated in the study, deriving a cut-off value to indicate metastasis or poor 

prognosis was not possible. Nevertheless, occurrence of a pre-metastatic CTC spike in 

the majority of dogs that subsequently developed metastasis, and the strong 

association of this spike with shorter survival time, provides compelling evidence that an 

increased CTC frequency reflects impending tumor progression. Circulating tumor cells 

were enumerated approximately every three weeks during chemotherapy, and then 

every two to three months coincident with thoracic radiographs performed as part of the 

standard of care. Variability in adherence to scheduled treatments and evaluation times 

is difficult to avoid in clinical studies, and may have limited the association of CTC 

frequency with detection of metastases. More frequent and precisely timed 

assessments would likely better define the utility of CTC enumeration. 

The continued presence of CTCs following amputation and chemotherapy was 

an unexpected finding considering that the primary tumor was completely resected 

through limb amputation, and that no residual tumor was detected on standard staging 

prior to surgery. In human patients with colorectal cancer the greatest decrease in CTCs 

24 hours after surgical excision occurred in tumors with the best prognosis (Patel et al. 

2002, Allen-Mersh et al. 2007), and persistent postoperative detection of CTC by RT-
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PCR was a strong predictor of colorectal cancer recurrence (Allen-Mersh et al. 2007). 

Similar studies have not been performed in dogs with OSA, however it is plausible that 

persistent CTCs following primary tumor removal indicates ongoing sources of CTC 

shedding and therefore an increased risk of poor outcome. In our study samples from 

only eight of 21 dogs were available immediately pre- and post-operatively, limiting such 

conclusions.  

Detection of metastasis was not temporally associated with the highest CTC 

frequency. The CTC spike occurred on average 36.5 days prior to detection of 

metastasis, and was higher than the CTC concentration at the time of metastasis.  

Tumor cells may spread months to years before detection or removal of a primary tumor 

(Paterlini-Brechot & Benali 2007). Disseminated tumor cells (DTCs) arise when CTCs 

move from the vascular system into tissue reservoir sites, such as bone marrow and 

other locations (Banys et al. 2012, Wikman et al. 2008, Aguirre-Ghiso 2010). Such DTC 

can cease to proliferate and transition into a quiescent state, known as dormancy, for 

prolonged period of time (Paterlini-Brechot & Benali 2007). Hence, during such tumor 

cell dormancy, neither metastases nor CTC may be detectable (Banys et al. 2012). 

Following removal of the primary tumor and even adjuvant chemotherapy, DTCs can 

escape from a dormant state, and re-enter into circulation and form metastases when 

the balance of tumor cell and microenvironmental immunosurveillance becomes 

disturbed (Banys et al. 2012). The pre-metastatic spike observed here may represent a 
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period of DTC re-activation and release as CTC from reservoir sites, which precipitates 

metastatic tumor formation.  

The conditions leading to DTC re-activation following removal of the primary 

tumor are unknown but of great interest to the scientific community. One hypothesis that 

has been proposed is that while primary tumor removal may decrease tumor burden 

and improve survival in some patients, in others it may actually stimulate and accelerate 

metastatic development (Demicheli et al. 2008, Hanin & Rose 2018). Large primary 

tumors had suppressive effects on the growth of smaller tumors and metastases 

(Gorelik 1983, Demicheli et al. 1997, Hanin & Rose 2018, Retsky et al. 2010). It has 

been theorized that micrometastases may escape from dormancy due to removal of 

inhibitors produced by the primary tumor, increased local and systemic production of 

growth and angiogenic factors associated with wound healing, surgery-associated 

inflammation, activation of dendritic cells, or transient immune suppression (Hanin & 

Rose 2018). Although difficult to substantiate, it is plausible that surgical removal of the 

primary tumor may be the metastatic trigger in dogs with OSA that releases suppression 

of dormant micrometastases.  

Due to variability in disease progression and survival, and incomplete sampling 

at early time points, it was challenging to compare the temporal pattern of CTC 

frequency across the course of disease from preoperative to metastasis among 

patients. However, it should be noted that in most dogs with OSA, CTC frequency had 
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decreased to negligible levels at visit C (start of chemotherapy), and remained low until 

the premetastatic spike.    

It was interesting that neither tumor volume nor duration of clinical illness 

correlated with ST in this study, while in humans OSA volume was predictive of 

metastatic disease and ST (Munajat et al. 2008, Smeland et al. 2003, Zamzam et al. 

2017). This suggests that in dogs, biologic features of OSA such as induction of bone 

lysis, mitotic rate and growth signal responsiveness, may have relatively greater impact 

on prognosis, and conversely that large tumors do not have greater propensity to 

release CTCs or generate metastases. Tumor volume, location and time prior to 

diagnosis were also not significantly correlated with CTC number. This may reflect the 

relatively small sample size and heterogeneity among OSA, and could also be impacted 

by the lack of comprehensive tumor assessment in two dogs whose leg was amputated 

prior to referral. Finally, in vivo tumor features not correlating with survival may be due 

to relatively late diagnoses in animals compared to humans.  

Relatively infrequent patient reevaluation may have precluded detecting the 

highest CTC number during the course of disease, and earlier timepoints of 

radiographic metastases; however, these limitations were imposed by standard-of-care 

protocols and owner compliance. In three dogs, the CTC spike coincided with 

radiographic detection of metastases, which was more likely due to the relatively 

infrequency of assessments rather than persistent release of CTC. Regardless, a time 
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lag between CTC spike and detection of metastases may offer a window of opportunity 

for alternate or intensified therapy. 

The mean CTC number in dogs with OSA dogs was not significantly different 

than that of dogs without OSA but the median spike CTC number was significantly 

higher. This finding is more likely related to highly variable CTC frequency between 

dogs with OSA and over time. During the early post-surgical period, CTC numbers were 

often negligible in dogs with OSA, sometimes for months to years, resulting in a low 

mean CTC number. Correspondingly, long-term survivors contributed a 

disproportionately high number of samples with low CTC numbers. Nevertheless, dogs 

without OSA had some COL I positive cells in circulation, which may reflect 

mesenchymal circulating cells or limited specificity of the flow cytometric protocol.  

Dogs with OSA (with or without a pre-metastatic spike) and dogs with other 

neoplasms had significantly more cells with high FSC and medium to high SSC relative 

to dogs without cancer. Such cells are hypothesized to be more common in patients 

with various cancers, including OSA, carcinoma and lymphosarcoma, and to reflect 

circulating neoplastic cells (Chang et al. 2014, Allard et al. 2004, Miller et al. 2010, 

Aresu et al. 2014). The events within the ROI are necessarily collagen positive but may 

be malignant lymphocytes or circulating carcinoma cells. Therefore, the flow cytometric 

method applied here for enumerating OSA CTCs is not appropriate for diagnosis but 

rather a tool to measure a patient’s response to treatment and disease progression.  
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Conversely, underestimation of CTC frequency may also occur. High-grade 

sarcomas may undergo mesenchymal to epithelial cell differentiation or reach an 

intermediate (“metastable”) phenotype (Sannino et al. 2017). This transformation is 

characterized by reduced production of collagen, which in turn would reduce detection 

of such CTCs. Collagen I was consistently detected in OSA cells than osteocalcin, and 

is likely the most enduring product of mesenchymal cells (Wright et al. 2019). Tumor 

evolution may also result in smaller cell size, which might render flow cytometric 

detection more challenging (Chinen et al. 2014, Sannino et al. 2017). 

Flow cytometric identification of CTCs has limitations. In order to reproducibly 

enumerate <0.001% of CTCs among a population of mixed leukocytes, and possibly a 

few endothelial cells, fibrocytes, macrophages and other cells, it was necessary to 

gather light scatter and fluorescence properties of >106 total cells. Subsequent steps of 

assuring that single, viable, large cells that specifically bound a fluorescent antibody to 

COL I and lacked non-specific fluorescence in channels other than fluorescein 

isothiocyanate (FITC, 535 nm) were analyzed maximized sensitivity and specificity, but 

inadvertent inclusion of rare fibrocytes or other mesenchymal cells is possible (Camara 

et al. 2006, Iqbal et al. 2014, Muto et al. 2011, Tai et al. 2018). In humans, wound and 

fracture repair, and fibroproliferative disorders have been associated with COL I positive 

cells in circulation, and may have contributed COL I positive cells in the dogs in this 

study (Tai et al. 2018). Development of the method incorporated exclusion of leukocytes 
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detected with antibodies to CD45, which informed the subsequent gating strategy 

(Wright et al 2019). However, specificity of the flow cytometric technique might be 

increased by concurrent detection of additional highly conserved mesenchymal markers 

such as vimentin. Enumeration of CTCs is in the early stages for cancer research in 

pets, and methodological detail and prognostic value remain to be fully developed 

(Satelli et al. 2017).  

Many findings concerning dogs with OSA in this study reinforce previous 

assertions: The disease affects predominantly middle-aged to older large breed dogs 

(Brodey and Riser 1969, Ling et al. 1974), ST and DFI are typically <1 year (Selmic et 

al. 2014), and increased serum ALP activity, age and body weight are associated with 

worse outcomes (Bergman et al. 1996, Boerman et al. 2012, Ehrhart et al. 1998, 

Garzotto et al. 2000, Schmidt et al. 2013, Spodnick et al. 1992). Tumor location in the 

distal radius had a better outcome than location in all other sites combined, which is in 

general agreement with previous findings (Bergman et al. 1996, Boerman et al. 2012, 

Misdorp & Hart 1979, Schmidt et al. 2013). Three dogs with OSA in the proximal 

humerus had particularly short survival, but likely due to the relatively small number of 

patients and wide range of affected sites, this was not associated with a significantly 

worse outcome. 

Limitations and strengths of this study are inherent with the clinical nature. A 

limited number of patients met the inclusion criteria. Blood sampling and radiographic 
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assessment was performed according to the schedule of clinical protocols at our 

institution, while more frequent and more consistent data collection would have been 

preferable. Furthermore, blood samples were not available during all visits due to owner 

concerns or enrolment only after amputation, and post-mortem examination was not 

possible for all patients. Nevertheless, this study reflects the diversity of the most 

common naturally-occurring bone tumor in dogs and the circumstances typical of 

studies in clinical patients. 

4.6 Conclusion 

Results of this study indicate that CTCs occur at high frequency in dogs with 

OSA, and at levels that are higher than typical in humans with malignant cancers (Wong 

et al. 2000, Zhang et al. 2017, Wu et al. 2018). There was marked variability in CTC 

number among dogs with OSA, precluding development of a threshold value predictive 

of imminent metastasis. A pre-metastatic spike in CTC number may predict radiographic 

detection of metastasis, and might therefore be useful to guide adjustments in therapy. 

Implementation of this novel technique to samples from a larger cohort of cases, and 

assurance of greater owner compliance, are needed to further validate clinical utility.  
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5 Chapter V: Summary, Conclusions, and Future Research 
5.1 Summary & Conclusions: Flow cytometry & OSA CTC detection 

 

This research is the first to evaluate CTC enumeration as a prognostic method in 

naturally occurring appendicular osteosarcoma in dogs. The first study (Chapter III) 

successfully developed and optimized an accurate, facile, and non-invasive flow 

cytometric assay to detect and enumerate CTCs in dogs with OSA, thus achieving the 

first study objective.  

In comparison to PCR methods, flow cytometry may have slightly lower or similar 

sensitivity, but carries the benefit of having better specificity, particularly with low 

expression of marker in tumour cells (Almazán-Moga et al. 2014). Flow cytometry 

allows not only for recognition of marker presence on each individual cell, but also 

accurate quantification of non-fragmented positive cells, making this a robust method for 

CTC analysis. Furthermore, flow cytometry allows for cell sorting and additional 

experiments, such as cytologic examination, RT-PCR and immunocytochemistry 

(Almazán-Moga et al. 2014) and potential investigation of individual CTC cells genomic 

characteristics (Lim et al. 2019, Paterlini-Brechot & Benali 2007).  

Flow cytometry like any technology is associated with technical challenges. 

Despite the benefits of flow cytometry for CTC detection, data analysis and 

interpretation of results using this method are associated with challenges due to the rare 
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frequency of CTCs in circulation, inherent cell autofluorescence, low signal-to-noise 

ratios (measure of desired cell signal brightness versus intrinsic background cell 

brightness), cell viability, the presence of circulating tumour cell aggregates, and 

neoplastic cell size heterogeneity (Donnenberg & Donnenberg 2007, Donnenberg & 

Donnenberg 2015, Stanta & Bonin 2018). The above influences can decrease the 

specificity of flow cytometry, particularly for rare cell analysis (Brown & Wittwer 2000, 

Jahan-Tigh et al. 2012, Picot et al. 2012). As such, there is a risk of inadvertently 

capturing circulating COL I positive non-neoplastic cells in the analysis process, which 

could confound the results (false positive cells). Although speculative, inadvertently 

captured cells could include large circulating macrophages, endothelial, or other non-

cancerous mesenchymal cells such as fibrocytes (Camara et al. 2006, Iqbal et al. 2014, 

Muto et al. 2011, Tai et al. 2018).  Development of the flow cytometry protocol utilized in 

this research implemented strategies to minimize false positives, while maximizing the 

detection of true negative results. However, as the protocol is a newly developed 

technique never before used to capture such cells from the peripheral blood of dogs, 

lessons were learned during implementation of the protocol in clinical practice in this 

cohort of dogs. Future versions of the flow cytometry protocol could include technique 

modifications to improve the overall specificity and even sensitivity of the results.  

For example, due to the rarity of CTCs, cells may appear COL I positive due to 

non-specific binding or autofluorescence of fluorochromes, thus contributing to 
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decreased specificity and accuracy achieved during the analysis process (Donnenberg 

& Donnenberg 2007). Specialized strategies during processing, acquisition and analysis 

are required to minimize the effects of autofluorescence and non-specific binding. We 

implemented strategies like refined voltage settings and gating, doublet cell 

discrimination, non-viable cell elimination, maximizing device settings, and filtering 

samples to limit cellular debris to address such concerns during the analysis and 

interpretation process (Donnenberg & Donnenberg 2007, Donnenberg & Donnenberg 

2015, Njemini et al. 2014, Van Craenenbroeck et al. 2008). Despite the tactics 

employed, not all concerns were addressed, thus leaving room for improvements in our 

methodology going forward. 

One factor that can be very helpful to minimize autofluorescence during flow 

cytometry enumeration of rare cells is the use of an antibody conjugated with a 

fluorochrome known to emit an especially bright signal (i.e. PE). This allows for a 

decreased noise-to-signal ratio and results in a more defined signal when the naturally 

rare CTCs are positively identified amongst a large and often noisy background. 

Unfortunately, during our study period COL I antibody with an appropriate genetic profile 

for canine use was only available conjugated to the FITC fluorochrome. Going forward, 

if available, it would be ideal to switch the COL I antibody used from a FITC-conjugated 

fluorochrome to a brighter PE-conjugated fluorochrome during the testing protocol.   
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Another method to improve the specificity of our developed protocol, is through 

the addition of at least one more osteoblastic antibody marker for CTC detection. The 

use of osteoblastic antibodies in addition to COL I may help decrease the risk of 

incidental enumeration of COL I positive cells, such as fibrocytes during concurrent 

pathologic conditions such as major wound healing and fibroproliferative disorders (Tai 

et al. 2018). It is therefore plausible that concurrent inflammatory and specific pathologic 

progresses (i.e. healing from amputation surgery) could result in circulation of benign 

cells in the bloodstream that could be confused with CTCs based on FSC and SSC flow 

cytometry parameters.  

A multiple antibody cell marker approach was the desired goal of this developed 

OSA CTC flow cytometry enumeration protocol; however, this goal was not achieved 

with this research. As previously discussed, the ideal cellular markers for canine or 

human OSA identification and enumeration have not yet been defined (Satelli et al. 

2017). Based off previous research in humans with OSA, we similarly found COL I to be 

a reliable and valid cellular marker for OSA CTC identification (Wong et al. 2000). Due 

to the high prevalence of COL I secretion from osteoblasts, this osteoblastic marker is 

considered highly sensitive as an identifier of bone formation, however, theoretical 

decreased specificity may occur as it is also a major protein present in skin, tendon, 

ligament, sclera, cornea, and blood vessels (Henriksen & Karsdal 2016). Therefore, 

incorporation of a second osteoblastic antibody is highly desirable. Unfortunately, our 
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study, along with a previous study (Wong et al. 2000) found osteocalcin to be an 

unreliable marker. Other potential osteoblastic markers to investigate clinically could 

include OPN and ON. However, Wong et al. 2000 did not find these markers to be 

overly reliable in humans and little evidence exists at this time to include them in a flow 

cytometry protocol. Options for future protocols from available validated antibodies 

could include the addition of the universal mesenchymal antibody surface cell vimentin. 

This antibody would help further rule out some leukocytes as accidental mesenchymal 

cells targets, but is not specific for OSA cells and would not exclude circulating COL I 

positive fibrocytes for example. Therefore, there is significant room for discovery of new, 

reliable and validated OSA-specific antigen markers, and is a significant region of 

interest of future research.   

Strategic antibody gating using anti-leukocyte markers can be used to help 

exclude potentially benign circulating cells from the analysis process, beyond cell size 

and granularity. For example, circulating fibrocytes have been found to be COL I 

positive using flow cytometry; however, these cells were also found to be positive for the 

CD45 (leukocyte common) antigen (Tai et al. 2018), unlike most nonhemopoietic 

neoplastic cells (Chang et al. 2003, DuBois et al. 2010, Leon et al. 2004), including OSA 

(Zhang et al. 2017). We implemented the use of the common anti-leukocyte marker 

CD45 in our initial validating experiments and intermittently throughout the clinical 

studies to demonstrate that COL I positive cells were not representative of leukocytes; 
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however, this marker was not used in every flow cytometry sample and was not used 

when analyzing control samples due to a significant increase in processing time. For 

improved protocol specificity the addition of the CD45 should ideally be implemented in 

all samples to minimize leukocytes from CTC analysis in all clinical cases and control 

samples.  

Circulating non-neoplastic osteogenic or osteoblastic-type cells during wound 

healing or other inflammatory conditions have not been documented. However, lineage-

quiescent osteoclast precursors have been found to be circulating in blood prior to 

settling down in bone (Muto et al. 2011). Possible situations during which osteogenic 

cells with osteoblastic specific markers could theoretically circulate temporarily would be 

concurrent osteoarthritis, osteomyelitis and bone fractures. Further examination of CTC 

enumeration in dogs with other forms of osteogenic neoplasia, and healthy dogs with 

osteogenic disease such as fractures or osteoarthritis during such conditions is 

warranted as comparative controls to further examine the possibility of circulating COL I 

cells in dogs with non OSA orthopedic conditions. As a result, at this time, CTC 

enumeration is considered more valuable as a monitoring tool in patients with known 

OSA than as a diagnostic or screening tool for OSA.  
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5.2 Summary & Conclusions: CTC enumeration in clinical dogs with 
OSA 

The second research objective was accomplished in both clinical studies 

(Chapter III and IV) when the optimized flow cytometry protocol was applied to 

sequential clinical samples from a small cohort of clinical dogs with naturally-occurring 

OSA receiving standard of care treatment (amputation and chemotherapy) sampled 

before therapy, and after therapy throughout the course of disease.  

The preliminary results of the pilot study in Chapter III indicated that CTCs were 

common in dogs with OSA, and that they were more numerous than CTCs typically 

detected in humans with carcinomas. These same findings were also corroborated 

during the second study (Chapter IV), thus failing to reject the first hypothesis that dogs 

with OSA have a high frequency of CTC as detected by flow cytometry. 

The first study (Chapter III) also found that OSA CTC frequency in a small clinical 

cohort of dogs with appendicular OSA varied throughout the course of disease, thus 

failing to reject the second hypothesis that OSA CTC frequency in dogs with 

appendicular OSA varies throughout the course of disease. These same findings were 

similarly supported with further evidence in the second, larger clinical study (Chapter 

IV). 

The second study (Chapter IV), prospectively and sequentially enumerated CTCs 

in dogs over the course of OSA disease at standardized time points, and successfully 
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correlated these CTC numbers with DFI and ST to illustrate patient outcome and 

disease progression; such findings attained the third research goal.  

This research demonstrated that identification of a CTC spike within 100 days prior 

to the development of clinical OSA metastasis (pre-metastatic spike) was significantly 

associated with a shorter ST (300.75 ±64.04 days (pre-metastatic spike) vs. 625.48 

±55.32 days (no spike); p=0.0107). In the multivariable analysis, dogs with the presence 

of a pre-metastatic CTC spike were 10x more likely to die compared with those who did 

not experience a spike. Although the finding of a pre-metastatic CTC spike prior to the 

development of radiographic metastasis sheds some light into CTC behaviour and may 

be clinically useful, the third research hypothesis was partially rejected as an increasing 

frequency of CTCs in the clinical cohort of dogs with appendicular OSA did not directly 

correlate with impending detection of metastasis and decreased survival.  

Based on the results of this study it appears that OSA CTCs are variable and 

occur at an increased frequency in dogs compared to humans (Wong et al. 2000, Zhang 

et al. 2017, Wu et al. 2018). The higher CTC numbers in dogs with OSA observed in 

this study may reflect the more aggressive biologic nature of this tumour type in this 

species and potentially the later stage diagnosis in the natural course of disease 

(Brodey & Riser 1969, Withrow & Wilkins 2010, Federman et al. 2009, Mueller et al. 

2007). The variability in CTC numbers between dogs and overtime may also reflect the 

markedly heterogenous biology of OSA and its high metastatic potential.   
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Due to the moderately small number of dogs enrolled in this pilot research and 

wide variability of CTC numbers from dog to dog, a ratio or cut-off similar to that 

reported in humans with carcinomas was not possible making it difficult to determine an 

absolute threshold at which clinicians should be alerted to possible impending 

metastasis.  Nevertheless, occurrence of a pre-metastatic CTC spike in the majority of 

dogs that subsequently developed metastasis, and the significant association of this 

spike with shorter survival time (10 times more likely to die), provides strong evidence 

that an increased CTC frequency reflects impending tumour progression. In dogs the 

ratio and change of CTC numbers over time may be more revealing of impending 

metastasis. However, with larger case numbers and stricter inclusion criteria to 

minimize confounding variables among patients, a statistically significant cut-off value 

predictive of a worsened outcome may become apparent.  

The timing of maximal CTC release into circulation remains poorly understood in 

the literature. Unexpectedly, maximal CTC number in this study was not observed at the 

time of metastatic spread identification. The finding of a pre metastatic CTC spike 

between 1-3 months (average 36.5 days) prior to the development of radiographic 

metastasis sheds some light into CTC behaviour in vivo and may be clinically useful as 

a warning for clinicians of impending metastasis. These findings may be the result of 

metastatic cell behaviour in vivo. 
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Tumour cells can spread at a very early stage through the vascular system (i.e. 

months to years) before detection or removal of a primary tumour (Paterlini-Brechot & 

Benali 2007). Disseminated tumour cells (DTCs) result when CTCs move from the 

vascular system into the body tissue reservoir sites, such as bone marrow and other 

soft tissue locations and reach a quiescent state (Banys et al. 2012, Wikman et al. 

2008, Aguirre-Ghiso 2010). During times of tumour cell dormancy staging may appear 

clear of distant metastasis and CTCs may not be detectable in circulation (Banys et al. 

2012). However, if DTCs escape from a dormant state and enter into the active phase 

of circulation and metastasis formation as a result of disturbed tumour cell and 

microenvironment immunosurveillance, CTCs may reappear within the circulation 

(Banys et al. 2012). The pre-metastatic spike observed in this study may represent a 

period of DTC re-activation and release from reservoir sites and CTC source 

replenishment into circulation that precipitates metastatic tumour formation.  

The biologic conditions leading to DTC re-activation following removal of the 

primary tumour remains one of the most important unanswered questions in 

understanding tumour metastasis. One possible hypothesis is that primary tumour 

removal in some patients may stimulate and accelerate metastatic development through 

removal of suppressive effects on the growth of smaller tumours and metastases 

(Demicheli et al. 2008, Hanin & Rose 2018, Gorelik 1983, Demicheli et al. 1997, Retsky 

et al. 2010). In particular, large primary tumours have been shown to be associated with 
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the most significant suppressive effects on secondary tumour formation (Demicheli et al. 

2008, Hanin & Rose 2018). Larger tumour volume has also been shown to be predictive 

of metastatic disease and ST (Munajat et al. 2008, Smeland et al. 2003, Zamzam et al. 

2017). This phenomenon has been primarily investigated for breast cancer (Demicheli 

et al. 2008, Hanin & Rose 2018, Retsky et al. 2010). Studies in OSA patients are 

warranted to further investigate if large primary tumours similarly have suppressive 

effects on the development of metastasis. It was difficult to lend support to this theory 

based on the results of our study as the presence of a larger tumour was not statistically 

associated with a worse prognosis or increased CTC number in dogs with OSA. This 

finding suggests that in dogs, biologic features of OSA such as induction of bone lysis, 

mitotic rate and growth signal responsiveness may have relatively greater impact on 

prognosis, while large tumours do not necessarily have greater propensity to release 

CTC or generate metastases. However, it is also possible that the relatively smaller 

sample size and heterogeneity among OSA lesions, as well as the method used to 

calculate tumour volume (radiographs and reports from medical records) could have 

impacted the results and failed to reveal significance.  

Although it was difficult to substantiate the underlying metastatic trigger in our 

research based on the data, it is very plausible that in many cases surgical removal of 

the primary OSA tumour may have removed suppression of dormant micrometastases 
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and hastened cancer spread. Additional studies in dogs and humans will hopefully help 

to better understand the driving factors for metastasis in a given patient. 

Metastasis may also be driven by tumour heterogeneity and genetic mutations. 

Inter- and intra-tumour cellular and molecular heterogeneity exists in response to unique 

spatial and temporal environments (Uhlen et al. 2017, Wood et al. 2007, Gerashchenko 

et al. 2013, Stanta & Bonin 2018). The degree of heterogeneity among CTCs is still not 

well understood due to rarity of these cells and challenges with isolation (Lim et al. 

2019, Paterlini-Brechot & Benali 2007), but a high degree of heterogeneity is thought to 

occur between primary tumours and corresponding sessile tumour cells, as well as 

among CTCs, even those derived from the same tumour (Hayes & Paoletti 2013, Lim et 

al. 2019, Sannino, et al. 2017, Wang et al. 2019). It is likely that such cellular 

differences are influenced by phenotypic plasticity induced in response to cellular 

signals and interactions with different tumour microenvironments (Gerashchenko et al. 

2013, Stanta & Bonin 2018). The numerous host and tumour factors active at each step 

of the metastatic process likely alter the in vivo behaviour of CTCs (Follain et al. 2018, 

Lambert et al. 2017). 

CTCs derived from aggressive primary sarcomas may undergo partial 

differentiation to a metastable phenotype intermediate between an epithelial and 

mesenchymal state (EMT-MET) depending on specific conditions of hypoxia, 

inflammation, rheological properties, or cytokine milieu (Sannino et al. 2017). Circulating 
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tumour cell heterogeneity impacts diagnosis, survival in circulation, susceptibility to 

chemotherapy and other therapy, and formation of metastasis (Hayes & Paoletti 2013, 

Lim et al. 2019, Paterlini-Brechot & Benali 2007, Stanta & Bonin 2018). Investigation of 

OSA CTC genetic heterogeneity and mesenchymal state to epithelial state 

differentiation was beyond the scope of this study, but is of significant future interest to 

better understand the functional properties and behaviour of solid tumour cells versus 

CTCs in a given individual (Sannino et al. 2017).  

Circulating tumour cell heterogeneity may not only affect CTC behaviour, but also 

the ability to accurately detect CTCs. Mutational status can result in different expression 

of cell surface markers (Hayes & Paoletti 2013). Cells may no longer express markers 

typical of the targeted tumour type (i.e. COL I), and thus evade antibody-based testing 

technologies (Hayes & Paoletti 2013, Lim et al. 2019, Sannino et al. 2017). Mutations 

and heterogeneity may affect not only cell surface antigens, but may also result in 

smaller cell size, making flow cytometric detection more challenging (Chinen et al. 2014, 

Sannino et al. 2017). As a result, underestimation of CTC frequency may occur. The 3 

dogs who developed OSA metastasis but failed to have a premetastatic CTC spike may 

have been truly negative for CTCs shedding and circulation; however, it is also possible 

that these dogs failed to have detectable CTCs due to CTC mutations and/or 

differentiation into a “metastable” phenotype intermediate state.  
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The continued presence of CTCs following amputation and chemotherapy was 

an unanticipated finding considering that the primary tumour was completely resected 

through limb amputation, and that no residual tumour was detected on standard staging 

prior to surgery. Human studies in carcinoma patients have shown that continued CTC 

positivity 24 hours postoperatively is considered a strong predictor of cancer recurrence 

and a worse prognosis (Patel et al. 2002, Allen-Mersh et al. 2007). Similar studies have 

not been performed in OSA patients, however it is plausible that a continued detectable 

presence of CTCs following primary tumour removal in OSA dogs may indicate that 

there are ongoing sources of CTC shedding in these patients and that these dogs may 

be at an increased risk of poor prognosis. Unfortunately, in this study only 8/21 dogs 

had CTC measurements at time points A (immediately preoperative) and B 

(immediately postoperative) due to the clinical nature of the study and timing of study 

enrollment of some patients, making it difficult to attain similar comparative conclusions. 

Going forward, a larger sample size from dogs immediately pre and postoperative would 

help illustrate if a lack of CTC clearance immediately post surgery is similarly associated 

with decreased survival times and disease free intervals.  

Due to large variability of disease progression and survival duration, and 

incomplete data at initial time points (i.e. immediately preoperative and immediately 

postoperative), it was difficult to statistically compare the temporal pattern of CTC 

numbers across the entire course of disease (from preoperative to metastasis) between 
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patients. However, it should be noted that visually many OSA dogs were observed to 

have CTC numbers that decreased to negligible levels by the first chemotherapy 

appointment and remained at low levels until the time of the premetastatic spike. Given a 

larger sample size, more frequent sampling time points and a more complete date set, a 

statistical CTC pattern may emerge as being associated with a good prognosis.    

The mean CTC numbers for OSA dogs were not significantly different than that 

of control dogs in this study when averaged as a whole. However, when mean CTC 

number at the time of CTC pre-metastatic spike in OSA dogs was compared with 

control dogs, CTCs were found to be significantly greater. The main explanation for the 

lack of significance of CTCs between OSA dogs and controls when observed as 

average values across all times points, is that CTCs appear to be highly variable and 

heterogeneously expressed at various time points in disease. During the earlier and 

quiescent periods of disease CTC numbers were often negligible for OSA dogs, 

occasionally for multiple months to years, resulting in a low overall mean CTC number. 

Similarly, long-term survivors also contributed a disproportionately high number of 

samples with lower CTC numbers.  

Control dogs were found to have small numbers of COL I positive cells, 

suggesting that normal dogs may have low levels of COL I positive cells in circulation or 

that the flow cytometry protocol developed is not a highly specific test. Inadvertent 

inclusion of rare fibrocytes or other mesenchymal cells is possible (Camara et al. 2006, 
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Iqbal et al. 2014, Muto et al. 2011, Tai et al. 2018). Wound and fracture repair, and 

fibroproliferative disorders in humans have been associated with COL I positive cells in 

circulation, and may have contributed to CTCs for some of the control dogs in this study 

(Tai et al. 2018). As previously discussed, refinements of the current CTC flow 

cytometry protocol, such as the addition of anti-leukocyte markers to rule out any 

circulating leukocytes, addition of highly conserved mesenchymal markers (i.e. 

vimentin), addition of osteoblastic-specific markers, and ideally OSA-specific antibodies 

if they become available is warranted. Consequently, at this time, CTC enumeration is 

considered more valuable as a monitoring tool in patients with known OSA than as a 

diagnostic or screening tool for OSA. 

Limitations and strengths of this study arose from its clinical nature. A limited 

number of patients met the inclusion criteria over the study period. Blood sampling and 

radiographic assessment was performed according to the scheduled clinical protocols at 

our institution while more frequent and regular data collection would have been 

preferred. Given these were clinical patients, treatments and reevaluations times were 

not exact between dogs such that CTC numbers and development of pulmonary 

metastatic lesions may have reached critical values, and developed between patient 

assessments, respectively. Furthermore, blood samples were not available during all 

visits due to owner concerns or enrolment after amputation, and post-mortem 

examination was not possible for all patients. More frequent assessment would be 
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necessary in order to accurately compare the sensitivity of these assays which was 

impractical for a clinical study. The infrequent nature of patient reevaluation may have 

led to missing the actual highest CTC number and its exact timing, as well as the 

earliest timepoint at which metastatic lesions could have been visible radiographically. 

This limitation was out of our control given clinical patients were enrolled for this study 

and the standard reevaluation protocols followed. Nevertheless, this study reflects the 

diversity of the most common naturally-occurring bone tumour in dogs and the 

circumstances typical of studies of clinical patients and represents a strong pilot for 

enumeration of CTCs in dogs. 

Detection of tumour dissemination and early metastasis represents a significant 

challenge in veterinary and human cancer patients and affects prognostication (Oblak et 

al 2013, Eberle et al 2010, Amankwah et al. 2013, Chang et al. 2014, Budd et al. 2006). 

The ability to recognize patients with micrometastasis may identify those with a more 

aggressive disease process who are at risk of failing standard treatment protocols or 

may help identify patients who begin to fail to respond to an ongoing chemotherapy 

protocol. The novel prognostic methodology developed through this research shows 

promise to assess metastatic burden in naturally occurring cancer in dogs with OSA. 

Most importantly this research suggests that a pre-metastatic spike in CTC numbers in 

a patient may be an early signal of impending metastasis, which may alert a clinician to 

make changes or alterations to a treatment plan and monitoring schedule.  
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5.3 Future Research 

Going forward, studies with larger case recruitment, stricter inclusion criteria, 

more frequent sample collection points, complete data collection at all time points and a 

wider array of negative controls for comparison, may allow for establishment of a 

reliable set cut off CTC value or ratio change predictive of a worsened outcome. As 

previously discussed, refinements to the detection technique should also be 

implemented to improve upon the current protocol and develop a more standardized, 

precise, widely available, and clinically useful flow cytometry protocol for OSA CTC 

enumeration.  

The analysis of CTCs was optimized in this research to improve technique 

sensitivity through virtual enrichment, which incorporates strategic and data analysis 

methods (Donnenberg & Donnenberg 2007). Future research could also incorporate 

additional strategies to enhance the likelihood of capturing OSA CTCs in canine 

peripheral blood samples with flow cytometry, such as physical enrichment. Physical 

enrichment strategies have been implemented in human research to increase the 

chance of CTC capture within blood samples by running larger volumes of blood 

through various forms of “filters” to increase the theoretical concentration of CTCs for 

further testing (Paoletti & Hayes 2015). The primary methods of physical enrichment are 

based on the principles of immunomagnetic separation, based on antigen expression 

with antigen-coated magnetic beads and centrifugation and filtration separation, based 
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on cellular density or size (Paoletti & Hayes 2015).  Use of commercial 

immunomagnetic separation methods would be complicated by the same challenges as 

the CellSearch® technique for OSA detection. Both methods rely on the presence of 

universal epithelial markers (i.e. EpCAM) not present in mesenchymal neoplasia (Yu et 

al. 2011, Paoletti & Hayes 2015). For immunomagnetic separation to be useful for OSA, 

development of a specialized immunomagnetic separation would be required. This 

would be associated with high cost and lack of reliability given the uncertainty of 

currently-available OSA-specific antigen targets for identification of OSA CTCs. 

Centrifugation and/or filtration separation is likely a more realistic method of physical 

separation of canine OSA cells as compared to immunogenic separation techniques.  

Physical separation methods were initially developed for carcinomas (Pinzani et 

al. 2006, Vona et al. 2010), but have since also been applied to sarcoma cells (Braun et 

al. 2018, Chinen et al. 2014, Wu et al. 2018). Intact CTCs are isolated from peripheral 

blood through direct filtration (polycarbonate membrane with 8 µm-diameter cylindrical 

pores) without the use of antibodies. The technique exploits the larger size of tumour 

cells compared to leukocytes (Chinen et al. 2014). This technique is considered less 

specific since any large cell in circulation can potentially be inadvertently isolated, but 

does carry the benefit of high sensitivity, ease of practice and also allows for further 

analysis (i.e. flow cytometry, PCR) to be performed on filtered cells (Chinen et al. 2014). 
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It should also be noted that atypically small OSA CTCs may fail to be retrieved if they 

are smaller than the filter pores.  

Although surmised that they are similar, it is unknown if canine OSA CTCs will be 

uniformly of similar size and density to their human counterparts. This form of physical 

enrichment is already known to be associated with high cellular contamination and 

lower sensitivity in humans; therefore, this technology may be associated with even 

lower specificity and sensitivity in a different species. Future research validating the use 

of such techniques in canine patients with OSA is warranted if it allows for improved 

detection of low numbers of CTCs. However, due to the fact this study found canine 

patients to overall have higher numbers of CTCs compared to humans, it is also 

important to first determine if enrichment steps are beneficial in dogs. Enrichment steps 

will add increased cost, an increased duration of sample processing, and will require 

larger volumes of blood collection from patients. Therefore, evidence should be 

provided in the form of pilot studies to determine the validity of incorporating these 

techniques into a flow cytometry protocol.     

Ideally, neoplastic cell heterogeneity would be monitored in each individual to 

identify metastatic tumour evolution, enumerate CTC subpopulations and stratify 

patients for additional or alternate therapy (Hayes & Paoletti 2013, Lim et al. 2019, 

Paterlini-Brechot & Benali 2007). Previously, biopsies of primary and metastatic lesions 

were required to stratify neoplastic cells, which was costly, time consuming, invasive 
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and impractical (Gorges et al. 2019). As previously discussed, individual CTC sorting 

techniques applied via flow cytometry allows for direct visualization of intact cells, 

follow-up RT-PCR and immunocytochemistry analysis, as well as investigation of 

individual CTC cells genomic characteristics (Almazan-Moga et al. 2014, Lim et al. 

2019, Paterlini-Brechot & Benali 2007). Flow cytometry CTC sorting with follow-up 

genetic analysis may be the key to better understanding metastatic behaviour in vivo. In 

fact, CTC enumeration and sorting, along with DNA analysis by fluorescence in situ 

hybridization (FISH) and comparative genomic hybridization (CGH) technologies may 

provide synergistic and real-time information regarding a patient’s disease progression 

(Lim et al. 2019, Paterlini-Brechot & Benali 2007). Circulating tumour cell capture and 

genomic sequencing offers a unique opportunity for non-invasive monitoring of serial 

mutational changes over time (Wang et al. 2019). Comparison of CTC genetic 

differences between primary tumour cells, CTCs and established metastatic tumour 

cells from within the same individual correlated with patient DFI and MST will likely allow 

for better understanding of the unique genotypic differences that may lead to particular 

tumour behaviour. This is the future of CTC research and will be a critical step to better 

understanding the in vivo behaviour of CTCs in relation to cancer metastasis.  

Improvements in prognosticating, monitoring, and treating canine OSA will 

advance veterinary care, help accelerate human OSA research, and may allow for the 

development of novel therapeutics and management strategies to benefit both species. 
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6 Appendices: Flow Cytometry Protocols 
 

6.1 Appendix 1 - Flow Cytometry Protocol for CTC enumeration in 
blood from dogs with naturally-occurring OSA using Canine 
Collagen FITC/Osteocalcin PE                     

 

1. Flow cytometry buffer 

490 mL PBS, 5 mL of 0.5 M EDTA, 5mL horse serum, 0.5g Na azide.       

Adjust pH to 7.4 

 

2. Red cell lysis buffer (10x) 

8.99 g NH4Cl 

1 g KHCO3 

200ul of 0.5M EDTA  

/100 ml of ddH2O 

 

For Blood Samples: 

1. Aliquot~200 µl of EDTA-anticoagulated blood collected from sample dog 

placed into each labeled flow cytometry (FC) tube (labeled #1-4). 

2. Prepare 1x dilution of 10x RBC lysis buffer 

3. Add 2800µl of 1x lysis buffer to the 200µl blood. 

4. Vortex and incubate at room temperature for 5 minutes.  

Adjust 10x stock pH to 7.3.  Dilute to 1x by adding 45 ml 

of ddH2O to 5 ml of 10x concentrate in a 50ml plastic tube. 

Make up 1x dilution fresh every time needed. 
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5. Add 1 ml of FC buffer. Centrifuge ~500g x 5 minutes and then decant 

supernatant. 

6. Loosen pellet and repeat step 5 for second wash. 

7. Add 1µl of eFluor780 (eBioscience) fixable viability dye to each FC tube. 

Incubate each tube in fridge at 4oC for 30 minutes in the dark.  

8. Loosen pellet and resuspend cells in 500ul of Fixation Buffer (R&D Systems). 

9. Incubate at room temperature for 10min vortexing every 3 min to keep cells in 

suspension. 

10. Add 1 ml of FC buffer to each tube. Centrifuge ~500g x 5 minutes and then 

decant supernatant. 

11. Loosen pellet and repeat step 10 for second wash. 

12. Loosen pellet and resuspend cells in 100µl of Permeabilization/Wash Buffer 

(R&D Systems) 

13. Add antibody to respective tubes: 

Tube # Antibody Clone Company Amount 

1  CD4 FITC,  

 CD71 PE 

OX-35 (Ig2a) 

OX-26 (IgG2a) 

BD Biosciences 

BD Biosciences 

1µl of 1/10 dilution 

1µl of 1/10 dilution 

2 RPE65 FITC 

CD146 PE 

401.8B11.3D9 
(IgG1) 

P1H12 (IgG1) 

Novus Biologicals 

EMD Millipore 

3µl of 1/10 dilution 

3µl of 1/10 dilution 

3 Osteocalcin PE 190,125 (IgG1) R&D Systems 3µl of 1/10 dilution 
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14. Incubate each tube in fridge at 4oC for 30 minutes in the dark.  

15. Add 1 ml of Permeabilization/Wash Buffer. Centrifuge ~500g x 5 minutes, 

decant supernatant. 

16. Loosen pellet and resuspend in 800ul FC buffer. 

17. Pass each sample through separate sterile 40µl pore filter (Corning Falcon, 

Thermo Fischer) into new FC tube.  

18. Analyze each sample with FACS Canto (BD) flow cytometer, with settings to 

collect 106 cellular events.   

 

 

 

 

4 Collagen Type1 
FITC 

5D8-G9 (IgG1) EMD Millipore 3µl of 1/10 dilution 


