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Abstract 

This thesis evaluates the effect of bone-targeted therapies on new indications in two areas of 

major clinical and public health significance, namely osteoarthritis and vascular calcification.  

The first of these indications is osteoarthritis (OA). OA is the most common joint disease 

characterised by articular cartilage loss, joint pain and disability. There are currently no 

approved disease-modifying OA drugs (DMOADs), and conservative treatments only have 

small to moderate effects on joint symptoms. Subchondral bone abnormalities predict both 

structural and symptomatic progression of OA and have increasingly been recognised as a 

potential treatment target. Bone-targeted therapies (e.g. bisphosphonates and denosumab) are 

anti-resorptive agents that have been widely used for the prevention and treatment of 

osteoporosis. Previous evidence has indicated that these bone-targeted therapies may be 

promising DMOADs especially in patients with a marker of high bone turnover (e.g. 

subchondral bone marrow lesions [BMLs], Modic type vertebral endplate changes). The 

second indication, vascular calcification, is important as it is an independent predictor of 

cardiovascular disease. Animal studies and small trials suggest that bisphosphonates may be 

protective against the progression of vascular calcification, but data from large trials are 

lacking. A further issue in the clinical use of bone-targeted therapies is that intravenous (IV) 

bisphosphonates frequently lead to a high incidence of acute phase responses (APRs). This 

thesis aims to investigate whether zoledronic acid (an IV bisphosphonate) and/or denosumab 

are effective for the treatment of knee and spine OA and abdominal aortic calcification (AAC), 

and whether co-administration of methylprednisolone reduces the high incidence of APRs 

caused by zoledronic acid. 

Data from four multi- or single-centre, double-blinded, randomised, placebo-controlled trials 

were analysed. Cartilage volume, BMLs, Modic changes and disc degeneration were evaluated 

using magnetic resonance imaging (MRI). Radiographic joint space narrowing (JSN) and AAC 

were measured on knee and spine x-rays, respectively. Bone mineral density (BMD) was 

assessed using dual energy x-ray absorptiometry (DXA). Multiple questionnaires were used to 

assess pain and functional disability of the knee and the low back. APRs and other adverse 

events were recorded throughout the trials. 

Chapter 4 evaluates the effect of zoledronic acid on tibiofemoral cartilage volume loss and 

change in BML size and knee pain over 2 years in 223 patients with symptomatic knee OA and 
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BMLs. Annual infusion of 5 mg zoledronic acid did not significantly slow the progression of 

cartilage volume loss, reduce the size of BMLs, or alleviate knee pain compared to placebo, 

but may be beneficial for knee pain in patients without radiographic JSN. Adverse events, 

particularly APRs, were more frequent with zoledronic acid than placebo as expected.  

Chapter 5 assesses the effect of zoledronic acid plus methylprednisolone versus zoledronic acid 

alone and placebo on the incidence of APRs and changes in knee pain, disability and BML size 

over 6 months in 117 patients with symptomatic knee OA and BMLs. Adding 10 mg 

methylprednisolone to zoledronic acid showed no effect on APRs compared to zoledronic acid 

alone but may have symptomatic benefits compared to placebo. 

Chapter 6 evaluates the effect of zoledronic acid and denosumab on low back pain (LBP) and 

Modic changes over 6 months in 103 patients with chronic LBP and type I, II or mixed Modic 

change. Both zoledronic acid and denosumab improved LBP and the effect was stronger in 

patients with type I Modic change, non-neuropathic pain or mild disc degeneration. While 

neither treatment reduced the size of Modic change overall, denosumab decreased the size of 

type I Modic change. 

Chapter 7 investigates the effect of annual infusion of zoledronic acid on the progression of 

AAC over 3 years in 502 postmenopausal women with osteoporosis, and the correlation 

between change in BMD and AAC progression. Zoledronic acid showed no beneficial effect 

on AAC progression, and there were no correlations between change in femoral neck or total 

hip BMD and change in AAC scores. 

In conclusion, these randomised controlled trials (RCTs) indicate that bone-targeted therapies 

have at best a small to moderate effect on clinical symptoms in early OA with BML/Modic 

change, and that zoledronic acid does not affect structural progression of knee OA or the 

progression of vascular calcification. APRs caused by zoledronic acid cannot be reduced by 

co-administration of 10 mg methylprednisolone. These findings imply a limited role of bone-

targeted therapies in the treatment of OA and vascular calcification. Future work should 

confirm the symptomatic benefit of bone-targeted therapies in early OA and evaluate the effect 

of bone-targeted therapies on Modic change over a longer time interval (e.g. 1 year).   
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This thesis evaluates the effect of bone-targeted therapies on new indications in two areas of 

major clinical and public health significance, namely osteoarthritis and vascular calcification. 

This chapter gives an overview of osteoarthritis (1.1), vascular calcification (1.2) and bone-

targeted therapies (1.3). 

 

1.1 Osteoarthritis 

Osteoarthritis (OA) is the most common form of joint disease primarily affecting weight-

bearing joints, such as the knees, hips, spine and feet. Non-weight-bearing joints such as the 

hands, shoulders and neck are also frequently affected. The major characteristic of OA is 

progressive articular cartilage loss, with joint pain and impaired function the most common 

clinical symptoms. Current treatment options are limited to alleviating joint symptoms with 

only small-to-moderate effects, and there are no disease-modifying OA drugs (DMOADs) 

available for slowing structural progression of OA.  

 

1.1.1 Epidemiology 

The prevalence and incidence of OA vary depending on the definitions and sites of OA [1]. 

Globally, OA affects approximately 250 million people [2]. According to the 2014-15 National 

Health Survey [3], more than 9% (about 2.1 million people) of Australians had OA, and the 

prevalence increases with age, particularly for females (Figure 1.1). A systematic review and 

meta-analysis of 63 studies reported the prevalence of radiographic hand OA being up to 49%, 

followed by knee OA (32% in males and 39% in females) and hip OA (15%) [4]; however, the 

prevalence of symptomatic OA is much lower, with 15% being diagnosed with symptomatic 

hand OA, 8% (males) to 16% (females) knee OA and 6% hip OA [4]. In contrast, the incidence 

of knee OA is much higher than OA of the hips or hands (Figure 1.2). There are limited data 

on the prevalence and incidence of spine OA. It has been estimated that the prevalence of spine 

OA ranges from 19% to 69% in adults aged ≥ 45 years [5-7], and the rate increases dramatically 

with age. In the young population, however, spine OA may be more prevalent than knee OA 

[8].  
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Figure 1.2: Age and sex-specific incidence rates (per 1000 person-years) of osteoarthritis. 
Short dash indicates females and long dash males. Source: Prieto-Alhambra D et al. Incidence and risk 

factors for clinically diagnosed knee, hip and hand osteoarthritis: influences of age, gender and 

osteoarthritis affecting other joints. Ann Rheum Dis. 2014 Sep; 73(9):1659-64. 

Figure 1.1: Age and sex-specific prevalence of osteoarthritis in Australia (2014-2015). 
Source: AIHW analysis of ABS Microdata: National Health Survey (NHS) 2014–15. 
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The global burden of disease study in 2010 indicated that knee and hip OA ranked 11th highest 

contributor to global disability and 38th highest in the Disability-Adjusted Life Years (DALYs) 

among 291 conditions [9]. OA has been considered a social-economic burden, costing 0.25% 

to 0.5% of a country’s Gross Domestic Product per year [10]. In Australia, the annual health 

care costs for OA were estimated to be over $2.2 billion in 2015 and are forecast to exceed 

$2.9 billion by 2030 due to the increases of life span and aging population [11]. 

 

1.1.2 Symptoms and signs 

The joint pain of OA is the most common reason for individuals seeking medical attention [12]. 

OA pain initially occurs intermittently and exacerbates during activity [13], and it can be 

relieved after rest in this stage. Advanced OA is accompanied by severe structural degradation 

frequently leading to rest and night pain, which brings great inconvenience to daily life. Thus, 

slowing structural progression is also an important treatment goal for OA.  

Two types of OA pain has been proposed: one is intermittent but intense pain and another is 

persistent background pain [14]. The former type of pain is generally unpredictable and 

therefore has a greater impact compared to persistent background pain on patients’ social and 

recreational activities, since such activities may trigger an episode of the pain [14]. Indeed, 

pain-related fear and avoidance contribute substantially to the loss of physical function [15]. 

These pains commonly lead to depressive symptoms that may further contribute to the 

development of OA pain [16]. The intensity of pain in OA varies even within a day [17], and 

descriptors of neuropathic pain were reported in approximately one third of patients although 

no nerve lesions have been identified in OA joints [18]. Other common symptoms of OA 

include short-term stiffness, joint instability, deformity, swelling and crepitus [19]. These 

symptoms together with pain lead to impaired health-related quality of life [20]. 

 

1.1.3 Risk factors 

Rather than OA being a simple degenerative disease due to joint aging and repeated ‘wear and 

tear’, OA is now considered a complex multifactorial disease contributed by a variety of 

systemic and local factors [21].  
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Age is the strongest predictor of OA in both weight-bearing and non-weight-bearing joints 

[22]. The prevalence and incidence of OA increase dramatically with age, especially in people 

older than 50 [23]. The reasons underlying this are unclear. Current evidence suggests that the 

association between age and the development of OA may be mediated through changes in both 

extracellular matrices (e.g. cartilage thinning and dehydration) and cellular characteristics (e.g. 

oxidative stress) [24]. 

Female sex is associated with a 59% higher prevalence of OA in the knee and 23% higher 

prevalence in the hand [25]. In Australia, the overall prevalence of OA was consistently higher 

in females at different age groups (Figure 1.1). Systemic factors such as mechanical and 

hormonal factors may play a role in sex differences in the risk and severity of OA [26]. A 

significant sex difference in growth factors has been observed in older adults [27], and these 

growth factors contribute significantly to cartilage formation and repair [28]. By contrast, the 

prevalence of cervical and lumbar spine OA is similar between sexes and may even be higher 

in males [29, 30]. Females generally report more frequent OA pain and greater pain sensitivity 

[31]. While the mechanisms underlying such sex differences in experiencing pain are unclear, 

catastrophising may be a reason as females may catastrophise more than males [32, 33].  

Obesity and overweight are major risk factors of OA [34]. In a large population-based study of 

over 1.7 million older adults, Reyes et al. [35] demonstrated that overweight and obesity were 

significantly associated with an increased risk of knee, hip and hand OA. Specifically, 

overweight (body mass index [BMI]: 25 to 30), grade 1 (BMI: 30 to 35) and grade 2 (BMI ≥ 

35) obesity increased the risk of knee OA by 2, 3.1 and 4.7 folds, respectively, compared to 

subjects with normal weight (BMI < 25) [35]. Moreover, a 5-unit increase in BMI is associated 

with an increased risk of knee OA by 35% [36] and hip OA by 11% [37]. The association is 

seen in both weight-bearing and non-weight-bearing joints indicating that the mechanisms 

other than excessive joint loading may also contribute to the development of OA. For instance, 

inflamed adipose tissue and dyslipidaemia have been found to play a key role in obesity-

induced OA [38].  

Current knowledge on the role of physical activity in the risk of OA is inconsistent. Very low-

quality evidence suggests that physical activity may increase the risk of OA in elite subjects 

[39], but there is no consistent evidence indicating a detrimental effect of moderate daily 

exercise in the development of OA [40]. Nonetheless, injury during exercises may be an 

important factor that mediates the association between physical activity and the risk of OA, 
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given that joint injury promotes the development of posttraumatic OA. A meta-analysis has 

shown that previous knee injury increased the risk of knee OA with a pooled odds ratio of 2.83 

[41]. In addition, physical activity may modify the association between BMI and incident knee 

OA. A recent study found that a BMI higher than the normal range was associated with an 

increased likelihood of both radiographic and symptomatic knee OA in men with high but not 

low or medium physical activity levels, while in women the association was demonstrated 

irrespective of the intensity of physical activity [42]. Other risk factors of OA include 

inflammation [43], muscle weakness [44], ethnicity [45], smoking [46], occupational activities 

[47] and genetics [48]. 

 

1.1.4 The role of bone 

OA was historically thought to be a disease of cartilage but is now known to be much more – 

a complex disease of the whole joints, in which bone plays an important role [49]. There is 

increasing evidence that abnormal bone changes, especially in the subchondral regions, are 

associated with the initiation and progression of OA. 

An inverse relationship between OA and osteoporosis has long been noticed by surgeons and 

was firstly reported in the 1970s [50]. This finding was confirmed in subsequent cross-sectional 

studies [51, 52]. Consistently, patients with radiographic knee or hip OA are more likely to 

have higher bone mineral density (BMD) at the lumbar spine, femoral neck and total body [53-

56]. In the Framingham study, Zhang et al. found that higher femoral neck BMD and greater 

BMD gain were associated with an increased risk of incident radiographic OA [57]. Similar 

results were observed in other population-based cohorts [58-60]. Despite the positive 

association between high BMD and incident OA, the role of systemic and subchondral BMD 

in the progression of OA (i.e. joint space narrowing, cartilage loss) is uncertain. Zhang et al. 

[57], Hart et al [59] and Cao et al. [61] found that high systemic and/or subchondral BMD were 

associated with slow progression of OA, but more studies suggested the opposite [58, 62-65]. 

There are also studies suggesting no associations between systemic BMD and OA progression 

[60, 66, 67]. The reasons for the discrepancy are unclear, but one possible explanation may be 

that the outcome measures vary among these studies. For instance, the association between 

high BMD and reduced cartilage thickness loss [61] may be due to swelling or softening of 

cartilage [68-70], which is frequently seen in early OA. In summary, consistent evidence has 
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indicated that individuals with higher BMD are more likely to have OA cross-sectionally and 

longitudinally, whereas the role of high BMD in structural progression of OA remains disputed 

and appears to be more complex.  

Experimental studies have confirmed a crucial role of subchondral bone in normal joints. 

Articular cartilage protects the weight-bearing joints by acting as a cushion between joints and 

dissipating the mechanical loading, and subchondral bone beneath the cartilage exerts 

important shock-absorbing and supportive functions [71]. Subchondral bone is estimated to 

attenuate about 30% of the joint loads [72].  

Subchondral bone mainly consists of the subchondral trabecular bone and subchondral bone 

plate (Figure 1.3). Subchondral trabecular bone contains a high number of blood vessels, 

sensory nerves and bone marrow [54], and it supplies nutrients to articular cartilage through 

subchondral bone plate and calcified cartilage and removes metabolic waste products [73]. 

These mechanical and biochemical functions of subchondral bone may be closely related to the 

integrity of articular cartilage.  

Figure 1.3: The structure of articular cartilage and subchondral bone in a normal human joint. 
CC, calcified cartilage; NCC, non-calcified cartilage; SBP, subchondral bone plate; STB, subchondral 

trabecular bone. Arrows denote the tidemark; the dotted line indicates the cement line. 

Source: Li G et al. Subchondral bone in osteoarthritis: insight into risk factors and microstructural 

changes. Arthritis Res Ther 2013;15(6):223. 
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Radin et al. [74] originally proposed in 1970 that cartilage destruction of OA may be due to 

stiffness variation in the subchondral bone. Specifically, high bone mass and stiffening of the 

subchondral bone plate lead to subchondral bone plate sclerosis, which increases tensile and 

shear stresses at the bone-cartilage interface and causes deterioration of the cartilage. This may 

explain the positive correlation between BMD and the risk of incident OA given that high BMD 

is associated with subchondral sclerosis [75]. However, it is important to note that the definition 

of OA in those epidemiological studies was based on radiographs [57-60], which may not 

reflect cartilage degradation at early stages of OA. Indeed, over 10% of cartilage is already lost 

when there is the first sign of radiographic OA [76]. There is study showing a positive 

association between presence of radiographically-detected subchondral sclerosis and increased 

cartilage loss [77]. However, Crema et al. [78] indicated no significant association between 

magnetic resonance imaging (MRI)-detected subchondral sclerosis and cartilage loss in 

participants with early stages of OA. This suggests that subchondral sclerosis may not reflect 

structural progression in early OA.  

The characteristics of subchondral bone changes and their roles in cartilage degradation differ 

at different stages of OA [79, 80]. Increased subchondral bone remodelling, bone resorption, 

bone plate thinning, and reduced BMD may be initial signs of early-stage OA [81]. These 

subchondral bone changes have been confirmed to be predictive of both joint symptoms and 

cartilage deterioration in both animal and human studies [82]. Subchondral bone marrow 

lesions (BMLs) are a marker of increased subchondral bone resorption [83-85] and the first 

sign of OA that precedes cartilage damages in an experimental OA model [86]. BMLs are 

regions of high subchondral bone signal intensity on MRI (Figure 1.4).  

Figure 1.4: Bone marrow lesions (arrows) of the knee (left) and vertebrae (right) on MRI. 
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BMLs at the vertebral endplates of the spine are referred to as “Modic lesions/changes” (Figure 

1.4) [87]. Modic et al. firstly described these endplate signal intensity changes and classified 

them into three types [87, 88]. Type 1 Modic change is the initial and most active stage, 

indicating inflammation and oedema (hypointense signal in T1-weighted imaging and 

hyperintense signal in T2-weighted imaging). Type 2 Modic change is the most comment type 

that reflects fatty replacements of the red bone marrow (hyperintense signal in T1- and T2-

weighted imaging). Type 3 Modic change is the latest stage that reflects subchondral bone 

sclerosis (hypointense signal in T1- and T2-weighted imaging). The presence of different types 

of Modic changes at the same endplate was named mixed Modic change, which indicates that 

different types of Modic changes can be transformed from one another [89, 90].  

BMLs are common morphologic abnormalities associated with both joint symptoms and 

structural progression of OA in population-based cohorts [91-100]. Microarray analysis also 

shows that BMLs are areas of high metabolic activity that express pain-related genes [84]. 

Importantly, a pilot study has indicated that change in BMLs can be observed within 6-12 

weeks in a substantial proportion of patients with knee OA, and therefore BMLs may be used 

to monitor OA progression or evaluate the effect of DMOADs [101]. In the past few years, 

subchondral bone and BMLs have been proposed to be a promising treatment target given their 

crucial roles in the initiation and progression of OA [73, 102, 103]. It has been suggested that 

optimal treatments for OA should target both the bone and cartilage since they are closely 

related [104]. Bone-targeted therapies may be a potential candidate for treating or slowing OA 

progression by means of their anti-resorptive properties [105] and chondroprotective effects 

[106]. Experimental studies have found that these therapies may be beneficial for cartilage 

degradation and osteophytes in animal models [107-109]. Clinical findings on the effect of 

bone-targeted therapies in patients with OA are presented in Section 1.3.3. 

In summary, abnormal subchondral bone remodelling and bone resorption may be closely 

related to initiation and progression of OA. These subchondral bone changes, including BMLs, 

are early OA signs that predict both symptomatic and structural progression of OA. Disease-

modifying treatments of OA targeting these early bone changes are promising. 
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1.1.5 Knee osteoarthritis 

Incidence of OA is highest in the knee, especially in older adults [23]. Knee OA is a leading 

cause of impaired mobility and contributes more than 95% of knee replacement surgeries [110]. 

Knee structural pathology and clinical symptoms are used to define structural and symptomatic 

knee OA, respectively. 

The gold standard for the diagnosis of structural knee OA is conventional radiographs (x-rays), 

and the most commonly used radiographic criteria worldwide was developed by Kellgren and 

Lawrence in 1957 [111]. The Kellgren and Lawrence (K-L) grading system divides knee OA 

into five grades (0=normal; 1=doubtful; 2=minimal; 3=moderate; 4=severe) based on 

osteophytes and joint space narrowing (JSN) on an anteroposterior view (Figure 1.5 and Table 

1.1). In general, K-L grade ≥ 2 is considered definite radiographic knee OA. Another frequently 

used rating system was developed by the atlas from the Osteoarthritis Research Society 

International (OARSI) [112, 113]. The OARSI atlas divides tibiofemoral knee OA into four 

grades (0=normal; 1=mild; 2=moderate; and 3=severe) based on osteophytes, JSN and the 

presence of bone attrition and sclerosis at the medial and lateral tibiofemoral compartments. 

The OARSI atlas does not have a cut-off point for definite radiographic OA. However, JSN 

grade 2 or higher, or the sum of osteophytes grade 2 or higher, or grade 1 JSN plus grade 1 

osteophytes, based on the OARSI atlas, has been used as a proxy for K-L grade ≥ 2 knee OA 

[114]. Some studies also used “JSN or osteophytes grade ≥ 1 [115] or ≥ 2 [116]” to define the 

presence of radiographic OA. 

Figure 1.5: Radiographic joint space narrowing (arrowheads) and osteophytes (arrows). 
Source: Hayashi et al. Imaging for osteoarthritis. Ann Phys Rehabil Med. 2016;59(3):161-169. 
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MRI is a much more sensitive technique for detecting structural changes of OA than 

radiographs since it visualises soft tissue changes (e.g. cartilage volume, cartilage defects, 

effusion-synovitis, BMLs, fat pat and ligaments) that cannot be detected by radiography [117]. 

While these MRI-detected changes can be seen in OA at early-stages and are associated with 

both knee pain and radiographic OA, it remains unclear which structural changes are more 

important in OA progression. There is currently no accepted MRI definition for diagnosing 

knee OA, although few attempts have been made [118, 119]. 

According to the American College of Rheumatology (ACR) criteria [120], symptomatic knee 

OA is generally defined as ‘pain, aching or stiffness in or around the knee on most days’ for at 

least one month during the past 12 months. In clinical practice and in OA research, 

symptomatic knee OA is a widely used definition because relieving knee symptoms is a key 

treatment goal, and there is discordance between clinical symptoms and radiographic features 

in knee OA – patients diagnosed with radiographic knee OA do not necessarily have knee 

symptoms and vice versa [121]. In epidemiological studies and clinical trials that focus on knee 

OA, a main research question is whether an exposure or treatment is associated with or caused 

change in knee pain over time, and certain restrictions on knee pain (e.g. 20 to 80 mm on a 100 

mm Visual Analogue Scale [VAS] [122]) is frequently applied as an inclusion criterion to rule 

out potential floor and/or ceiling effects [123]. In these scenarios, severity of knee symptoms 

is generally evaluated and monitored using quantitative questionnaires such as a VAS, the Knee 

injury and Osteoarthritis Outcome Score (KOOS) [124] and the Western Ontario and 

McMasters Universities Osteoarthritis Index (WOMAC) [125]. 

Table 1.1: The Kellgren and Lawrence (K-L) grading system. 

K-L grades  Description 

Grade 0: Normal No osteoarthritis 

Grade 1: Doubtful Doubtful narrowing of joint space and possible osteophytic lipping 

Grade 2: Minimal Definite osteophytes and possible narrowing of joint space 

Grade 3: Moderate Multiple osteophytes, definite narrowing of joint space and some 

sclerosis and possible deformity of bone ends 

Grade 4: Severe Large osteophyte, marked narrowing of joint space, severe sclerosis 

and definite deformity of bone ends 
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1.1.6 Spine osteoarthritis 

OA of the spine is highly prevalent but does not have a clear definition like OA of the peripheral 

joints. The literature often uses the term ‘spine OA’ to specify either a degenerative disc disease 

or facet joint OA, although the facet joint is the only synovial joint in the spine [126]. 

Degenerative disc disease is characterised by intervertebral disc space narrowing, vertebral 

osteophytes and endplate sclerosis [127], and facet joint OA is characterised by facet JSN and 

osteophytes [128]. Despite the different structural basis, these spinal abnormalities commonly 

coexist and are associated with low back pain (LBP) [126], the most significant symptom of 

spine OA.  

There are a number of grading systems for evaluating spine OA [129]. Among them, the K-L 

grading system is the most frequently used. While the K-L grading system defines radiographic 

cervical and lumbar spine OA of the apophyseal (facet) joints (Table 1.1) [111], this grading 

system has also been adapted for the diagnosis of intervertebral disc degeneration in many 

studies [130-132]. MRI is another frequently used method for diagnosing spine OA. Pfirrmann 

et al. proposed a grading system (grade 1 to 5, higher grade indicates severer disease) using 

MRI to evaluate lumbar intervertebral disc degeneration (Table 1.2). This grading system has 

been widely applied in epidemiological studies [133].  

Table 1.2: The Pfirrmann grading system. 

Grade Structure Distinction of 
Nucleus and Anulus Signal Intensity Height of 

Intervertebral Disc 
1 Homogeneous, bright 

white 

Clear Hyperintense, 

isointense to 

cerebrospinal fluid 

Normal 

2 Inhomogeneous with or 

without horizontal bands 

Clear Hyperintense, 

isointense to 

cerebrospinal fluid 

Normal 

3 Inhomogeneous, gray Unclear Intermediate Normal to slightly 

decreased 

4 Inhomogeneous, gray to 

black 

Lost Intermediate to 

hypointense 

Normal to 

moderately decreased 

5 Inhomogeneous, black Lost Hypointense Collapsed disc space 
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Spine OA is one of the major causes of pain at the low back and the neck. In particular, LBP 

has been recognised as the most common musculoskeletal condition affecting about two thirds 

of adults during their lifetime [134]. However, approximately 85% of LBP does not have a 

clear pathoanatomical diagnosis and is defined as non-specific LBP [134]. Clinical LBP can 

be classified into acute or chronic pain by a cut-off point of 3 or 6 months of duration. Chronic 

LBP includes nociceptive and neuropathic components, and it is important to distinguish one 

from another since they may require different treatment strategies. The painDETECT 

questionnaire is a convenient screening tool to determine neuropathic pain [135], which 

correlates with more intense pain and poorer response to standard treatments than non-

neuropathic pain [136]. In epidemiological studies, the intensity and variation of LBP are 

usually evaluated using a VAS or the Low Back Pain Rating Scale (LBPRS) [137]. In clinical 

trials, the Numeric Rating Scale (NRS) is recommended for evaluating pain intensity [138]. 

Moreover, functional disability due to LBP is frequently evaluated using the Roland-Morris 

Disability Questionnaire (RMDQ) [139], the Oswestry Disability Index (ODI) [140] and 

Quebec back pain Disability scale (QDS) [141]. 

 

1.1.7 Treatment and management 

Despite the high prevalence and incidence of OA in the aging population worldwide, treatment 

options for OA are very limited. In the lack of disease-modifying treatments for OA, current 

treatment strategies aim to delay joint replacement surgeries by improving joint pain and 

stiffness, and optimising functional capacity and quality of life. Based on existing evidence 

from epidemiological and clinical studies, several treatment guidelines have been proposed for 

OA. These guidelines recommend a multidisciplinary strategy, which includes exercise, weight 

control, self-management and education programs, pharmacological and non-pharmacological 

treatments and surgical interventions.  

 

 Knee osteoarthritis 

Non-pharmacological interventions, such as physical activity, exercise, weight control and 

strength training, are the main parts for the management of knee OA. In a recent systematic 

umbrella review, light-to-modest physical activity is beneficial for joint symptoms and quality 
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of life in patients with lower-limb OA [142]. A large population-based study also reported that 

supervised exercise therapy and an educational program had a long-term beneficial effect on 

knee pain [143]. Moreover, a meta-analysis of 42 randomised controlled trials (RCTs) 

confirmed the effectiveness and clinical benefits of exercise on knee pain [144]. Weight control 

is another key strategy of self-management for improving knee symptoms. In overweight and 

obese patients with knee OA, losing at least 10% of body weight can lead to significant 

improvement in knee pain, disability and quality of life [145]. Importantly, the feasibility of 

weight loss in knee OA has been verified in a clinical trial [146]. A systematic review and 

meta-analysis indicated a moderate effect of strength training on knee pain and physical 

function [147]. These non-pharmacological interventions are suitable for all knee OA patients 

regardless of co-morbidities [148] and therefore have been recommended by the guidelines 

proposed by the ACR [149], OARSI [148, 150], the American Academy of Orthopaedic 

Surgeons (AAOS) [151], the Royal Australian College of General Practitioners (RACGP) 

[152], and the European League Against Rheumatism (EULAR) [153, 154]. Walking aids such 

as cane use is recommended or conditionally recommended in the current guidelines [148-150, 

152, 153], although only a small, single-blinded RCT indicated that cane use improved pain, 

function and quality of life in patients with knee OA [155]. In addition, cane use may be 

harmful for OA at other joints (e.g. contralateral hand and hip joints) by increasing weight-

bearing load on these sites. Other non-pharmacological interventions, including biomechanical 

interventions (e.g. knee braces, foot orthoses), acupuncture, electrotherapeutic modalities and 

manual therapy, are conditionally recommended or not recommended, as there is no definite 

evidence showing their effectiveness.  

The recommended pharmacological treatments mainly include oral and topical non-selective 

non-steroid anti-inflammatory drugs (NSAIDs), cyclooxygenase 2 (COX-2) selective 

inhibitors and acetaminophen (paracetamol). Among them, only topical NSAIDs are 

recommended for knee OA patients with co-morbidities considering the side effects other anti-

inflammatory drugs [148, 156, 157]. The RACGP conditionally recommends the use of both 

oral and topical NSAIDs and paracetamol and indicates that these medications should start with 

the lowest effective dose for a short period [152]. Intraarticular corticosteroid injection is 

commonly used for relieving knee pain and is recommended or conditionally recommended by 

some guidelines [148-150, 152] but not the guideline by the AAOS [151]. In a recent RCT, 

McAlindon et al. indicated that intraarticular corticosteroid injections every 12 weeks for 2 

years had no effect on knee pain and resulted in greater cartilage loss compared to placebo over 
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2 years [158]. This was supported by a subsequent population-based study from the 

Osteoarthritis Initiative (OAI), in which the authors found that intraarticular corticosteroid 

injection, especially continuous injections, may be associated with an increased risk of 

structural progression of knee OA [159]. These findings may influence future guidelines on the 

use of intraarticular corticosteroids. Duloxetine as an antidepressant medication has been found 

to be effective and tolerable for chronic pain associated with OA [160, 161], and it has been 

conditionally recommended by recent guidelines for patients with widespread or depressive 

symptoms [149, 150, 152]. Opioids (e.g. tramadol, codeine and morphine) are strong analgesics 

and have been increasingly used to relieve joint pain especially when other treatments are 

exhausted and ineffective. Cochrane systematic reviews demonstrated a small to moderate 

effect of opioids on joint pain, but opioid-related adverse events and serious adverse events 

were three-to-four times higher than placebo [162, 163]. The ACR conditionally recommends 

the use of opioids for relieving knee pain [149]. Glucosamine and chondroitin are widely used 

in patients with OA, but there is no solid evidence to demonstrate their effects on knee OA 

[148]. Currently, neither glucosamine nor chondroitin is recommended for pain relief or disease 

modification of knee OA [148, 149, 151, 152]. Commonly used supplements such as vitamin 

D, fish oil and krill oil have not been mentioned in most of these guidelines and are not 

recommended in the RAGCP guidelines [152]. Two large RCTs consistently indicated that 

vitamin D supplement has no effect on either pain or disease progression of knee OA [122, 

164]. Well-designed RCTs are needed to evaluate whether fish oil and krill oil are beneficial 

for OA treatment [165]. A 6-month multi-centre RCT evaluating the treatment effect of krill 

oil supplements in patients with symptomatic OA and effusion-synovitis is underway [166]. 

Bone-targeted therapies may be a treatment option for knee pain but evidence from RCTs are 

conflicting (section 1.3.3).  

Surgical interventions are invasive and carry risks from both the surgery and anaesthetic, 

therefore they should not be treated as an initial management for knee OA. Arthroscopic lavage 

and debridement are common surgical treatments aiming at washing out or cleaning out the 

contents (blood, synovial or loose material) inside a knee joint to reduce pain and improve 

physical function [167]. However, guidelines from the AAOS [151] and the RAGCP [152] are 

against use of these surgeries due to the lack of evidence supporting their effectiveness. 

Arthroscopic partial meniscectomy is aimed to remove some of a meniscus for pain relief. 

There is neither a recommendation for or against this surgery by the AAOS guidelines [151] 

and the RACGP guidelines strongly against recommend it [152] because of the inconclusive 



Chapter 1 – Introduction   16 

evidence, and a very recent study has shown that the proportion of older patients (≥ 60 years) 

undergoing total knee replacement within 1 year of arthroscopic partial meniscectomy 

increased by 141% between 1997 and 2016 [168, 169], indicating an urgent need to reduce 

inappropriate arthroscopic surgeries. Knee replacement surgery replaces a damaged knee joint 

with an artificial joint (prosthesis) and has been confirmed to be effective for both knee pain 

and physical function [170]. Knee replacement is now considered the only treatment option for 

end-stage OA [110]. 

  

 Spine osteoarthritis 

Spine OA is primarily characterised by LBP. In the lack of approved conservative treatments 

for spine degeneration, relieving LBP is the main point of interest [126]. As shown in a recent 

review of the latest guidelines, the initial care should minimize any treatment given that LBP 

would improve in many patients over time [171]. Moreover, non-pharmacological treatments 

are recommended over pharmacological treatments, and the later may be considered only if 

non-pharmacological options are unsuccessful [172, 173]. Among non-pharmacological 

therapies, exercise, cognitive behaviour therapy and psychosocial therapies continue to be the 

mainstays for alleviating LBP. A recent meta-analysis of cohort studies suggested that aerobic 

exercise can reduce chronic LBP and improve physical function [174]. A joint clinical practice 

guideline from the American College of Physicians and the American Pain Society (ACP/APS) 

strongly recommends that patients with either acute or chronic LBP should remain active, avoid 

bed rest and stay at work or return as soon as possible, and that clinicians should provide their 

patients evidence-based information about self-care options and review patients’ progress 

within 2 weeks [175]. Manual therapies such as spinal manipulation and massage in 

combination with exercise are recommended for a long-term improvement in pain and 

functional disability [176]. Acupuncture has a small effect on pain and is only supported by the 

ACP guideline [172]. Electrotherapy, traction and orthoses are not recommended [171]. 

Pharmacological treatments are second-line therapies that should start with the lowest effective 

dose for the shortest period of time [171]. Regular follow-up is needed to determine whether 

the treatments should be continued or ceased. While NSAIDs are recommended in most 

guidelines for both acute and chronic LBP, paracetamol is no longer recommended since it 

only has a weak or no effect on either acute or chronic LBP [177]. Opioids are recommended 
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for treatment of LBP, particularly acute LBP, in most guidelines [178] but not the National 

Institute for Health and Care Excellence (NICE) guideline [176]. Nonetheless, there is a 

consensus that long-term use of opioids should be avoided. Epidural corticosteroid injection is 

only recommended for acute and severe sciatica (radicular pain) but not non-specific LBP 

[176]. Radiofrequency denervation is conditionally supported by some guidelines [178], 

although a large multicentre RCT showed no effect of radiofrequency denervation on chronic 

LBP [179]. Only a few studies have evaluated the effect of anti-resorptive treatments in patients 

with non-specific LBP, which are summarised in Section 1.3.3. 

Surgical interventions for non-specific LBP mainly include spinal fusion and disc replacement. 

Spinal fusion eliminates motion between vertebrae, and disc replacement surgery replaces 

worn or damaged disc with artificial disc. However, there is insufficient evidence to suggest a 

greater effect of these surgeries than conservative treatments [180], yet the risks of surgery 

remain. None of the recent guidelines recommends surgical treatments for non-specific LBP, 

except as part of an RCT [171]. 

 Summary 

Improving clinical symptoms and physical function is a major aim for the management of OA. 

Non-pharmacological treatments, such as weight loss and exercise, play a key role as suggested 

in the latest treatment guidelines. However, the implementation and maintenance of these self-

management strategies is challenging, especially for disabled patients and those with painful 

joints. Pharmacological treatments remain an important component for relieving OA symptoms, 

but they only have small to moderate effects and frequently cause adverse events. More 

importantly, there are currently no approved treatment that slow or inhibit structural 

progression of OA. Thus, there is a great need to explore more efficacious and safe treatments 

targeting both joint symptoms and structural progression of OA. 

 

1.2 Vascular calcification 

Vascular calcification is characterised by progressive pathological deposition of calcium 

mineral at the medial or intimal layer of the arterial wall [181]. Calcification of the major 

arteries reduces arterial elastance, impairs cardiovascular hemodynamics and therefore leads 

to a series of cardiovascular diseases such as atherosclerosis, hypertension, myocardial and 
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congestive heart failure [182]. As a pre-clinical marker of atherosclerosis and cardiovascular 

disease [183], the molecular basis of vascular calcification remains unclear. Abnormal bone 

and mineral metabolism may play an important role in the process of vascular calcification. 

For this reason, the treatment potential of bone-targeted therapies for vascular calcification has 

attracted attention. 

 

1.2.1 Epidemiology 

Vascular calcification occurs in the coronary, aortic and peripheral arteries [184]. In a meta-

analysis of 30 population-based studies, the prevalence of vascular calcification varies from 

2.3% to 88.9% according to the site assessed and the population studied [185]. Calcification is 

more prevalent in the coronary and abdominal arteries in older adults [185]. Vascular 

calcification independently predicts all-cause mortality and cardiovascular events in 

populations at low to high risks of cardiovascular disease [185-187]. In particular, the presence 

of calcification in any artery wall is associated with a 3-4-fold higher risk of mortality and 

cardiovascular events [185]. More importantly, vascular calcification predicts cardiovascular 

disease and cardiovascular events even in people with a low risk of cardiovascular disease 

[188], suggesting a causal role of vascular calcification. Cardiovascular disease is a major cause 

of death in the world accounting for 11.8% of DALYs globally in 2010 [189]. In Australia, 

cardiovascular disease contributed to 27% of all deaths [190] and 15% of the total burden of 

disease [191]. Therefore, prevention and treatment of vascular calcification is important for the 

management of cardiovascular disease [192]. 

 

1.2.2 Risk factors 

Vascular calcification is a complicated process that involves many factors. Both traditional 

Framingham risk factors (e.g. age, sex, BMI, smoking, diabetes and dyslipidemia) and non-

traditional risk factors (e.g. inflammation, oxidative stress and abnormal bone mineral 

metabolism) play important roles in the initiation and progression of vascular calcification 

[193]. 
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Age, sex, BMI and smoking are strongly associated with the risk of vascular calcification in 

different populations [194-196]. In a large community-based cohort of older adults with no 

evidence of clinical cardiovascular disease [194], the incidence of coronary artery calcification 

was 39% higher with each additional 10 years of age, 43% higher in men than women, 3% 

higher per 1 unit increase in BMI and 22% to 29% higher in former and current smokers over 

2.4 years of follow-up. Moreover, white race appears to be related to a higher risk of incident 

coronary artery calcification [194]. 

Vascular calcification is highly prevalent in patients with type 2 diabetes, chronic kidney 

disease or dyslipidemia [193]. One potential reason may be that these co-morbidities accelerate 

the calcification process by affecting a number of bone matrix proteins such as osteopontin, 

type I collagen and alkaline phosphatase [197-199]. In addition, calcification of vascular 

smooth muscle cells (VSMCs), an important contributor of vascular calcification, can be 

induced by high glucose levels and lipid peroxidation [200, 201].  

Inflammation is a non-traditional risk factor for vascular calcification in the normal population 

and in those with chronic kidney disease [202]. Inflammatory cytokines enhance the 

progression of vascular calcification by influencing the differentiation of VSMCs and the 

deposition of crystals [203]. Moreover, there is evidence suggesting that oxidative stress 

induces vascular calcification, and this may be driven by the role of oxidative stress in the 

expression of Runt-related transcription factor 2 (RUNX2), the activation of alkaline 

phosphatase, and the calcification of VSMCs [204]. 

 

1.2.3 The role of bone metabolism 

Vascular calcification has been found to co-exist with low bone density and osteoporosis in 

large epidemiological studies, frequently age independent [205-207]. The Framingham study 

demonstrated a dose-response relationship between increased bone loss and the progression of 

abdominal aortic calcification [208], suggesting a critical role of bone metabolism in vascular 

calcification [182, 209]. 

Vascular calcification is an active and regulated process that can be stimulated by excessive 

serum calcium and phosphate. Experimental studies have demonstrated that elevated serum 

calcium and phosphate promote vascular calcification by initiating matrix vesicle calcification 
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of VSMCs [210-212]. Vascular calcification shares many components with bone formation, a 

highly regulated process where osteoblasts play a key role [213]. In the vasculature, elevated 

serum levels of phosphate and Ca × P products may promote the differentiation of VSMCs to 

osteoblast-like cells, which regulate mineralisation, incorporate calcium and phosphorus into 

hydroxyapatite crystals, and lead to the deposits of microcalcification within the arterial wall 

[214-217]. Furthermore, bone matrix proteins and regulatory factors such as bone 

morphogenetic proteins and osteopontin have also been found in calcified vessels [218, 219], 

supporting that vascular calcification is a regulated process. 

Previous studies suggest that regulators of serum calcium and phosphate, such as vitamin D 

and parathyroid hormone (PTH), contribute to the process of vascular calcification. 

Specifically, both high and low vitamin D levels and high PTH levels have been found to be 

associated with extensive calcification compared to normal levels [220, 221]. In addition, 

serum magnesium may play a role in vascular calcification by regulating the expression of 

calcification inhibitors and promoters [222]. Animal studies show that increased serum 

magnesium levels prevents or reduces the progression of vascular calcification [223, 224]. 

The imbalance of bone resorption and formation may act as a trigger in the pathogenesis of 

vascular calcification [225]. It has been found that loss of bone resorption inhibitors, such as 

inorganic pyrophosphate (PPi) [226] and osteoprotegerin (OPG) [227], contributes to vascular 

calcification. Moreover, the progression of vascular calcification can be attenuated by 

inhibitors of bone resorption in animal studies [228-230]. Thus, a potential relationship 

between high bone resorption and vascular calcification can be postulated, and therefore anti-

resorptive therapies may have a treatment effect in vascular calcification. 

 

1.2.4 Diagnosis and measurement 

There are plenty of tools that have been used for the diagnosis and measurement of vascular 

calcification. Histologic evidence [231] and vascular ultrasonography [232] are two reliable 

methods for diagnosing vascular calcification pathology. However, both are qualitative 

measures and not suitable for tracking the progression of vascular calcification.  

Direct and quantitative measures of vascular calcification are more frequently used in 

epidemiological studies and clinical trials. Multislice computed tomography and electron beam 
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computed tomography are widely used for quantitative measures of vascular calcification, 

particularly at the coronary artery. These methods are now considered the gold-standard and 

have been applied along with a scoring system developed by Agatston et al. [233, 234]. 

However, computed tomography is relatively expensive and time-consuming. In contrast, plain 

radiographs are cheaper, more convenient and easily accessible. Vascular calcification 

measured using plain radiographs is strongly correlated with computed tomographic measures 

[235], and the diagnostic values of both radiographic absorptiometry and digital radiographs 

have been confirmed previously [236, 237].  

 

1.2.5 Treatment and management 

Vascular calcification is a key predictor of cardiovascular morbidity and mortality, highlighting 

the importance of treatment and prevention. Yet, no proven therapies exist in clinical practice. 

Prevention and treatment of co-morbidities such as diabetes and chronic kidney disease are 

considered important given that these diseases may accelerate the progression of vascular 

calcification [198, 238]. Control and balance of serum calcium and phosphate may be 

beneficial for vascular calcification, particularly in patients with chronic kidney disease [215]. 

Data from clinical trials have shown a protective effect on vascular calcification by 

simultaneously regulating serum calcium and phosphate. A meta-analysis of 23 RCTs 

suggested that the progression of coronary and aortic calcification was significantly inhibited 

by the treatment of calcium-free phosphate binder sevelamer compared to calcium-based 

binders in haemodialysis patients [239]. The 2017 Kidney Disease: Improving Global 

Outcomes (KDIGO) Clinical Practice Guideline suggested maintaining appropriate serum 

levels of calcium, phosphate, alkaline phosphatase, PTH and vitamin D in patients with chronic 

kidney disease and mineral and bone disorder [240].  

Several attempts have been made to investigate new treatments for vascular calcification. In a 

3-year RCT of 388 older adults, 0.5mg/day of phylloquinone supplementation (vitamin K) 

inhibited the progression of pre-existing calcification by 6%, although intention-to-treat 

analysis found no significant beneficial effect on the absolute change in coronary artery 

calcification score [241]. Two small RCTs indicated that magnesium supplementation may be 

beneficial for carotid intima-media thickness in haemodialysis patients [242, 243], and a large 

ongoing RCT will evaluate the effect of oral magnesium on vascular calcification [244]. 
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Antiresorptive treatments reduce vascular calcification in animal models [228-230]. In humans, 

clinical trials of antiresorptive treatments, however, have reported inconsistent results 

concerning the progression of calcification (Section 1.3.3). 

 

1.3 Bone-targeted therapies 

Bone-targeted therapies inhibit bone resorption and turnover. In clinical practice, 

bisphosphonates and denosumab are two principal bone-targeted therapies that have been 

recommended as first-line treatments for bone diseases such as osteoporosis and bone 

metastases. Accumulating evidence suggests that these treatments may play a role in other 

diseases that relate to abnormal bone metabolism, including OA and vascular calcification. 

This section gives an overview of the pharmacological mechanisms, clinical applications and 

adverse events of bisphosphonates and denosumab. 

 

1.3.1 Bisphosphonates 

Bisphosphonates (diphosphonates) were first synthesised in the 1800s [245]. Biological effects 

of bisphosphonates on crystal dissolution and bone resorption were formally introduced in 

1969s [246, 247]. Bisphosphonates are generally classified into two groups according to their 

chemical structure and molecular mechanism. Figure 1.6 shows the chemical structures of 

different bisphosphonates. The first-generation bisphosphonates are non-nitrogen-containing 

bisphosphonates such as etidronate and clodronate. These early and simple bisphosphonates 

are stable analogues of inorganic pyrophosphate (PPi) that incorporate into nonhydrolyzable 

analogues of adenosine triphosphate (ATP). Intracellular accumulation of these ATP analogues 

inhibits multiple ATP-dependent cellular processes and causes osteoclast apoptosis [248]. 

However, the effective doses of non-nitrogen-containing bisphosphonates for inhibiting bone 

mineralisation and bone resorption are very close to each other [249]. Therefore, regular use of 

non-nitrogen-containing bisphosphonates for inhibiting high bone resorption may also reduce 

bone mineralisation and cause impaired bone mineralisation (osteomalacia) [250]. Second- and 

third-generation bisphosphonates (e.g. pamidronate, alendronate, ibandronate, risedronate and 

zoledronate) have solved this problem. These new-generation bisphosphonates contain a 

nitrogen atom in R2 side chains or within heterocyclic rings and are therefore named nitrogen-
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containing bisphosphonates. Unlike the first-generation bisphosphonates, nitrogen-containing 

bisphosphonates inhibit the activity of enzymes in the mevalonate pathway, primarily farnesyl 

pyrophosphate synthase (FPPS) in osteoclasts [248]. FPPS plays an essential role in osteoclast 

function by generating isoprenoid lipids and preventing the post-translational prenylation of 

small Guanosine-5'-triphosphate (GTP)-binding proteins. The inhibition and disruption of 

these key proteins leads to loss of osteoclast activity and inducts apoptosis [248].  

While both types of bisphosphonates have high affinity for bone mineral, nitrogen-containing 

bisphosphonates have a much stronger antiresorptive potency (i.e. 10 to 10000 times) 

compared to non-nitrogen-containing bisphosphonates [251]. In clinical practice, nitrogen-

containing bisphosphonates are now widely used as anti-resorptive treatments for bone 

diseases.

Figure 1.6: Chemical structures of bisphosphonates. 
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1.3.2 Denosumab 

Denosumab (also known as AMG 162) is a fully human monoclonal IgG2 antibody that has a 

different mechanism of action compared to bisphosphonates. Denosumab exerts its effect on 

bone resorption by inhibiting the receptor activator of nuclear factor-kappa B (RANK) ligand 

(RANKL). The RANKL pathway plays an important role in the regulation of bone resorption 

[252-254]. RANKL simulates and enhances the differentiation, functioning and survival of 

osteoclasts by binding to and activating its receptor RANK. The combination of RANKL and 

RANK can be inhibited by OPG, a natural decoy receptor of RANKL. OPG competitively 

binds to RANKL on the osteoclast membrane and thus decreases osteoclast formation and 

promotes osteoclast apoptosis [255]. Denosumab functions like endogenous OPG that binds 

RANKL and reduces bone resorption and bone loss [256].  

 

1.3.3 Clinical applications 

The most common application of bone-targeted therapies is to treat and prevent bone loss due 

to osteoporosis and bone metastases. Large clinical trials have demonstrated the effectiveness 

of bisphosphonates and denosumab for increasing BMD and preventing fractures. In 

postmenopausal women with osteoporosis, once-yearly infusion of zoledronic acid 

significantly increased BMD and reduced the risk of fractures by 25% to 70% over 3 years 

[257]. Similar results were observed in a 6-year RCT conducted in postmenopausal women 

with osteopenia [258]. The effect of subcutaneous injections of denosumab on bone loss and 

fracture was also demonstrated in a 3-year trial [259]. In a summary of treatment guidelines, 

both bisphosphonates and denosumab have been listed as first-line treatments for osteoporosis 

[260]. For patients with advanced cancer and bone metastases, bisphosphonates and 

denosumab have been approved by the European Society for Medical Oncology (ESMO) 

guidelines for preventing and reducing skeletal-related events, such as fracture, spinal cord 

compression and hypercalcemia [261]. Moreover, a Cochrane systematic review of RCTs has 

reported that bisphosphonates relief pain in patients with bone metastases [28], and this may 

be due to that bisphosphonates inhibit inflammatory pain caused by osteoclasts [262]. 

Apart from the effect of bone-targeted therapies on bone loss, other beneficial effects have been 

found. Chondroprotective effects of bisphosphonates have been demonstrated in vitro and in 

animal studies [109, 263], but results from clinical trials in OA patients are inconsistent. Six 
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RCTs in humans evaluated the effect of bisphosphonates, predominantly nitrogen-containing 

bisphosphonates, on knee symptoms or radiographic progression of knee OA (Table 1.3) [264-

269]. In a recent meta-analysis of RCTs, bisphosphonates were not effective on joint pain and 

radiographic progression of knee OA but may be beneficial in patients with a high subchondral 

bone turnover [270]. However, only two studies evaluated the effect of bisphosphonates on 

structural progression of knee OA [264, 265] as assessed by change in radiographic joint space 

width (JSW), a surrogate measure of cartilage volume. Both studies failed to demonstrate the 

effect of bisphosphonates on radiographic JSW but found a reduction in a marker of cartilage 

degradation (C-terminal crosslinking telopeptide of type II collagen [CTX-II]) in 

bisphosphonate-treated group [264, 265]. This discrepancy may be due to that radiographic 

JSW is not sensitive to change in cartilage volume [271]. In patients with knee OA and a marker 

of high subchondral bone turnover (BMLs) [267, 269], bisphosphonates decreased both knee 

pain and BML size. This suggests a potential effect of bisphosphonates on cartilage loss since 

many observational studies have demonstrated that both presence and size of BMLs predicted 

cartilage loss [94, 272, 273].  

In patients with spine OA, secondary analysis of RCT data has shown that alendronate 

significantly decreased the progression of disc space narrowing and spinal osteophytes, 

compared to placebo [274]. Two small RCTs have reported that both zoledronic acid and 

pamidronate improved chronic LBP compared to placebo over 1 and 6 months, respectively 

[275, 276]. In addition, zoledronic acid tended to speed up the conversion of type 1 to type 2 

Modic change and showed a non-significant trend to decrease the volume of type 1 Modic 

change over 1 year in patients with chronic LBP and Modic changes [277]. The role of 

denosumab on OA has not been evaluated in clinical trials, but there are studies showing an 

effect of denosumab on structural damage of rheumatoid arthritis [278] and BMLs at the lower 

limb [279]. Thus, well-designed large clinical trials are warranted to evaluate the disease-

modifying effect of bone-targeted therapies in patients with knee or spine OA. 
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Table 1.3: A summary of clinical trials evaluating the effect of bisphosphonates on osteoarthritis. 
Sample size  Population Treatment Main outcomes Follow-up Main findings 

Spector et al.  
2005 [264] 284 Knee osteoarthritis, mean 

63 years, 60% female 
Oral risedronate 5 or 15 
mg/day for 1 year 

Change in joint space 
width using x-ray, marker 
of cartilage degradation 
and knee symptoms 

12 months 

Improved marker of cartilage 
degradation and showed a trend 
to improve knee symptoms and 
joint space narrowing 

Bingham et al. 
2006 [265] 2483 Knee osteoarthritis, mean 

61 years, 61% female 

Oral risedronate 5 or 15 
mg/day, or 35 or 
50mg/week for 2 years 

Change in joint space 
width using x-ray, marker 
of cartilage degradation 
and knee symptoms 

24 months 

Improved marker of cartilage 
degradation but not knee 
symptoms or joint space 
narrowing 

Jokar et al.  
2010 [266] 39 Knee osteoarthritis, mean 

63 years, 60% female 
Oral alendronate 70 
mg/week for 24 weeks 

Change in knee 
symptoms 6 months No effect 

Laslett et al.  
2012 [267] 59 

Knee osteoarthritis with 
BML, mean 62 years, 58% 
female 

One-off intravenous 
infusion of 5 mg 
zoledronic acid 

Change in bone marrow 
lesion size and knee 
symptoms 

12 months 
Decreased bone marrow lesion 
size and improved knee 
symptoms 

Rossini et al.  
2015 [268] 80 Knee osteoarthritis, mean 

66 years, 84% female 

Intra-articular injection 
of clodronate 2 
mg/week for 4 weeks 

Change in knee 
symptoms 3 months No effect 

Varenna et al. 
2015 [269] 64 

Knee osteoarthritis with 
acute pain and BML, mean 
62 years, 58% female 

Intravenous infusion of 
neridronate 100 mg 
every third day for 4 
times 

Change in knee pain and 
bone marrow lesion score 2 months Decreased knee pain and bone 

marrow lesion score 

Koivisto et al. 
2014 [276] and 
2017 [277] 

40 
Low back pain with Modic 
lesion, mean 50 years, 65% 
female  

One-off infusion of 5 
mg zoledronic acid 

Change in Modic lesion 
size and low back pain 12 months 

Showed a trend to decrease 
Modic lesion size and low back 
pain 

Pappagallo et 
al. 2014 [275] 44 

Spine osteoarthritis and 
chronic low back pain, age 
42 to 60 years, 45% female 

Intravenous infusion of 
pamidronate 30 to 180 
mg/month for 6 months 

Change in low back pain 
and function 6 months Pamidronate 180 mg/month 

decreased pain intensity 
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Nine clinical trials have assessed the effects of bisphosphonates or denosumab on vascular 

calcification in patients with chronic kidney disease, osteoporosis, haemodialysis or kidney 

transplant [280-288]. The results are inconsistent. This may be due to the great heterogeneity 

in terms of sample size, study population, type of bisphosphonates and time of follow-up 

among these trials (Table 1.4). The findings of these trials seem to suggest that only non-

nitrogen containing bisphosphonates, rather than nitrogen-containing bisphosphonates, 

inhibited the progression of vascular calcification. Nonetheless, a small open-labelled 

intervention study reported that risedronate (a common nitrogen-containing bisphosphonate) 

plus alfacalcidol significantly reduced abdominal aortic calcification (AAC) in patients with 

type 2 diabetes and newly diagnosed osteoporosis, compared to a control group consisted of 

age and weight-matched diabetic patients without osteoporosis throughout the study [289]. 

Alternatively, the discrepancy may be due to the overall small sample size, although two large 

trials suggested that neither ibandronate nor denosumab reduced the progression of vascular 

calcification in patients with postmenopausal osteoporosis over 3 years follow-up [284, 288]. 

As the most potent bisphosphonate [290], zoledronic acid has been found to reduce the risk of 

cardiovascular events and mortality in people [291-293] and inhibit the progression of vascular 

calcification in an animal model [294], but no clinical trials have investigated whether the 

cardioprotective effect is due to its potential role in vascular calcification. 
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Table 1.4: A summary of clinical trials evaluating the effect of bisphosphonates or denosumab on vascular calcification. 
 Sample size  Population Treatment Main outcomes Follow-up Main findings 

Hashiba et al. 
2004 [280] 

18 Hemodialysis, mean 64 
years, 11% female 

Oral etidronate 
200 mg/day, 3 times/week 

Aortic calcification 12 months Inhibited aortic 
calcification 

Nitta et al.  
2004 [281] 

35 Hemodialysis, mean 63 
years, 17% female 

Oral etidronate 200 mg/day 
for 14 days, repeat 3 times 
every 90 days 

Coronary artery 
calcification 

6 to 7 
months 

Inhibited coronary 
artery calcification 

Ariyoshi et al. 
2006 [282] 

14 Hemodialysis, mean 65 
years, 17% female 

Oral etidronate 
400 mg/day for 24 weeks 

Coronary artery and 
aortic calcification 

12 months  Reduced calcification 
at the aortic but not 
coronary artery 

Hashiba et al. 
2006 [283] 

21 Hemodialysis, mean 65 
years, 19% female 

Etidronate 
orally 200 mg/day for 23 
months 

Aortic calcification 23 months Inhibited aortic 
calcification 

Tanko et al. 
2005 [284] 

474 Osteoporosis, age 55 to 80 
years, all postmenopausal 
women 

Intravenous ibandronate 0.5-
1.0 mg every 3 months; or 
orally 2.5 mg daily or 20 mg 
every second day for 24 days 
in every 3 months 

Aortic calcification 36 months  No effect 

Torregrosa et 
al. 2010 [285] 

101 Renal transplant recipients, 
mean 49 years, 26% female 

Risedronate  
orally 35 mg weekly 

Peripheral artery 
calcification 

12 months No effect 

Toussaint et 
al. 2010 [286] 

51 Chronic kidney disease, 
mean 63 years, 29% female 

Alendronate 
orally 70 mg weekly 

Aortic and femoral 
artery calcification 

18 months No effect 

Okamoto et 
al. 2014 [287] 

12 Renal transplant recipients, 
mean 53 years, 33% female 

Alendronate 
orally 35 mg weekly 

Abdominal aortic 
calcification 

24 months No effect 

Samelson et 
al. 2014 [288] 

1625 Osteoporosis, mean 74 year, 
all postmenopausal women 

Denosumab subcutaneously 
60 mg every 6 months 

Aortic calcification 36 months No effect 
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1.3.4 Adverse events 

Despite the wide application of bisphosphonates and denosumab, some important short- and 

long-term adverse events should be noted. These adverse events may have limited the clinical 

applications of bisphosphonates and denosumab, but the underlying mechanisms are largely 

unknown. 

Acute phase reactions/responses (APRs), such as fever, fatigue, musculoskeletal pain, uveitis 

and gastrointestinal symptoms, have been recognised as the most common adverse events after 

the administration of bisphosphonates, particularly intravenous bisphosphonates [295]. These 

APRs are mostly mild or moderate symptoms that occur and resolve within 3 days post-dose, 

and the incidence is the highest after the initial dose and will decrease after subsequent 

administrations [295]. These APRs may be due to the proliferation and activation of γδ-T-cells 

and the upregulation of pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF-

α) and interleukin-6 (IL-6) [296]. In contrast, the prevalence of APRs is much lower with 

denosumab [297]. Data from clinical trials have shown that co-administration of anti-

inflammatory treatments including paracetamol, acetaminophen, ibuprofen and loxoprofen 

reduced APRs [298, 299]. Similar findings were observed in a small single-blinded plot study 

suggesting that adding methylprednisolone to zoledronic acid significantly reduced the 

incidence of APRs [300]. Moreover, in vitro study showed that co-intervention of statins may 

prevent the ARPs by overcoming the proliferation and activation of γδ-T-cells through 

inhibiting HMG-CoA reductase [301], but this was not confirmed in a subsequent clinical trial 

[302]. 

Bone-targeted therapies inhibit bone resorption and reduce serum levels of calcium. This effect 

has been applied for the treatment of hypercalcemia of malignancy [303, 304] but may lead to 

transient hypocalcaemia, which is one of the most important adverse events after the 

administration of denosumab and intravenous bisphosphonates [305, 306]. Such 

hypocalcaemia is frequently seen in patients with hypoparathyroidism, impaired renal function, 

insufficient calcium intake and vitamin D deficiency [307]. In clinical application of these 

treatments, adequate serum levels and prophylactic supplementation of calcium and vitamin D 

are recommended [308, 309]. Another widely reported adverse event is osteonecrosis of the 

jaw after the administration of intravenous bisphosphonates [310] and denosumab [311], 

although a causal relationship is lacking. Caution should be given when administrating these 

bone-targeted therapies to patients with pool dental health [307]. In addition, case reports 
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described an increased risk of oesophageal cancer after oral bisphosphonates and suggested 

that oral bisphosphonates should not be prescribed to patients with Barrett’s oesophagus, a 

precursor of oesophageal adenocarcinoma [312]. A recent meta-analysis showed that 

denosumab, in an osteoporosis dose, may increase the risk of infections by approximately 21%, 

although the overall risk of infection-related mortality is similar to other treatments or placebo 

[313]. 

While bisphosphonates are used to reduce the risk of fracture, long-term use of 

bisphosphonates have been found to be associated with an increased risk of atypical femoral 

fractures (or bisphosphonate-related proximal femoral fractures) [314], particularly in older, 

post-menopausal women [315]. These insufficiency fractures occur in the femur shaft at a 

single side or at both sides. The reasons for the increased atypical femoral fractures are unclear. 

A potential explanation may be that prolonged bisphosphonates suppress bone remodelling and 

inhibit the repairment of microdamage, thus lead to skeletal fragility [316]. Despite this, the 

overall risk of femoral fractures is lower in women who take bisphosphonates [317].  

 

1.4 Summary 

The prevalence of OA and vascular calcification continues to increase with age, inflicting a 

major social and economic burden worldwide. There are currently no approved drugs that slow 

disease progression of either OA or vascular calcification. Therefore, discovering new 

treatments for these serious diseases are critically important. Bone-targeted therapies including 

bisphosphonates and denosumab are potential candidates for inhibiting progression of both OA 

and vascular calcification, but high quality RCTs are warranted to confirm their treatment 

effects. A further concern is that intravenous bisphosphonates frequently cause APRs that may 

limit their clinical application. The following chapters evaluate the effectiveness and safety of 

zoledronic acid and/or denosumab on structural progression and clinical symptoms of knee and 

spine OA and the progression of vascular calcification, using double-blinded, parallel-group 

RCTs; chapter 5 further assesses the effect of methylprednisolone for reducing APRs due to 

intravenous zoledronic acid. The research questions which directed this work are described in 

the following chapter.  
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This thesis evaluates the effect of bone-targeted therapies on osteoarthritis and vascular 

calcification. Based on previous studies [106, 109, 228-230], we hypothesise that bone-

targeted therapies would retard the progression of cartilage loss and vascular calcification by 

inhibiting bone resorption. 

 

The research questions of this thesis are summarised as follows: 

1. To determine the effect of intravenous zoledronic acid vs placebo on tibiofemoral 

cartilage volume loss, knee pain and bone marrow lesion (BML) size in patients with 

symptomatic knee OA and BMLs over 2 years. 

 

2. To compare the effect of zoledronic acid plus methylprednisolone (VOLT01) to 

zoledronic acid and placebo on acute phase responses, knee symptoms and BML size 

in patients with symptomatic knee OA and BMLs over 6 months. 

a) Does co-intervention of methylprednisolone reduce acute phase responses caused 

by zoledronic acid? 

b) Is VOLT01 non-inferior to zoledronic acid for improving knee symptoms and 

reducing BML size? 

c) Whether both VOLT01 and zoledronic acid are effective for improving knee 

symptoms and reducing BML size compared to placebo? 

 

3. To evaluate the effect of intravenous zoledronic acid and subcutaneous injection of 

denosumab vs placebo on low back pain (LBP) and the size of Modic change in patients 

with LBP and Modic change over 6 months. 

 

4. To evaluate the effect of intravenous zoledronic acid vs placebo on abdominal aortic 

calcification (AAC) in postmenopausal women with osteoporosis over 3 years. 

a) Does zoledronic acid prevent the onset of AAC compared to placebo? 

b) Does zoledronic acid inhibit the progression of existing AAC compared to 

placebo? 

c) Is inhibited bone loss correlated to change in the progression of AAC? 
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3.1 Prelude 

This thesis arose from analyses using the data from four randomised, double-blind, placebo-

controlled clinical trials.  

Chapter 4: the Zoledronic Acid for osteoarthritis knee Pain (ZAP2) trial.  

Chapter 5: an add-on study of ZAP2 – Methylprednisolone for Zoledronic Acid related Acute 

Phase Responses (VOLT01).  

Chapter 6: the Zoledronic Acid and Denosumab for Low Back Pain and Modic Change 

(MODIC) trial.  

Chapter 7: post-hoc analysis of the Health Outcomes and Reduced Incidence with Zoledronic 

Acid Once Yearly Pivotal Fracture Trial (HORIZON-PFT).  

This chapter outlines the study designs, measurements and analytic methods of these RCTs. 

Additional factors which are unique to each chapter are described in more detail within the 

methodology section of each of the subsequent chapters.  

It should be noted that the following chapters are presented in the form in which they were 

submitted to, or accepted by, peer-reviewed journals for publication. Thus, throughout these 

chapters there are some differences in the description of methods, analyses, results, and 

interpretations, due chiefly to requests from journal reviewers.  

 

3.2 Study Design of the Zoledronic Acid for osteoarthritis knee Pain (ZAP2) trial and 

the VOLT01 sub-study 

The ZA2 trial is a multicentre, randomised, double-blind, placebo-controlled trial over 24 

months to compare the effect of annual infusions of zoledronic acid to placebo on knee 

structural changes (assessed using MRI) and knee pain in patients with symptomatic knee OA 

and subchondral BMLs.  

During the ZAP2 trial, an industry funded sub-study (the VOLT01 trial) was added to the 

Hobart site. The VOLT01 sub-study is a single-centre (Hobart only), randomised, double-

blind, placebo-controlled trial over 6 months to evaluate whether adding 10 mg 
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methylprednisolone to zoledronic acid infusion (VOLT01) can reduce the rate of acute phase 

responses (APRs) caused by zoledronic acid, and whether VOLT01 was non-inferior to 

zoledronic acid alone for reducing BML size and knee pain and function scores.  

This section describes the design of the ZAP2 trial and its VOLT01 sub-study based on a 

published protocol paper [318]. 

 

3.2.1 Study population and design 

The ZAP2 study recruited participants with symptomatic knee OA and an MRI-detected bone 

marrow lesion at 4 sites in Australia (Hobart, Melbourne, Sydney, and Adelaide). This was 

conducted by using a combined strategy, including collaboration with general practitioners, 

specialist rheumatologists, and orthopaedic surgeons, as well as advertising through local 

media. The full inclusion and exclusion criteria for the ZAP2 study and the VOLT01 sub-study 

are listed below: 

3.2.1.1 Inclusion criteria 

1) Aged ≥ 50 years old 

2) Men and women with significant knee pain on most days in the last month (defined as a 0-

100 mm VAS ≥ 40 mm) 

3) Knee BML present on MRI 

4) Meet the ACR clinical criteria for knee OA [120] 

3.2.1.2 Exclusion criteria 

1) Prior use of bisphosphonates, except according to the washout schedule: 

2 years (if use >48 weeks), 1 year (if used >8 weeks but <48 weeks), 6 months (if used >2 

weeks but <8 weeks), 2 months (if used <2 weeks) or any IV bisphosphonate within the 

prior 2 years 

2) History of non-traumatic iritis or uveitis 

3) Abnormal blood tests [serum calcium >2.75 mmol/L (11.0 mg/dL) or <2.00 mmol/L (8.0 

mg/dL) or creatinine clearance < 35 ml/min] 
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4) Serum 25-hydroxyvitamin D concentrations <40 nmol/L. Patients with serum 25-

hydroxyvitamin D concentrations < 40 nmol/L will have the option to be prescribed vitamin 

D supplementation and can enter the trial once their serum 25-hydroxyvitamin D 

concentration level is ≥40 nmol/L 

5) Use of any investigational drug(s) and/or devices within 30 days or 5 half-lives (whichever 

is longer) of the drug prior to randomisation 

6) Prior diagnosis of cancer (metastatic cancer or cancer diagnosed < 2 years ago where 

treatment is still ongoing) 

7) Poor dental fitness: A dental exam with appropriate preventative dentistry was conducted 

prior to treatment with bisphosphonates in patients with concomitant risk factors (e.g. 

cancer, chemotherapy, corticosteroids, poor hygiene) 

8) Severe knee OA (JSN on X-ray of Grade 3 using the OARSI atlas [112]) 

9) Other forms of arthritis in which disease is active and concomitant medication is used (e.g., 

rheumatoid arthritis or other inflammatory arthritis) 

10) participants who have undergone arthroscopy or open surgery in the index knee in the last 

12 months 

11) Women who are pregnant or breast feeding 

12) participants who have had a corticosteroid injection in the last 3 months or a hyaluronic 

acid injection in the last 6 months in the index knee 

13) Planned joint replacement surgery 

14) Contraindication to MRI scanning (e.g., implanted pacemaker, metal sutures, presence of 

shrapnel or iron filings in the eye, claustrophobia, knee too large for coil) 

15) Inability to give informed consent 

A total of 408 participants were screened for the ZAP2 study and 172 for the VOLT01 sub-

study from November 2013 through September 2015. Flowcharts of the ZAP2 and VOLT01 

trials are shown in Figure 3.1 and Figure 3.2 respectively.
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Figure 3.1: Flowchart of the ZAP2 study. 

113 Randomized to receive zoledronic acid 

18 Discontinued study: 
      7 Knee surgery 
      4 Physically unwell b 
      4 Participant withdrawal 

                                    2 Worried about acute 
reactions 

      1 Relocated 

113 Included in primary analysis 
d
 

          88 Included in per-protocol analysis 
d
 

First infusion (baseline): 

114 Received zoledronic acid 
a
 

Second infusion (12 months): 

 88 Received zoledronic acid 
a 

8 Discontinued treatment c 
 

4 Discontinued study: 
    2 Participant withdrawal 
    1 Knee surgery 
    1 Relocated 
1 Lost to follow-up 

110 Randomized to receive placebo 

5 Discontinued study: 

    2 Physically unwell 
b
 

    2 Participant withdrawal 
    1 Knee surgery 
2 Lost to follow-up 

    110 Included in primary analysis 
d
 

 99 Included in per-protocol analysis 
d
 

408 Participants Screened 185 Excluded  
  45 Severe radiographic osteoarthritis  
  39 No bone marrow lesion 
  39 Withdrew before intervention 
  23 Poor dental fitness 
  13 Abnormal blood tests 
    9 Ineligible pain score 
    4 Prior use of bisphosphonates  
    4 Other forms of arthritis 
    3 Contraindication to MRI 
    2 Did not meet ACR criteria 
    1 Planned knee surgery 
    1 Prior diagnosis of cancer 
    1 Arthroscopy in the last year 
    1 Use of an investigational drug 

223 Randomized (1:1) 

First infusion (baseline): 

109 Received placebo 
a
 

Second infusion (12 months): 

            99 Received placebo 
a 

3 Discontinued treatment c 

2 Discontinued study: 
    1 Knee surgery 
    1 Unknown  
1 Lost to follow-up 



Chapter 3: Methodology  38 

a One participant allocated to the placebo group incorrectly received zoledronic acid at both 

baseline and 12 months.  

b Physically unwell indicates participants who had major surgery (e.g. heart surgery, hip 

replacement, back surgery) or wished to have an anti-resorptive treatment (denosumab).  

c Comprising participants who did not receive the second infusion but continued with the study 

visits and assessments. 

d For change in cartilage volume, 194 participants with data on both tibial and femoral cartilage 

volume at baseline were included in primary analysis (93 zoledronic acid; 101 placebo), and 

163 in per-protocol analysis (79 zoledronic acid; 84 placebo).



Chapter 3: Methodology  39 

 

 

 

3.2.2 Randomisation and blinding 

As initial randomisation schedule of the ZAP2 study, allocation of participants in a 1:1 ratio to 

either the active or placebo group was performed by research site based on computer generated 

random numbers using a central randomisation website hosted by the University of Tasmania. 

Block randomisation with a block size of 10 (5 in each arm) was used. Then the VOLT01 sub-

study was introduced to the Hobart site approximately half-way through the ZAP2 study. 

Therefore, the randomisation schedule at the Hobart site was changed accordingly. Participants 

Figure 3.2: Flowchart of the VOLT01 sub-study. 
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were randomised into one of three study arms (zoledronic acid plus methylprednisolone, 

zoledronic acid, or placebo) based on computer-generated random numbers using adaptive 

allocation [319]. In specific, the randomisation program examined the number of participants 

that were currently assigned to each of the three arms and then adjusted the randomisation 

thresholds so that the arm with the fewest participants would have a greater chance of being 

selected. 

Both participants and investigators assessing outcomes blinded to treatment allocation. 

Allocation concealment was confirmed by central randomisation that was independent of the 

investigators, and double blinding was ensured by 1) the use of identical IV infusions for each 

group; 2) objective measures of knee structural changes being made by trained observers 

blinded to group allocation; and 3) subjective measures being taken by research nurses blinded 

to group allocation. 

Emergency unblinding was allowed in limited situations that impact on the safety of study 

patients. Code-break for the full randomisation schedule was maintained by the University of 

Tasmania. Unblinded participants were withdrawn from treatment but were followed as per the 

planned follow-up schedule. 

 

3.2.3 Intervention 

All participants continued usual care by their treating health practitioners. Eligible participants 

received an annual identical intravenous infusion of either 100 ml of fluid containing 

zoledronic acid (5 mg/100 ml) or placebo (0.9% NaCl 100 ml), at baseline and 1 year later.  

For the VOLT01 sub-study, three treatments were administered by the following steps. First, 

an intravenous injection of either 10 ml saline (for the zoledronic acid and placebo groups) or 

10 mg methylprednisolone sodium succinate in 10 ml saline (for the VOLT01 group) was given 

manually through a peripheral venous catheter over 5 minutes. Second, a 10 ml saline flush 

following the first step was given to all participants. Third, an intravenous bag containing either 

5 mg/100 ml zoledronic acid /saline for the zoledronic acid group and the VOLT01 group or 

100 ml saline (for the placebo group) was attached to the catheter for an intravenous infusion. 
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3.2.4 Outcomes  

The primary outcome of the ZAP2 study was absolute change in tibiofemoral cartilage volume 

(mm3) over 24 months. Secondary outcomes were change in knee pain (assess using the 0-500 

mm WOMAC pain subscale [125] and a 0-100 mm VAS scale) over 3, 6, 12, 18 and 24 months 

and change in BML size (mm2) over 6 and 24 months. The ZAP2 study collected and assessed 

many other outcome measures, such as change in knee function, quality of life, pain at other 

sites, blood and urine samples and other MRI measures (e.g. cartilage defects, meniscal 

extrusion), for the VOLT01 sub-study and future studies.  

In the VOLT01 sub-study, the primary outcome was incidence of APRs over 3 days. Secondary 

outcomes were change in total knee BML size (mm2) over 6 months and change in knee pain 

(assessed using WOMAC pain subscale [125] and a 0-100 mm VAS scale) and disability 

(assessed using WOMAC function subscale [125]) over 3 and 6 months. Table 3.1 outlines the 

schedule of assessments.  

 

3.2.5 Ethical issues 

Ethics approval was obtained from the Tasmania Health and Medical Human Research Ethics 

Committee (H0012941), the Alfred Hospital Ethics Committee (03/13), Monash University 

Human Research Ethics Committee (CF14/1064-2014000452), Northern Sydney Coast 

Human Research Ethics Committee (HREC/13/HAWKE/80) and the Queen Elizabeth Hospital 

Human Research Ethics Committee (TQEH/LMH/MH) (HREC/13/TQEHLMH/134). All 

participants provided written informed consent. 
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Table 3.1: Schedule of assessments for the ZAP2 study. 

  Screening Baseline  
(Month 0) 

Day 3  
Post-Infusion Month 3 Month 6 Month 12 Day 3  

Post-Infusion Month 18 Month 24 

Informed consent x         

Clinical examination x         
Knee x-ray x         
Bloods x    x*     
Knee MRI  x    x    x 
Randomisation  x        
Clinic measures          
   Leg strength  x   x x   x 
   Height and weight  x   x    x 
   First void fasting urine  x*   x*     
   Infusion  x    x    
Questionnaire measures          
   Demographics (sex, date of birth) x         

   Knee VAS x x  x x x  x x 
   Knee WOMAC  x  x x x  x x 
   Medication use x   x x x  x x 
   Knee surgery x   x x x  x x 
   Knee joint injection     x x  x x 
   Safety (adverse events)  x x x x x x x x 
   Acute phase reactions   x    x   

   Hand VAS  x  x x x  x x 
   Back VAS  x  x x x  x x 
   AQoL-4D  x   x    x 
   Overall change in pain and function         x 
   Treatment guessing                 x 
*Only being performed at the Hobart, Melbourne and Sydney study sites. AQoL-4D: The Assessment of Quality of Life; MRI: magnetic resonance imaging;  
VAS: visual analogue scale; WOMAC: Western Ontario and McMasters Universities Osteoarthritis Index. 
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3.3 Study Design of Zoledronic Acid and Denosumab for Low Back Pain and Modic 

Change (MODIC) study 

Zoledronic Acid and Denosumab for Low Back Pain and Modic Change (MODIC) study is a 

single-centre, randomised, double-blind, placebo-controlled pilot trial to evaluate the effect of 

zoledronic acid and denosumab versus placebo on low back pain (LBP) and the size of Modic 

changes (assessed using MRI) in patients with LBP and type I, II or mixed Modic changes over 

6 months. 

 

3.3.1 Study population and design 

The Modic study recruited participants from the back-pain clinic at the Royal Hobart Hospital 

and through local advertising in Hobart, Tasmania. The full inclusion and exclusion criteria for 

the Modic study are listed below: 

3.3.1.1 Inclusion criteria 

1) Aged ≥ 40 years old 

2) Significant back pain (defined as ≥ 40/100 mm on VAS) for at least 6 months 

3) Presence of type I, II or mixed Modic change on at least on endplate from T12 to S1 

3.3.1.2 Exclusion criteria 

1) Prior use of bisphosphonates, except according to the washout schedule: 

2 years (if use >48 weeks), 1 year (if used >8 weeks but <48 weeks), 6 months (if used >2 

weeks but <8 weeks), 2 months (if used <2 weeks) or any IV bisphosphonate within the 

prior 2 years 

2) Prior use of denosumab 

3) History of non-traumatic iritis or uveitis 

4) Abnormal blood tests [serum calcium >2.75 mmol/L (11.0 mg/dL) or <2.00 mmol/L (8.0 

mg/dL) or creatinine clearance < 35 ml/min] 

5) Serum 25-hydroxyvitamin D concentrations <40 nmol/L. Patients with serum 25-

hydroxyvitamin D concentrations < 40 nmol/L will have the option to be prescribed vitamin 
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D supplementation and can enter the trial once their serum 25-hydroxyvitamin D 

concentration level is ≥40 nmol/L 

6) Participant is pregnant, breastfeeding, or planning to become pregnant. Female participants 

who are able to conceive were required to use adequate contraception 

7) Use of any investigational drug(s) and/or devices within 30 days prior to randomisation 

8) Prior diagnosis of cancer (metastatic cancer or cancer diagnosed < 2 years ago where 

treatment is still ongoing) 

9) Poor dental fitness: persons were excluded from the study if they have had recent dental 

injuries (implants / extractions) or are aware of the need for dental work (implants / 

extractions) in the near future (next 6–12 months) or have poor oral health (e.g., gum 

disease). A dental exam with appropriate preventative dentistry was conducted prior to 

treatment in patients with concomitant risk factors (e.g., cancer, chemotherapy, 

corticosteroids, poor hygiene) 

10) Regular use of high doses of opiate pain medication (equivalent to oxycontin ≥80mg/day) 

11) Diagnosis of chronic widespread pain including fibromyalgia or any other centrally 

mediated pain phenotype.  This is defined as a diagnosis of fibromyalgia or a score on the 

painDETECT questionnaire of ≥19 [135], which indicates that a neuropathic pain 

component is likely (90%) 

12) Leg pain is of a greater severity than back pain 

13) Prior back surgery, within the last 5 years 

14) The participant is considered by the investigator, for any reason, to be an unsuitable 

candidate for the study 

 

A total of 171 participants were screened from August 2014 to October 2015. A flowchart 

appears in Figure 3.3.
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Figure 3.3: Flowchart of the MODIC study. 
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3.3.2 Randomisation and blinding 

Participants were randomised to receive either zoledronic acid or denosumab or placebo based 

on computer-generated random numbers using adaptive allocation, stratified by type 1 Modic 

change (with or without). This was conducted by a staff member without other involvement in 

the study. All participants and assessors were blinded to treatment allocation throughout the 

trial. 

 

3.3.3 Intervention 

Using a double-dummy approach, all participants were given two needles, receiving one of the 

following treatments:  

1) Zoledronic acid: intravenous infusion of zoledronic acid (5 mg in 100 ml saline) plus 

subcutaneous injection of placebo (1 ml) 

2) Denosumab: intravenous infusion of placebo (100 ml) plus subcutaneous injection of 

denosumab (60 mg in 1 ml saline) 

3) Placebo: intravenous infusion of placebo (100 ml) plus subcutaneous injection of placebo 

(1 ml) 

 

3.3.4 Outcomes 

Co-primary outcomes were change in LBP (assessed using a 100-mm VAS) and size of Modic 

changes (mm2) over 6 months. Secondary outcomes were change in LBP (assessed using the 

LBP Rating Scale [RS] [137]), disability (the Roland Morris Disability Questionnaire [RMDQ] 

[139]), response to therapy (OARSI responder criteria [320]) and utility (the Assessment of 

Quality of Life [AQoL] [321]) over 3 and 6 months, and change in the proportion of 

participants with type 1 Modic change after 6 months. Table 3.2 outlines the schedule of 

assessments. 
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*when other inclusion criteria are met. 
AQoL, assessment of quality of life; LBP, low back pain; MRI, magnetic resonance imaging; PHQ-9, 
patient healthy questionnaire; VAS, visual analogue scale. 
 

3.3.5 Ethical issues 

Ethics approval was granted by the Tasmanian Human Research Ethics Committee (Reference 

No. H0013961). Informed consent was obtained from all participants. 

 

3.4 Study Design of Health Outcomes and Reduced Incidence with Zoledronic Acid 

Once Yearly Pivotal Fracture Trial (HORIZON-PFT) 

The Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly Pivotal 

Fracture Trial (HORIZON-PFT) is an international, multicentre, randomised, double-blind, 

placebo-controlled trial to assess the effect of annual infusions of zoledronic acid versus 

placebo on fracture risk over 3 years in postmenopausal women with osteoporosis [257]. 

Chapter 7 introduces a post-hoc analysis of the HORIZON-PFT study evaluating the effect of 

zoledronic acid versus placebo on the progression of abdominal aortic calcification over 3 

years. This section gives an overview of the design of the HORIZON-PFT study. The study 

design and measurements of the post-hoc analysis appear in Chapter 7.  

Table 3.2: Schedule of assessments for the MODIC study. 
  Screening Baseline 3 days m1 m2 m3 m4 m5 m6 
Informed consent x         

Safety bloods x         

Demographic information x         

Height, weight x        x 
Back VAS x x  x x x x x x 
PainDETECT x         

Hand, knee pain VAS  x  x x x x x x 
LBP questionnaire  x  x x x x x x 
Patient global assessment  x  x x x x x x 
Use of health services  x    x   x 
Disability questionnaire  x  x x x x x x 
AQoL questionnaire  x    x   x 
PHQ–9  x    x   x 
Concomitant meds x x    x   x 
Treatment guessing      x   x 
Lower back MRI x *        x 
Adverse events     x     x     x 
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3.4.1 Study population and design 

Participants of the HORIZON-PFT study were recruited from 28 study sites worldwide. The 

inclusion and exclusion criteria are listed below [257, 322]: 

3.3.1.3 Inclusion criteria:  

1) Postmenopausal women aged 65 to 89 years 

2) BMD T score of -2.5 or less at the femoral neck, with or without evidence of existing 

vertebral fracture, or a T score of -1.5 or less with radiologic evidence of at least two mild 

vertebral fractures or one moderate vertebral fracture 

3) No history of severe liver, kidney or eye disease 

3.3.1.4 Exclusion criteria:  

1) Current bisphosphonate users 

2) Using hip protectors 

3) Any previous use of parathyroid hormone or sodium fluoride, use of anabolic steroids or 

growth hormone within 6 months before trial entry or oral or intravenous systemic 

corticosteroids within 12 months, and any previous use of strontium 

4) Abnormal blood tests [serum calcium >2.75 mmol/L (11.0 mg/dL) or <2.00 mmol/L (8.0 

mg/dL) or creatinine clearance < 30 ml/min] at either of two baseline visits 

5) Urine dipstick results of more than 2+ for protein, without evidence of contamination or 

bacteriuria 

 

Concomitant use of the following osteoporosis medications was allowed: hormone therapy, 

raloxifene, calcitonin, tibolone, tamoxifen, dehydroepiandrosterone, ipriflavone and 

medroxyprogesterone. Prior use of oral bisphosphonates was allowed according to a washout 

schedule (e.g. previous use of ≥ 48 weeks required 2 years of washout).  

A total of 18421 participants were screened from February 2002 to June 2003. A flowchart of 

the HORIZON-PFT study is shown in Figure 3.4. 
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Figure 3.4: Flowchart of the HORIZON-PFT study.  
Source: Black DM et al. Once-yearly zoledronic acid for treatment of postmenopausal osteoporosis. 

N Engl J Med 2007 May; 356 (18):1809-1822.
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3.4.2 Randomisation and blinding 

Participants were randomised to receive either zoledronic acid or placebo using random 

permuted blocks, stratifying by whether or not using any osteoporosis medications at the time 

of randomisation (stratum 1 and 2 respectively). All participants and investigators who 

performed endpoint evaluations were unaware of patients’ study group assignments. 

 

3.4.3 Intervention 

Participants were randomly assigned to receive either a 15-minute intravenous administration 

of zoledronic acid (5 mg) or placebo at baseline, 12 and 24 months. All participants were 

provided oral daily calcium (1000 to 1500 mg) and vitamin D (400 to 1200 IU). 

 

3.4.4 Outcomes 

Primary outcomes were new vertebral fractures (in stratum 1) and hip fracture (both strata). 

Secondary outcomes were any nonvertebral fracture, any clinical fracture, clinical vertebral 

fracture, changes in BMD at the total hip, femoral neck and lumbar spine and changes in 

markers of bone resorption (serum C-telopeptide of type I collagen) and formation (bone-

specific alkaline phosphatase and N-terminal propeptide of type I collagen). 

 

3.4.5 Ethical issues 

All participants provided written informed consent, and the local institutional review board at 

each centre approved the protocol. 

 

3.5 Radiographic measures 

Plain radiographs were used in the ZAP2 study for evaluating radiographic knee OA. In 

specific, a standing anteroposterior semi-flexed radiograph of the study knee with 15° of fixed 

knee flexion was performed at screening. A four-point scale (0-3) was used to score JSN 
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according to the OARSI atlas [112]. The intra-class correlation coefficient (ICC) of JSN was 

0.98 for intra-reader reliability [323].  

In the HORIZON-PFT study [257], spinal lateral radiographs were obtained to evaluate 

vertebral fracture from T4 to L4 based on quantitative morphometry and standard methods 

[324]. Incident morphometric vertebral fractures were defined as a reduction in vertebral height 

of at least 20% and 4 mm by quantitative morphometry, confirmed by an increase of one 

severity grade or more on semi-quantitative analysis [324].   

 

3.6 MRI assessments 

Knee MRI sequences and parameters at the four study sites of the ZAP2 study are presented in 

Table 3.3.  

In the Modic study, spine MRI scans were performed with a 1.5T non-contrast scan (GE 

Optima 450W; GE Medical Systems, Milwaukee, WI, USA). The imaging sequences were 

sagittal T1-weighted and fat-saturated T2-weighted fast spin echo (FSE), and T2-weighted fast 

recovery fast spin echo (FRFSE). Technical information included: T1 FSE: repetition time 489 

ms, echo time 10 ms; fat-saturated T2 FSE: repetition time 3490 ms, echo time 102 ms; T2 

FRFSE: repetition time 3206 ms, echo time 102 ms; slice thickness 4 mm with spacing 0.5 

mm, matrix size 416×224, and a field of view 32 cm. 
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Table 3.3: Magnetic resonance imaging sequences and parameters at the four study sites in the ZAP2 study. 
  Machine and coil T1-weighted sagittal Proton density-weighted sagittal 
Hobart  
(Note: used two different 
MRI scanners. Patients had 
their follow-up scans on the 
same scanner in which they 
had their screening scan). 

1.5 T whole-body MR unit (GE 
Optima 450W, Milwaukee, 
USA), using a dedicated 8-
channel knee coil 

T1-weighted fat-saturated 3D gradient-
recalled acquisition; flip angle 30 degrees; 
repetition time 38 msec; echo time 3 msec; 
field of view 16 cm; 512 × 512 matrix; 1 
excitation; slice thickness 1.5 mm 

Proton density fat-saturated 2D fast spin 
echo sequence; flip angle 150 degrees; 
repetition time 3,800 msec; echo time 35 
msec; field of view 16 cm; 512 × 512 
matrix; 3 excitations; slice thickness 3 mm 

1.5 T whole-body MR unit 
(Siemens, Espree), using a 
dedicated 15-channel knee coil 

T1-weighted fat-saturated 3D gradient-
recalled acquisition; flip angle 30 degrees; 
repetition time 31 msec; echo time 6.8 
msec; field of view 16 cm; 512 × 512 
matrix; 1 excitation; slice thickness 1.5 mm 

Proton density fat-saturated 2D fast spin 
echo sequence; flip angle 150 degrees; 
repetition time 3,830 msec; echo time 39 
msec; field of view 16 cm; 512 × 512 
matrix; 3 excitations; slice thickness 3 mm 

Melbourne 3.0 T whole-body MR unit 
(Philips, Achieva, Medical 
Systems), using a commercial 16-
channel transmit receive knee coil 

T1-weighted fat-saturated 3D gradient-
recalled acquisition; flip angle 15 degrees; 
repetition time 25.9 msec; echo time 9.2 
msec; field of view 16 cm; 320 × 320 
matrix; slice thickness 0.5 mm 

Proton density fat-saturated 2D fast spin 
echo sequence; flip angle 90 degrees; 
repetition time 3,814 msec; echo time 25 
msec; field of view 16 cm; 720 × 720 
matrix; slice thickness 2.5 mm 

Sydney 1.5 T whole-body MR unit 
(Siemens, Aera) using a dedicated 
15-channel transmit-receive knee 
coil 

T1-weighted fat-saturated 3D gradient-
recalled acquisition; flip angle 30 degrees, 
repetition time 31 msec; echo time 6.8 
msec; field of view 16 cm; 512 × 512 
matrix; slice thickness 1.5 mm 

Proton density fat-saturated 2D fast spin 
echo sequence; flip angle 150 degrees; 
repetition time 3,830 msec; echo time 39 
msec; field of view 16 cm; 512 × 512 
matrix; slice thickness 3 mm 

Adelaide 1.5 T whole-body MR unit 
(Siemens, Aera) using a dedicated 
15-channel transmit-receive knee 
coil 

T1-weighted fat-saturated 3D gradient-
recalled acquisition; flip angle 30 degrees, 
repetition time 14.7 msec; echo time 6.74 
msec; field of view 16 cm; 448 × 448 
matrix; 1 excitation; slice thickness 1.5 mm 

Proton density fat-saturated 2D fast spin 
echo sequence; flip angle 180 degrees; 
repetition time 3,200 msec; echo time 39 
msec; field of view 16 cm; 320 × 320 
matrix; 1 excitation; slice thickness 3 mm 
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3.6.1 Tibiofemoral cartilage volume 

Tibial cartilage volume was assessed on the sagittal T1-weighted sequences by means of image 

processing on an independent workstation using OsiriX software (University of Geneva, 

Geneva, Switzerland). The volumes of tibial cartilage plates (medial tibia and lateral tibia) were 

isolated from the total volume by manually drawing disarticulation contours around the 

cartilage boundaries on a section by section basis. These data were then re-sampled by means 

of bilinear and cubic interpolation for final 3-D rendering. The coefficient of variation (CV) 

for intra-observer reliability was 2.1% for the medial tibia and 2.2% for the lateral tibia [325]. 

Femoral cartilage volume was assessed on the sagittal T1-weighted sequences by means of 

image processing on an independent workstation using CartiscopeTM (ArthroLab Inc., 

Montreal, Quebec, Canada) [326-328]. The segmentation of the cartilage-synovial interfaces 

was carried out with the semi-automatic method under reader supervision and with corrections 

when needed. Femoral cartilage volume was evaluated directly from a standardised view of 3D 

cartilage geometry as the sum of elementary volumes for the medial and lateral condyles 

delineated by the Blumensaat’s line [326]. The CV for intra-observer reliability was 

approximately 2% for femoral cartilage volume according to our previous study [327]. 

 

3.6.2 Bone marrow lesions 

The ZAP2 study assessed BMLs on the sagittal proton density weighted sequences at the 

medial tibial, medial femoral, lateral tibial, lateral femoral and patella sites by means of image 

processing on OsiriX software (University of Geneva, Geneva, Switzerland). The maximum 

size of each lesion was measured in mm2 using software cursors applied to the greatest area of 

the lesion. The ICC for intra-observer reliability was 0.97 in the pilot study [267]. Total BML 

size was calculated as the sum of every lesion within the medial tibial, medial femoral, lateral 

tibial, lateral femoral and patellar sites. 

 

3.6.3 Modic changes and disc degeneration 

Modic changes in the MODIC study were measured from the upper endplate of T12 down to 

the upper endplate of S1 using OsiriX software (University of Geneva, Geneva, Switzerland). 
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The maximum area (mm2) of Modic changes at each endplate was measured (excepting 

endplates with type 3 Modic changes), and total Modic change area was the sum of these 

maximum areas. The type of Modic changes at each vertebral endplate was determined as 

previously described (Table 3.4) [329], and mixed type Modic changes indicated the presence 

of different types of Modic changes at the same vertebral endplate. Disc degeneration of each 

intervertebral disc was measured using the Pfirrmann Grading System (1 to 5) as described in 

Table 1.2 [133]. The ICCs for intra-observer reliability ranged from 0.93 to 0.99 for the size 

and type of Modic changes, and disc degeneration. 

 

Table 3.4: Types of Modic changes.  
  Magnetic Resonance Imaging Sequences Meaning 
  T1-weighted T2-weighted 

Type 1 Hypointense Hyperintense Bone marrow oedema and 
inflammation 

Type 2 Hyperintense Isointense or 
hyperintense 

Convention of red bone marrow 
into yellow bone marrow 

Type 3 Hypointense Hypointense Subchondral bone sclerosis 
 

 

3.7 Pain and disability 

In the ZAP2 study, knee pain on the study knee was assessed using a 0-100 mm VAS by asking 

‘on this line, thinking about your right/left knee, where would you rate your pain, using the 

past 7 days as a time frame’. Knee pain was also evaluated using the five-category WOMAC 

pain subscale (0-500 mm: walking on flat surface, going up/down stairs, standing upright, in 

bed when at night, and sitting/lying) [125]. The WOMAC pain score was considered invalid if 

there was more than one missing item. Disability was assessed using the 17-category WOMAC 

function subscale (0-1700 mm: descending stairs, ascending stairs, rising from sitting, 

standing, bending to floor/picking up an object, walking on flat surface, getting in/out of the 

car, going shopping, putting on socks/stockings, rising from bed, taking off socks/stockings, 

lying in bed, getting in/out of the bath, sitting, getting on/off the toilet, heavy domestic duties, 

and light domestic duties) during the past seven days [125]. The WOMAC function score was 

considered invalid if there were more than two missing items. 
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In the MODIC study, LBP was assessed using a 0-100 mm VAS by asking ‘Thinking about 

your low back, where would you rate your pain? Use the last 7 days as a time frame’. The pain 

subscale of the RS (score range, 0-30) was also used to assess LBP. The RS pain subscale 

combines three sub-questions rated from (0 [no pain] to 10 [worst pain imaginable]) for current, 

the worst and average pain in the past two weeks, respectively [137]. RMDQ (scores 0-24, 24 

questions) was used to evaluate disability due to LBP, with 24 indicating the worst [139]. 

 

3.8 Statistical analysis 

Mean (SD), median (Interquartile Range [IQR]) or n (%) were used to describe baseline 

characteristics as appropriate. A more detailed description of statistical analyses performed are 

presented in their relevant chapters. All statistical analyses were performed using Stata versions 

13, 14 or 15 for Windows (StataCorp, College Station, TX, USA). A p value equal or less than 

0.05 (two-tailed) was considered statistically significant. 
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Cartilage Volume Among Patients with Knee Osteoarthritis with Bone 
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Chapter 5 - Zoledronic acid plus methylprednisolone versus zoledronic acid 

or placebo in symptomatic knee osteoarthritis: a randomised controlled trial 
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5.1 Introduction 

Osteoarthritis is the most common form of arthritis but there are no approved disease-

modifying drugs available [1]. Subchondral bone turnover is closely associated with the 

development and structural progression of osteoarthritis and may be a therapeutic target [339-

341]. Intravenous bisphosphonates are a potential candidate for treating osteoarthritis given 

their strong effect on bone metabolism, but they commonly cause high rates of a defined suite 

of adverse events (referred to as “acute phase responses [APRs]”) [342].  

Bisphosphonates inhibit bone resorption and turnover by inducing apoptosis in osteoclasts and 

preventing apoptosis in osteocytes and osteoblasts [290, 343-345]. They are effective 

treatments for osteoporosis [257, 346], Paget’s disease [347, 348] and bone metastases [349]. 

Zoledronic acid (ZA) is the most potent nitrogen-containing bisphosphonate and has a 

prolonged duration of action [290]. Pilot trials have indicated a therapeutic role of ZA for both 

pain and structural changes in patients with knee osteoarthritis and bone marrow lesions 

(BMLs) [267] and patients with back pain and Modic change [276, 336], suggesting ZA may 

have disease-modifying potential.   

However, ZA treatment frequently leads to APRs. These are primarily influenza-like symptoms 

and musculoskeletal pain but can also include rarer symptoms such as uveitis [295]. Although 

APRs occur and resolve within approximately 3 days post-dose, they are unpleasant. 

Finding ways to reduce rates of APRs is important. APRs are thought to occur via activation 

of γδ-T-cells and upregulation of pro-inflammatory cytokines, as a result of the inhibition of 

farnesyl pyrophosphate in the mevalonate pathway due to nitrogen-containing bisphosphonates 

[350-352]. Possible approaches to preventing nitrogen-containing bisphosphonate induced 

APRs include co-administration of paracetamol/ibuprofen [298], statins [301, 353] or 

corticosteroids, given their anti-inflammatory properties [354]. 

Preliminary findings suggest that a combination of one-off administration of 5 mg ZA and 10 

mg methylprednisolone (VOLT01) significantly reduces APRs over 3 days and knee pain over 

6 months compared to ZA alone in patients with knee osteoarthritis [300]. Indeed, 10 mg 

methylprednisolone should be sufficient to inhibit pro-inflammatory cytokines [355] while not 

causing steroid side effects or any long-term anti-inflammatory effect. To confirm these 

preliminary findings and evaluate the effect of VOLT01 on knee structural changes, we 

assessed the superiority of VOLT01 (ZA plus methylprednisolone) to ZA for reducing APRs 
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and non-inferiority of VOLT01 to ZA for knee structure changes (as assessed by the size of 

knee BML) and knee symptoms, in patients with symptomatic knee osteoarthritis and BMLs 

over 6 months. 

 

5.2 Methods 

5.2.1 Trial design 

This study was a single-centre, randomised-paralleled, double-blind, placebo-controlled trial, 

performed in Hobart, Australia. This was a sub-study to the multicentre Zoledronic Acid for 

Osteoarthritis Knee Pain (ZAP2) trial [318]. The ZAP2 study is registered with the Australian 

New Zealand Clinical Trials Registry (ACTRN12613000039785) while this sub-study was not 

registered separately. 

 

5.2.2 Participants and screening procedure  

Participants were recruited from November 2013 to September 2015 through local and social 

media and by collaboration with private rheumatologists and the Royal Hobart Hospital 

(Hobart, Australia). Informed consent was obtained from all participants, and ethics approval 

for the study was granted by the Tasmanian Human Research Ethics Committee.   

 

5.2.3 Inclusion criteria 

Participants were adults aged ≥ 50 years, with clinical knee osteoarthritis diagnosed according 

to the American College of Rheumatology (ACR) criteria for knee osteoarthritis [120], 

significant knee pain on most days (defined as a 100 mm Visual Analogue Scale (VAS) ≥ 40) 

and a knee BML visualised on magnetic resonance imaging (MRI). When both knees met the 

criteria, the study knee was decided by a rheumatologist (GJ) and was generally the most severe 

knee. 
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5.2.4 Exclusion criteria 

Exclusion criteria were the same as for the ZAP2 trial as previously published [318]. Briefly, 

we excluded patients with: prior use of bisphosphonates except according to a washout 

schedule, a history of non-traumatic iritis or uveitis, abnormal blood tests (i.e., serum calcium 

>2.75 mmol/L or <2.00 mmol/L, creatinine clearance <35 ml/min or 25-hydroxyvitamin D 

concentrations <40 nmol/L), cancer, poor dental health, severe knee osteoarthritis (defined as 

a joint space narrowing on X-ray of Grade 3 using the Osteoarthritis Research Society 

International (OARSI) atlas [113]), knee surgery or arthroscopy in the last 12 month, a 

corticosteroid injection in the last 3 months or a hyaluronic acid injection in the last 6 months 

in the study knee. A screening MRI was performed when all other inclusion criteria were met; 

participants without knee BMLs were then excluded.  

 

5.2.5 Randomisation and interventions 

Participants were randomised into one of three study arms (VOLT01 [ZA plus 

methylprednisolone], ZA or placebo) based on computer-generated random numbers using 

adaptive allocation [319]. The first participant was recruited to the ZAP2 trial at the Hobart site 

on 25 Nov 2013. Use of the protocol allowing recruitment of a third arm (VOLT01) began on 

7 Nov 2014, at which time 47 participants had been recruited (23 placebo and 24 ZA). This 

required 17: 16: 40 patients (placebo: ZA: VOLT01) to be recruited according to the study 

design, and we used adaptive allocation by adjusting for the randomisation thresholds so that 

participants had a higher probability of being allocated to the VOLT01 group. This was 

conducted by a staff member with no direct involvement in the study. The allocated treatment 

was dispensed by one author (LLL) and administered by a nurse. All participants and assessors 

were blinded to treatment allocation throughout the trial. 

Drugs were administered according to the following procedure. First, an intravenous injection 

of either 10 ml saline (for the ZA and placebo groups) or 10 mg methylprednisolone sodium 

succinate (SOLU-MEDROL) in 10 ml saline (for the VOLT01 group) was given manually 

through a peripheral venous catheter over 5 minutes. Second, a 10 ml saline flush following 

the first step was given to all participants. Third, an IV bag containing either 5 mg/100 ml 

ZA/saline (Aclasta [Novartis Pharmaceuticals] for the ZA group and Zobone 5 [Sun 

Pharmaceuticals] for the VOLT01 group) or 100 ml saline (for the placebo group) was attached 
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to the catheter for an intravenous infusion. Both the ZA and methylprednisolone solutions were 

visually identical to saline. Study participants were asked to keep use of concomitant 

medications as stable as possible and to use paracetamol as a rescue medication. 

 

5.2.6 Outcomes 

Primary outcome was incidence of APRs over 3 days. Secondary outcomes were changes in 

total knee BML size (mm2) over 6 months and in knee pain (assessed using both the Western 

Ontario and McMasters Universities Osteoarthritis Index (WOMAC) [125] pain subscale and 

VAS) and WOMAC function scores after 3 and 6 months. Safety outcomes were self-reported 

adverse events (other than APRs) throughout the trial. Severe adverse events were assessed by 

a rheumatologist (GJ). 

 

5.2.7 Outcome assessment 

Assessment of acute phase responses 

Participants were phoned three days after their infusion to determine if they experienced any 

symptoms within the defined suite of APRs. The details of APRs were recorded by a research 

assistant using a form based on pre-determined categories [295]. These are: “Fever”, 

“Musculoskeletal”, “Gastro-intestinal”, “Eyes” and “Other”. Each category includes 

descriptive options and notes to detail these APRs.  

All other questionnaires (including assessments of knee pain and function, quality of life, and 

concomitant medication) were dispensed and collected by mail.  

MRI assessments 

MRI scans were performed at the Royal Hobart Hospital at screening and 6 months with a 1.5T 

non-contrast scan (GE Optima 450W, Milwaukee, USA) using a dedicated 8-channel knee coil. 

The study knee was scanned in the sagittal plane using a proton density-weighted, fat 

saturation, 2-dimension fast spin echo MRI sequence (repetition time 3800 ms, echo time 39 

ms), with a slice thickness of 3 mm and spacing 1.5 mm, flip angle 150º, 512×512-pixel matrix 

and a field of view 16 cm [318].  
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A BML was defined as an area of increased signal intensity adjacent to the subchondral bone. 

Presence of BMLs at screening was assessed by an experienced MRI reader (DA) for the 

purposes of patient enrolment. BMLs were scored blinded to treatment allocation by a trained 

observer (GC) using OsiriX software (University of Geneva, Geneva, Switzerland). Screening 

and 6 months scans were read in pairs with the chronological order known to the observer. For 

each of the medial femoral, lateral femoral, medial tibial, lateral tibial and patellar sites, the 

maximum area (mm2) on MRI slices was measured independently and then summed to create 

a total BML area. Intraclass correlation coefficients (two-way mixed-effects model [356]) of 

the total BML area ranged from 0.86 to 0.94. 

Pain and function assessments 

Knee pain and function were self-assessed by each participant using WOMAC at baseline, 3 

and 6 months. Each of the 5 (WOMAC pain) and 17 (WOMAC function) items was measured 

using a 100 mm VAS from 0 (none) to 100 (unbearable), using the last seven days as the 

reference period. Missing items on WOMAC subscales were managed according to the 

WOMAC user guide [334]. In data analyses, WOMAC pain (0-500) and function (0-1700) 

scores were converted to a 0-100 scale for ease of interpretability, as the non-inferiority 

margins were defined based on a 0-100 scale. 

Knee pain was also assessed using a 100mm VAS at baseline, 3 and 6 months by asking “On 

this line, thinking about your right/left knee, where would you rate your pain? Use the last 

seven days as a time frame”. 

Other measures 

Radiographic knee osteoarthritis was assessed at screening using X-rays according to the 

OARSI atlas [112]. A four-dimension assessment of quality of life (AQoL-4D) questionnaire 

[321] was used for the calculation of utility (0-1) at baseline, in which health states range from 

0 (death) to 1 (best health). We also recorded use of concomitant medications at baseline. 

Height (cm) and weight (kg) were measured at baseline. Participants were asked to remove 

shoes, socks and any headgear before measuring height using a stadiometer (Medtech), and 

shoes and any heavy clothing before measuring weight using a scale (A&D Medical). Body 

mass index (BMI) was calculated (weight (kg)/height (m2)). 
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5.2.8 Statistical analysis 

This study aimed to demonstrate 1) the superiority of VOLT01 [ZA plus methylprednisolone] 

to ZA in having lower incidence of APRs, and 2) the non-inferiority of VOLT01 compared to 

ZA in reducing BML size and knee pain and function scores, and 3) the superiority of VOLT01 

and ZA to placebo in reducing BML size and knee pain and function scores. The non-inferiority 

margin for BML size was set at 140 mm2 as we have demonstrated this amount is clinically 

significant based on observational [91] and clinical trial data [267]. For knee pain and function 

scores we chose a conservative margin of 8 mm (assessed using a 0-100 scale), which preserves 

60% of the 95% confidence interval (CI) difference between ZA and placebo over 6 months as 

informed from a previous randomised controlled trial (-14.5, 95% CI -28.1 to -0.9).[267] 

Therefore, an upper bound of the 95% CI for the difference of reduction in BML size (VOLT01 

- ZA) less than 140 mm2, and in knee pain and function scores less than 8 mm would 

demonstrate non-inferiority of VOLT01 to ZA. 

Sample size was calculated according to the primary hypothesis of this study. Preliminary data 

from our collaborator (n=20, unpublished) indicated that 60% of participants in the ZA group 

and none in the VOLT01 group experienced at least one APR. Assuming a two-sided α=.05, 

β=.20 and no loss to follow-up during the first three days, 40 participants per group would 

enable us to detect at least a 50% reduction of APRs in the VOLT01 group compared to ZA 

(30% versus 60%). 

An intention-to-treat principle was applied for all analyses. Mean (standard deviation (SD)) 

and median (interquartile range (IQR)) was used to describe continuous data as appropriate; n 

(%) was used to describe categorical data. Incidences of APRs were compared between the 

VOLT01 group and the ZA group using chi-square/Fisher’s exact tests, without adjustment for 

multiple comparisons. In order to rule out the potential influence of use of NSAIDs, 

paracetamol and statins to APRs [298, 301], log-binomial regression was performed adjusting 

for use of these medications at baseline. Changes in BML size, knee pain and function scores 

were analysed using linear mixed-effects models, in which fixed effects were month, treatment 

group and their interaction, random effect was participant identification. As was pre-specified 

in the study protocol [318], analyses of outcome measures were adjusted for clinically 

important characteristics where there was an imbalance between treatment groups at baseline. 

Missing values (2%-3% missing) on any outcome measure were addressed using maximum-

likelihood estimation assuming Missing At Random by adding baseline complete variables that 
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can explain the missingness to the regression models [357]. Analyses were performed using 

Stata version 15 (Stata Corporation). A two-sided p-value of 0.05 was considered statistically 

significant. 

 

5.3 Results  

5.3.1 Participants 

One hundred and seventy-two participants were screened and 117 participants randomised to 

receive VOLT01 (ZA plus methylprednisolone) (n=40), ZA (n=39), or placebo (n=38). 

Recruitment of study participants stopped without reaching the anticipated sample size (n=40 

per group) due to budgetary issues. One hundred and fourteen (97%) participants completed 

questionnaires and 113 (97%) had knee MRIs at 6 months. Three participants (3%) withdrew 

from the study during the 6 months follow-up (Figure 5.1). At baseline, the placebo group had 

a higher proportion of females (66% compared with 41% in the VOLT01 group and 54% in 

the ZA group), higher knee pain, utility scores and concomitant medications, specifically 

NSAID and glucosamine, than the active treatment groups (Table 5.1). 
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Figure 5.1: Study flowchart.  
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BMI, body mass index; BML, bone marrow lesion; VAS, visual analogue scale; VOLT01, zoledronic acid 
plus methylprednisolone; WOMAC, Western Ontario and McMaster University Index; ZA, zoledronic acid. 
Results are shown as mean (SD) unless specified otherwise. eg., n (%). 
a WOMAC pain and function scores are converted to a 100 mm scale. 
 

 

5.3.2 Primary outcomes 

Most APRs were musculoskeletal and non-musculoskeletal pain, fever, gastrointestinal 

problems and non-specific symptoms (e.g. influenza-like symptoms, headache, fatigue, 

malaise and insomnia) (Table 5.2). Ninety percent of the participants in the VOLT01 group, 

87% in the ZA group and 55% in the placebo group experienced at least one APRs. Compared 

to ZA, incidence of APRs was similar in the VOLT01 group (p=0.74). The results were not 

changed after adjustment for use of NSAIDs, paracetamol and statins at baseline (data not 

shown).  

 

 

Table 5.1: Baseline characteristics of participants. 
 Placebo VOLT01 ZA 
  (n = 38) (n = 40) (n = 39) 
Age, years 61.5 (7.4) 60.9 (8.1) 64.4 (8.4) 
Female (%) 25 (66) 17 (43) 21 (54) 
BMI, kg/m2 31.0 (5.4) 30.4 (6.0) 31.0 (5.2) 
WOMAC, 0-100 a    
    Pain 47.2 (18.5) 43.0 (19.5) 36.8 (21.8) 
    Function 42.1 (17.0) 39.2 (20.6) 36.6 (21.4) 
Knee pain VAS, 0-100 57.1 (17.9) 48.1 (18.3) 45.4 (18.8) 
BML area, mm2 518.8 (438.0) 576.8 (531.3) 466.0 (396.7) 
Radiographic osteoarthritis, n (%) 24 (63) 30 (75) 28 (72) 
Utility, 0-1 0.62 (0.24) 0.72 (0.14) 0.73 (0.16) 
Concomitant medications, n (%)    
    NSAIDs 24 (63) 13 (33) 20 (51) 
    Paracetamol 17 (45) 16 (40) 25 (64) 
    Statins 8 (21) 6 (15) 10 (26) 
    Glucosamine - chondroitin 13 (34) 7 (18) 9 (23) 
    Fish oil 11 (29) 5 (13) 12 (31) 
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APR, acute phase response; VOLT01, zoledronic acid plus methylprednisolone; ZA, zoledronic acid. 
a Results are shown as n (%). 
b A patient may experience more than one APR. 
c P values were calculated using chi-square/Fisher’s exact tests. 
 

 

5.3.3 Secondary outcomes 

Results for secondary outcomes are presented in Table 5.3. VOLT01 was non-inferior to ZA 

for changing BML size over 6 months (Figure 5.2). However, knee BML size changed little in 

all groups, and there were no significant differences in change of BML size between the active 

groups (ZA and VOLT01) and the placebo group. 

VOLT01 was non-inferior to ZA after 3 months and superior to ZA after 6 months in reducing 

knee pain and function scores (Figure 5.2). Compared to placebo, VOLT01 significantly 

reduced WOMAC function scores after 6 months, and showed a trend to reduce WOMAC 

function scores after 3 months (p=0.052) and WOMAC pain scores (p=0.055) after 6 months. 

Table 5.2: Acute phase responses among the three groups a 
 Placebo 

(n = 38) 
VOLT01 
(n = 40) 

ZA 
(n = 39) 

VOLT01 vs ZA 
p-value c 

Patients with at least one APR, n (%) b 21 (55) 36 (90) 34 (87) 0.74 
Fever 4 (11) 22 (55) 18 (46) 0.43 
Musculoskeletal pain and stiffness 13 (34) 28 (70) 27 (69) 0.94 
Gastro-intestinal problems 6 (16) 13 (33) 16 (41) 0.43 
Eye problems 2 (5) 3 (8) 5 (13) 0.48 
Other problems     
  Fatigue 6 (16) 22 (55) 23 (59) 0.72 
  Malaise and insomnia 8 (21) 23 (58) 20 (51) 0.58 
  Headache & Dizziness 12 (32) 20 (50) 16 (41) 0.42 
  Non-musculoskeletal pain 6 (16) 18 (45) 15 (38) 0.56 
  Influenza-like symptoms 1 (3) 9 (23) 9 (23) 0.95 
  Other 6 (16) 6 (15) 7 (18) 0.72 
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BML, bone marrow lesion; CI, confidence interval; VAS, visual analogue scale; VOLT01, zoledronic acid plus methylprednisolone; WOMAC, Western Ontario and 
McMaster University Index; ZA, zoledronic acid. 
a Changes in the outcome measures were generated from mixed models using patient identity as random intercept. Knee pain and function outcomes were adjusted for 
age, sex, baseline pain, radiographic osteoarthritis, utility scores and use of NSAIDs and paracetamol, and BML size for age, sex, radiographic osteoarthritis and 
baseline BML size.  
b Non-inferiority margins were 8 mm for pain and function scores, and 140 mm2 for BML size. 
WOMAC pain and function scores were converted to a 0-100 mm scale. 
Bold font indicates statistically significant result (p<0.05). 

Table 5.3: Change in BML size and knee symptoms of knee osteoarthritis after 3 and 6 months a 
  Within-group change, mean (95% CI) Between-group difference, mean (95% CI) 

  Placebo 
(n = 38) 

VOLT01 
(n = 40) 

ZA 
(n = 39) VOLT01 - Placebo ZA - Placebo VOLT01 - ZA b 

Baseline to 3 months       

  WOMAC pain (0-100) -8.7 (-14.6 to -2.8) -14.6 (-20.0 to -9.2) -13.9 (-19.6 to -8.1) -5.9 (-14.0 to 2.2) -5.2 (-13.6 to 3.3) -0.7 (-8.7 to 7.3) 
  WOMAC function (0-100) -5.0 (-10.3 to 0.4) -12.3 (-17.2 to -7.4) -10.2 (-15.4 to -5.0) -7.3 (-14.8 to 0.1) -5.2 (-12.9 to 2.5) -2.1 (-9.4 to 5.2) 
  VAS knee pain (0-100) -13.3 (-20.4 to -6.1) -13.6 (-20.1 to -7.0) -13.1 (-20.0 to -6.1) -0.3 (-10.2 to 9.6) 0.2 (-10.1 to 10.5) -0.5 (-10.2 to 9.2) 
Baseline to 6 months       

  BML size, mm2  8.6 (-46.6 to 63.9) -37.8 (-92.0 to 16.4) -16.9 (-72.0 to 38.1) -46.4 (-124.5 to 31.6) -25.6 (-103.7 to 52.6) -20.9 (-98.9 to 57.2) 
  WOMAC pain (0-100) -9.9 (-15.8 to -4.1) -17.9 (-23.2 to -12.5) -7.3 (-13.1 to -1.5) -7.9 (-16.0 to 0.2) 2.6 (-5.9 to 11.1) -10.6 (-18.6 to -2.6) 
  WOMAC function (0-100) -8.0 (-13.4 to -2.7) -15.7 (-20.6 to -10.9) -7.6 (-12.9 to -2.3) -7.7 (-15.1 to -0.3) 0.4 (-7.4 to 8.2) -8.1 (-15.4 to -0.8) 
  VAS knee pain (0-100) -12.9 (-20.0 to -5.7) -18.1 (-24.6 to -11.6) -4.6 (-11.7 to 2.4) -5.3 (-15.1 to 4.6) 8.2 (-2.1 to 18.6) -13.5 (-23.2 to -3.8) 
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5.3.4 Other adverse events 

Adverse events other than APRs were common, with 59% of participants in the ZA group, 69% 

in the VOLT01 (ZA + methylprednisolone) group and 68% in the placebo group reporting at 

least one other adverse event over 6 months (Table 5.4). These were primarily increased 

musculoskeletal pain and stiffness. In the ZA group, one participant had a knee replacement 

(non-study knee), and one was diagnosed with bowel cancer. No participant withdrew due to 

adverse events. 

 

Figure 5.2: Non-inferiority analysis of zoledronic acid plus methylprednisolone vs. 

zoledronic acid alone. 
BML, bone marrow lesion; CI, confidence interval; VAS, visual analogue scale; VOLT01, zoledronic 

acid plus methylprednisolone; WOMAC, the Western Ontario and McMaster Universities 

Osteoarthritis Index. Non-inferiority was confirmed if the upper limits of 95% CI less than the margin 

(140mm2 for BML size and 8 for WOMAC scores). 
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Table 5.4: Adverse events other than acute phase responses among the three groups a 
  Placebo 

(n = 38) 
VOLT01 
(n = 40) 

ZA 
(n = 39)   

Patients with at least one other adverse events b 26 (68) 27 (68) 22 (56) 
  Musculoskeletal pain and stiffness 12 (32) 14 (37) 12 (32) 
  Elective hospital admissions other than knee surgery 6 (16) 6 (16) 7 (18) 
  Injuries 1 (3) 4 (11) 2 (5) 
  Cardiovascular problems 4 (11) 1 (3) 1 (3) 
  Neuropathy 4 (11) 1 (3) 0 
  Gastro-intestinal problems 3 (8) 0  1 (3) 
  Knee replacement 0 0  1 (3) 
  Skin diseases 0 1 (3) 1 (3) 
  Cancer 0 0 1 (3) 
  Pneumonia 1 (3) 0 0 
  Other problems 3 (8) 5 (13) 2 (5) 
Serious adverse events c 1 (3) 0 4 (11) 

VOLT01, zoledronic acid plus methylprednisolone; ZA, zoledronic acid. 
a Results are shown as n (%). 
b A patient may experience more than one adverse event. 
c Serious adverse events were categorized based on the type and seriousness of each adverse event. 

 

 

5.4 Discussion 

In this randomised controlled trial, co-administration of 10 mg methylprednisolone and 5 mg 

ZA (VOLT01) did not reduce APRs compared to 5 mg ZA alone, was non-inferior to ZA for 

changing knee BML size and superior to ZA for relieving knee symptoms in patients with knee 

osteoarthritis. VOLT01 significantly improved knee function compared to placebo after 6 

months but not 3 months. These results do not support the use of 10 mg intravenous 

methylprednisolone to reduce APRs associated with ZA but in contrast to ZA alone, the 

combination may have symptomatic benefit in knee osteoarthritis with BML.  

We observed similar incidence of APRs in the VOLT01 and ZA groups (90% vs. 87%) in a 

sample size of 79, unlike the findings from the previous pilot study where VOLT01 

significantly reduced APRs compared to ZA (13% vs. 56%) [300], with a sample size of 32. A 

potential reason for the inconsistent findings could be that our study was double-blind (both 

patients and assessors), whereas the pilot study was single-blind (i.e. only patients were 

blinded). This may have introduced bias in assessing outcomes in the pilot study. The rate of 

APRs in this study was much higher than that in the HORIZON-Pivotal Fracture Trial (42% in 
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the ZA group and 12% in the placebo group) [295]. While the reasons for the difference are 

unclear, a potential explanation may be due to the different population characteristics. 

Compared to osteoporotic participants in the HORIZON trial, all participants in our trial had 

symptomatic knee OA who were likely to pay more attention on both the efficacy and safety 

of potential OA medications and thus reported more APRs. Moreover, it may also be due to 

that we were very open about APRs and informed the patients the possibility of all side effects 

and contacted them at 3 days post-dose, which avoided recall biases. 

APRs are thought to be inflammatory responses to bisphosphonates by activated γδ-T-cells and 

elevated pro-inflammatory cytokines (e.g. interferon-γ and TNF-α), which should be 

effectively controlled by methylprednisolone given its anti-inflammatory properties [354]. 

However, adding 10 mg intravenous methylprednisolone failed to reduce any type of APRs in 

this study. Potential reasons include that the dose of methylprednisolone was too small to 

suppress the inflammatory responses, or that APRs following ZA cannot be fully explained by 

inflammatory responses. Kalyan et al. observed a slight peak in Vγ9Vδ2 T cells (a major subset 

of γδ-T-cells) in osteoporotic patients immediately after bisphosphonate therapy, but did not 

observe any APR [358]. This implies that activated γδ-T-cells may not necessarily cause APRs, 

suggesting some mechanisms other than γδ-T-cells induced inflammatory responses may 

underlie bisphosphonate-related APRs. 

In the present study, adding 10 mg methylprednisolone to ZA was non-inferior to ZA alone in 

changing BML size; however, statistically significant reductions in the size of knee BML were 

not observed in any group. This was unlikely to be due to the relatively modest sample size 

since we did not observe a significant reduction in BML size in the main ZAP2 study either 

[359]. Furthermore, change in BML size in all three groups was lower than the amount which 

is clinically meaningful (i.e. >140 mm2) [91]. Similarly to our study, a randomised controlled 

superiority trial indicated that an intra-articular injection of 40 mg methylprednisolone plus 

exercise did not increase the size of knee BML over 26 weeks, and the therapy even decreased 

the size of knee BML over 14 weeks, compared to placebo plus exercise [360]. While the route 

of injection of methylprednisolone differs (intra-articular vs intravenous), this with our data 

support that the administration of methylprednisolone does not have a detrimental effect on the 

size of osteoarthritis-related BML.  

Improvements in WOMAC knee pain and function in the VOLT01 (ZA plus 

methylprednisolone) group reached or approached statistical significance compared to placebo 
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over 6 months (albeit with wide confidence intervals), and reductions in both knee pain and 

function scores were clinically important (i.e. >12% of baseline score and >6% of maximal 

score) [361]. In contrast, ZA alone did not improve knee symptoms. Therefore, combining 

intravenous methylprednisolone and ZA for knee symptoms may potentially have therapeutic 

value. Alternatively, improvements in knee symptoms may be due to intravenous 

methylprednisolone itself. However, methylprednisolone has a short biological half-life of 18 

to 36 hours making the long-term symptomatic effect surprising. Despite this, Dorleijn et al. 

found that a one-off intra-muscular injection of 40 mg triamcinolone acetate significantly 

improved pain symptoms in patients with hip osteoarthritis over 12 weeks [362], suggesting a 

mid-to-long term symptomatic benefit of systemic treatment with corticosteroids. In 

comparison, localised intra-articular injection of corticosteroids needs more frequent and much 

higher doses, but only has a short-term effect on knee pain and function [363]. While both 

localised inflammation (synovitis) [364] and systemic inflammation [365] have been 

implicated in the pathogenesis and progression of osteoarthritis, only intra-articular injection 

of corticosteroids is recommended for management of knee osteoarthritis [366]. Our study 

suggests that an intravenous injection of 10 mg methylprednisolone may be beneficial for knee 

symptoms in patients with knee osteoarthritis, but these findings need to be confirmed further 

since we did not have a group in which methylprednisolone was administered without ZA, in 

order to assess the effect of intravenous methylprednisolone alone. 

In this study, VOLT01 showed a trend to reduce WOMAC knee pain but not VAS pain, 

suggesting that the WOMAC pain scale may be more sensitive. This was probably due to the 

comprehensive measurement of WOMAC scale for osteoarthritic knee pain since it combines 

5 items including pain during walking, using stairs, in bed, sitting or lying, and standing 

upright, therefore any improvement in knee pain would be more likely to be captured. 

Strengths of our study include the prospective, double-blind nature of the observations and the 

very low rates of loss to follow-up (3%) at 6 months. This study had some limitations. First, 

we did not reach out target 120 participants (although we approached the number) due to early 

termination of recruitment. However, this study was sufficiently powered to detect a 

meaningful difference in APRs, and we demonstrated the non-inferiority of VOLT01 to ZA in 

reducing BML size and improving knee symptoms. Second, while we conclude that VOLT01 

was superior to ZA in improving knee symptoms, this hypothesis was not pre-specified, and 

the sample size was not set up for superiority comparison. However, it is acceptable to switch 



Chapter 5: ZA + Methylprednisolone vs ZA in Osteoarthritis 95 

the objective from non-inferiority to superiority if such relationship was observed [367], as we 

have done. Third, some baseline characteristics were not well balanced, but we have taken this 

into account by adjusting for them in data analyses according to the trial protocol [318]. Four, 

the sample size was calculated based on the primary hypothesis. The non-inferiority test 

between ZA and VOLT01 and superiority tests of ZA and VOLT01 with placebo on knee 

symptoms and BMLs may be underpowered, making the results hypothesis generating. Five, 

the current sub-study of ZAP2 was not registered separately in a clinical trial registry. 

Nonetheless, the published protocol for ZAP2 did include this sub-study [318], as required by 

the ethics committee. Last, the zoledronic acid used in the ZA and VOLT01 groups were 

sourced from different pharmaceutical companies, but this should not influence the results 

because they have the same dose of active ingredient. 

 

5.5 Conclusions 

Administering intravenous methylprednisolone with ZA did not reduce APRs or change knee 

BML size over 6 months, but, in contrast to ZA, may have a beneficial effect on symptoms in 

knee osteoarthritis. 
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Chapter 6 - Effect of Zoledronic Acid and Denosumab in Patients with Low 

Back Pain and Modic Change: A Proof-of-Principle Trial 
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6.1 Introduction 

Chronic low back pain (LBP) is a common and disabling problem, for which there are few 

treatment options [368]. While no specific pathologies are present in the majority of people 

with LBP (>85%) [134], a subset of patients have one type of pathology, Modic changes (MC), 

which is strongly associated with non-specific LBP [369], MC is an independent risk factor for 

LBP [370, 371], suggesting it is an independent source of pain and a treatment target for LBP.  

Modic et al. [87, 88] described three types of vertebral endplate bone abnormalities (MC) 

which are visualised on MRI. Type 1 MC is proposed as the initial stage, indicating 

inflammation and oedema; type 2 and 3 MC are considered stable stages and represent fatty 

degeneration and bone sclerosis, respectively. Previous population-based research reported that 

type 1 MC is more likely to be associated with LBP and poor prognosis than other MC types 

[372-374]. Types of MC can transform from one type to another, and the distinction between 

different types of MC are complex [89, 329, 375], but transformation of type 1 MC to type 2 

correlates with improvement in symptoms [376].  

A few clinical trials have been performed in MC-associated LBP. An uncontrolled trial of rest 

versus exercise showed similar and small effects on LBP over one year [377]. Intra-discal 

glucocorticoid injection reduced LBP intensity at 1 month but pain rebounded quickly [378]. 

Oral antibiotics significantly improved LBP symptoms and decreased MC size [379]. 

However, a recent study failed to replicate these results [380], and side effects may limit usage. 

Intravenous bisphosphonates, such as zoledronic acid (ZA) and pamidronate, have shown 

analgesic effects on LBP [275, 276, 381]. Moreover, in a small study ZA had a short-term 

effect on pain in patients with LBP and MC, but no MRI endpoints were reported [276]. ZA is 

effective for knee osteoarthritis related bone marrow lesions (BMLs) [267], which have similar 

characteristics and MRI appearance to MC [382], suggesting similar pathology. An 

observational study reported that denosumab, a fully human monoclonal antibody, was 

effective in the treatment of bone marrow oedema with lower extremity pain [279], but there 

are no studies in LBP. Therefore, the aim of this proof of principle study was to assess the 

effect of ZA (5mg) and denosumab (60mg) on LBP symptoms and MRI-detected MC, in 

participants with LBP and type 1, 2 or mixed MC. 
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6.2 Patients and Methods  

6.2.1 Trial design 

This study is a single-centre, double-blind, placebo-controlled, randomised parallel-group trial 

of a single dose of either intravenous ZA (5mg) or subcutaneous denosumab (60mg) versus 

placebo with a 1:1:1 allocation ratio. 

 

6.2.2 Setting and participants 

Participants were recruited from August 2014 to October 2015 from the back pain clinic of the 

Royal Hobart Hospital and through local advertising. Participants aged ≥40 years with 

significant LBP (≥40 on a 100mm visual analogue scale (VAS)) for at least 6 months, and at 

least one endplate from T12-S1 with MC (type 1, 2 or mixed) were eligible for inclusion. 

Exclusion criteria are detailed in Appendix Table 6.1. Potential participants then had a 

screening MRI, and those with no MC or with only type 3 MC were excluded. Regular use of 

other medication was allowed except for high dose opiates.  

Informed consent was obtained from all participants, and ethics approval for the study was 

granted by the Tasmanian Human Research Ethics Committee. This study was registered with 

the Australian New Zealand Clinical Trials Registry (ACTRN12614000719639). 

 

6.2.3 Randomisation and interventions 

Participants were randomised to receive one of three treatments: zoledronic acid 5mg/100ml, 

denosumab 60mg/1ml, placebo (saline 100ml/1ml) using a double dummy approach. 

Participants were randomised into one of three study arms based on computer-generating 

random numbers using adaptive allocation, stratified by type 1 MC (with or without). This was 

conducted by a staff member with no direct involvement in the study. The allocated treatment 

was dispensed by one author (LLL) and administered by a nurse who was unblinded, neither 

of whom assessed any study outcomes. All participants and assessors were blinded to treatment 

allocation throughout the trial. 
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6.2.4 Outcomes 

Chief outcomes were changes in LBP assessed using VAS (0-100mm), and total MC size 

(mm2) on MRI over 6 months. 

Other outcomes were changes in LBP (the Low Back Pain Rating Scale [RS]) [137], disability 

(the Roland-Morris Disability Questionnaire [RMDQ]) [139], utility (calculated using the 

Assessment of Quality of Life [AQoL] questionnaire) [321], response to therapy (based on the 

Osteoarthritis Research Society International [OARSI] responder criteria for clinical trials) 

[320] after 3 and 6 months, and change in the proportion of participants with type 1 MC after 

6 months. Safety outcomes included acute phase reactions [295] and any adverse events over 

6 months. Blinding was assessed after 6 months to determine whether participants correctly 

guessed which treatment arm they were allocated to. 

Participants who withdrew from the study before 6 months were invited to have a second MRI 

scan at the sixth month. 

 

6.2.5 Pain and disability 

LBP was assessed using a 100mm VAS from 0 (none) to 100 (unbearable) by asking “Thinking 

about your low back, where would you rate your pain? Use the last seven days as a time frame”.  

The pain subscale of the RS (score range 0-30) was also used to assess LBP, combining three 

sub-questions rated from (0 [no pain] to 10 [worst pain imaginable]) for current pain intensity 

and the worst (0-10) and average pain (0-10) in the past two weeks [137]. RMDQ (0-24 scores) 

was used to evaluate disability due to back pain with 24 indicating the worst [139]. LBP (VAS 

and RS) and disability scores were recorded at baseline and then monthly. Clinically significant 

improvements were defined as a 15mm reduction in VAS and 5 in RMDQ [333]. 

 

6.2.6 MRI assessment 

MRI scans were performed at screening and 6 months with a 1.5T non-contrast scan (GE 

Optima 450W, Milwaukee, USA). The imaging sequences were sagittal T1-weighted and fat-

saturated T2-weighted Fast Spin Echo (FSE), and T2-weighted Fast Recovery Fast Spin Echo 
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(FRFSE) (T1 FSE: repetition time 489ms, echo time 10ms; fat-saturated T2 FSE: repetition 

time 3490ms, echo time 102ms; T2 FRFSE: repetition time 3206ms, echo time 102ms). Other 

technical specifications included a slice thickness of 4mm with spacing 0.5mm, matrix 

416×224 and a field of view 32cm.  

Presence and location of MC at screening was assessed by a radiologist (AH) for the purposes 

of patient enrolment. Scoring of MC was performed by a trained observer (GC), blinded to 

treatment allocation using OsiriX software (University of Geneva, Geneva, Switzerland). 

Screening and 6 months scans were read paired with the chronological order known to the 

reader. The endplates were measured from the upper endplate of T12 down to the upper 

endplate of S1, which is the field of view of the MR images. The maximum area (mm2) of MC 

at each endplate was measured (excepting endplates with type 3 MC), and these were summed 

to create total MC size at screening and 6 months (Figure 6.1). The type of MC at each vertebral 

endplate was determined according to previous descriptions [329]. Disc degeneration of each 

intervertebral disc at screening was measured using the Pfirrmann Grading System (level 1-5) 

[133], where 5 was considered severe, and the maximum level of disc degeneration for each 

participant was recorded. There was excellent intra-observer repeatability for disc 

degeneration, MC size and MC type, with intraclass correlation coefficients from 0.93 to 0.99. 

  

 



Chapter 6: Effect of Zoledronic Acid and Denosumab on LBP and MC 101 

 

 

 

6.2.7 Responder criteria 

The OARSI responder criteria combines improvements of pain, function and patient’s global 

assessment to create a treatment effect which is based on osteoarthritis clinical trials [320]. We 

adapted this approach for use in LBP, combining patient’s global assessments, LBP VAS for 

pain and RMDQ scores for function to generate a treatment responder variable (0: no 

responder; 1: responder). Patient’s global assessments were assessed using a 100mm VAS, 

with 0 indicating very well and 100 very poorly. 

 

6.2.8 Other measures 

Utility scores (0-1) were calculated based on the 4-dimension AQoL questionnaire, with 0 

Figure 6.1: Measurement of the total area of Modic changes. 
The maximum size of Modic changes was measured for each participant at each endplate. In this 

example, the maximum size of Modic changes at each endplate was recorded: lower endplates of 

L4 (A) and L5 (C), and upper endplates of L5 (B) and S1 (D). The total area of Modic changes for 

this participant was the sum of the maximum area of Modic changes at these four endplates. 
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indicating the worst health state and 1 the best [321]. Neuropathic pain was assessed by the 

painDETECT questionnaire (-1 to 38) at screening. A painDETECT score <12 was defined as 

unlikely neuropathic pain, and 13-18 as possible neuropathic pain.[135] Depression (as 

assessed using the Patient Health Questionnaire (PHQ-9) (0-9)) [383] and use of concomitant 

medications at baseline were recorded to address their potential effects on pain. Blinding was 

assessed by asking participants “What treatment do you think you received” with offering the 

following options: “Zoledronic acid” or “Denosumab” or “Placebo” or “Either active 

treatment” or “Not sure”.   

 

6.2.9 Sample size 

This study was a proof of principle study, and therefore no formal sample size calculation was 

performed [384]. In consideration of the similarity between MC and BMLs, we based the 

sample size on our previous study of ZA in knee osteoarthritis [267], in which we were able to 

demonstrate a statistically significant difference in knee pain and BML size with a sample size 

of n=30 per group. Thus, we planned to recruit at least 90 participants in this study. 

 

6.2.10 Statistical analysis 

All analyses followed an intention-to-treat principle. Changes in LBP, size of MC, proportion 

of participants with type 1 MC, disability and utility scores were analysed using mixed-effect 

modelling and generalised estimating equations. In mixed-effect modelling, fixed effects were 

month, treatment group and their interaction; random intercept was participant identification. 

Missing values (6%-13% missing) on these six repeated measure outcomes were addressed 

using maximum-likelihood estimation (mixed-effect modelling and generalised estimating 

equations) [385]. The adjustments for clinically important covariates at baseline (age, gender, 

depression, type 1 MC, size of MC, duration of symptoms and/or concomitant medication) 

made no meaningful change to the model coefficients, so we did not include any of them in the 

final models. 

Treatment responders were regressed on treatment allocation using log binomial models 

separately at 3 and 6 months. Multiple imputations by chained equations were used to address 
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missing values on treatment responders (10%-14% missing). Twenty imputations were 

performed using baseline variables with complete data assuming missing at random (age, 

gender, BMI, concomitant medication, type 1 MC and treatment allocation).  

Post-hoc analyses were performed to identify subgroups in which these treatments may be more 

effective. For change in VAS LBP and disability we examined potential interactions between 

treatment effects (treatment over time) and severity of disc degeneration (severe/milder), 

presence or absence of type 1 MC and size of MC (above/below the median size) at screening. 

Given the exploratory nature of this study, interactions were only evaluated as whether they 

were potentially clinically important rather than by statistical significance. If the effect size of 

an interaction item was clinically significant, stratified analysis was performed. A pre-specified 

sensitivity analysis was used to determine whether the change in LBP (VAS and RS) was 

influenced by persons in whom the presence of neuropathic pain was uncertain (painDETECT 

score 12-19) [135]. Additionally, we performed a subgroup analysis for the change of MC size 

in endplates with only type 1 MC at screening. Time-course analysis was used to explore the 

trajectory of treatment effects on LBP and disability. Analyses were performed using Stata 

version 14.2 (Stata Corporation). A two-sided p-value of 0.05 was considered statistically 

significant. 

 

6.3 Results  

6.3.1 Participants 

A total of 171 participants were screened and 103 participants randomised to receive either ZA 

(n=35), denosumab (n=31), or placebo (n=37). Six participants (6%) withdrew from the study 

during the 6 months follow-up. Ninety-five (92%) participants completed questionnaires and 

96 (93%) had MRIs at 6 months. Figure 6.2 shows the trial flowchart.  

At baseline, participants were older adults (mean age 59.8±10.1), who were predominantly 

males (39% females) with moderate to severe LBP (mean VAS of 57mm) and MC visible at 1 

or more lumbar vertebrae (median size of 538 mm2). The three groups were generally well 

matched on baseline characteristics except for sex and MC size (Table 6.1).
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Figure 6.2: Study flow diagram.  
* Missed appointments are defined as no questionnaire available at follow-up. 
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Values are mean ± SD unless otherwise specified as n (%) or median (IQR). 
BMI = body mass index; IQR = interquartile range; LBP = low back pain; VAS = visual analogue scale; RS 
= rating scale; RMDQ = Roland-Morris disability questionnaire; PHQ-9 = patient health questionnaire; 
NSAID = non-steroid anti-inflammatory drug. 
a BMI was calculated as weight in kilograms divided by height in meters squared. 
b One participant might have different types of MC at different endplates. 
c All participants have at least level 2 disc degeneration (using the Pfirrmann Grading System). 
d Participants may have used more than one type of these medications. 
  

Table 6.1: Baseline Characteristics of Study Participants by Treatment Received. 

  
Zoledronic Acid Denosumab Placebo 

(N = 35) (N = 31) (N = 37) 
Age (years) 57.7 ± 8.5 60.0 ± 11.0 61.5 ± 10.5 
Female, n (%) 11 (31) 16 (52) 13 (35) 
BMI (kg/m2) a 29.2 ± 5.6 29.8 ± 5.3 29.8 ± 5.4 
Duration of LBP (years), median 
(IQR) 25 (4-30) 20 (5-30) 10 (5-20) 

Size of MC (mm2), median (IQR)   697 (273-1155)      532 (255-893)     389 (164-780) 
Types of MC, n (%) b    
     Any type 1 MC   9 (26) 11 (35) 9 (24) 
     Any type 2 MC 24 (69) 23 (74) 26 (70) 
     Any mixed-type MC  32 (91) 30 (97) 33 (89) 
LBP VAS (0-100) 59.5 ± 15.5 55.3 ± 16.8 56.3 ± 21.8 
LBP RS (0-30) 18.7 ± 4.4 17.3 ± 4.6 16.8 ± 5.7 
RMDQ (0-24) 11.5 ± 4.5 10.5 ± 4.8 11.1 ± 5.3 
Utility (0-1) 0.56 ± 0.23 0.61 ± 0.17 0.60 (0.22 
PHQ-9 (0-27) median (IQR)   6 (3-10) 5 (1-6) 4 (2-8) 
Disc degeneration, n (%)    
     Severe (level 5) 17 (49) 15 (48) 15 (41) 
     Milder (level 2-4) c 18 (51) 16 (52) 22 (59) 
PainDETECT, n (%)    
     Uncertain neuropathic pain   1 (3) 4 (13) 1 (3) 
     Non-neuropathic pain 34 (97) 27 (87) 36 (97) 
Medication use, n (%) d    
     Cox-2 inhibitor   4 (11) 1 (3) 2 (5) 
     Fish oil   8 (23) 7 (23) 7 (20) 
     Glucosamine   4 (11) 4 (13) 3 (8) 
     NSAIDs 13 (37) 10 (32) 16 (43) 
     Paracetamol 19 (54) 21 (68) 21 (57) 
     Number of analgesics   1 (1-2) 1 (1-2) 1 (1-2) 
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6.3.2 Chief outcomes 

The chief outcomes are presented in Table 6.2. Compared to baseline, VAS LBP reduced in all 

three groups over 6 months. There were no statistically significant differences in the reductions 

of VAS LBP between either the ZA or the denosumab group and placebo, though the 10.7 mm 

greater reduction in the denosumab group compared to placebo approached statistical 

significance (p=0.06). The size of all MC changed little in any group and there were no 

significant between group differences.  

 

6.3.3 Other outcomes 

Other outcomes are shown in Table 6.2. Compared to placebo, both ZA and denosumab 

significantly improved LBP (as assessed by the RS) after 6 months; ZA also decreased RS and 

disability scores after 3 months. There was no change in the proportion of participants with 

type 1 MC or in utility scores in either treatment group, compared to placebo. Proportions of 

responders at 3 and 6 months were higher in the ZA and denosumab group than that in the 

placebo group, but these differences were not statistically significant. For assessment of 

blinding, 30% participants in the ZA group, 10% in the denosumab group and 18% in the 

placebo group correctly guessed what they had been allocated to (Appendix Table 6.2). 

 

6.3.4 Post-hoc analysis 

Post-hoc analyses are also presented in Table 6.2. Effect sizes of interactions with both severity 

of disc degeneration and presence or absence of type 1 MC for VAS LBP reached clinical 

significance. In stratified analyses, both ZA and denosumab significantly improved LBP in 

persons with milder disc degeneration over 6 months, and denosumab improved LBP in those 

with type 1 MC, compared to placebo. Subgroup analysis showed that the size of type 1 MC 

was increased in the ZA and the placebo groups, but was slightly decreased in the denosumab 

group and this difference was statistically significant when compared to placebo. Sensitivity 

analysis found both treatments significantly improved LBP (VAS and RS) compared to placebo 

in participants without neuropathic pain.  

Time-course analysis showed that LBP and disability scores in the ZA group decreased 



Chapter 6: Effect of Zoledronic Acid and Denosumab on LBP and MC 107 

significantly after one month and remained relatively stable over the remaining 5 months 

(Figure 6.3). The effect of denosumab on LBP peaked at 2 months with little change between 

2 and 6 months. 
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Table 6.2: Change in Study Outcomes Between Active Treatments (ZA or Denosumab) and Placebo Over 3 and 6 Months. 
 Mean change from baseline (95%CI) Zoledronic Acid vs. Placebo Denosumab vs. Placebo 
 Zoledronic Acid Denosumab Placebo Absolute Difference  Absolute Difference  
  (N = 35) (N =31) (N=37) Mean (95% CI) RR (95% CI) Mean (95% CI) RR (95% CI) 

Chief outcomes (6 
 

         

  LBP VAS (0-100)  -21.5 (-29.1 to -13.9) -24.0 (-32.1 to -16.0) -13.3 (-20.8 to -5.8) -8.2 (-18.8 to 2.4) - -10.7 (-21.7 to 0.2) - 
  Size of MC (mm2)  -1.1 (-16.8 to 14.7) -4.1 (-20.7 to 12.4) -3.9 (-19.6 to 11.9) 2.8 (-19.5 to 25.1) - -0.3 (-23.1 to 22.6) - 
Other outcomes         
3 Months         
  LBP RS (0-30)  -5.4 (-7.3 to -3.5) -4.3 (-6.3 to -2.2) -1.9 (-3.9 to 0) -3.5 (-6.2 to -0.8) - -2.3 (-5.1 to 0.5) - 
  RMDQ (0-24)  -3.5 (-4.9 to -2.2) -1.2 (-2.6 to 0.2) -1.4 (-2.8 to -0.1) -2.1 (-4.0 to -0.2) - 0.3 (-1.7 to 2.2) - 
  Utility (0-1)  0.03 (-0.02 to 0.08) 0.01 (-0.04 to 0.07) 0.02 (-0.03 to 0.07) 0.01 (-0.06 to 0.08) - -0.01 (-0.08 to 0.06) - 
  Responders, n/N (%) a 19/32 (59.4) 13/28 (46.4) 12/29 (41.4) 18.0 (-7.7 to 43.6)  1.4 (0.8 to 2.4) 5.0 (-21.7 to 31.8) 1.1 (0.6 to 2.0) 
6 Months         

  LBP RS (0-30)  -6.3 (-8.2 to -4.4) -6.0 (-8.0 to -4.0) -3.0 (-4.9 to -1.1) -3.3 (-5.9 to -0.7) - -3.0 (-5.7 to -0.3) - 
  RMDQ (0-24)  -3.2 (-4.5 to -1.9) -1.6 (-3.0 to -0.2) -1.8 (-3.1 to -0.5) -1.4 (-3.2 to 0.5) - 0.2 (-1.7 to 2.1) - 
  Utility (0-1)  0.09 (0.04 to 0.13) 0.02 (-0.03 to 0.08) 0.05 (0 to 0.10) 0.03 (-0.04 to 0.10) - -0.03 (-0.10 to 0.04) - 
  Type 1 MC (%) b  0.4 (-10.3 to 11.1) -16.2 (-27.7 to -4.7) -10.3 (-20.0 to -1.0) 10.7 (-3.7 to 25.0) 1.8 (0.9 to 3.6) -5.9 (-20.9 to 9.2) 0.9 (0.4 to 2.0) 
  Responders, n/N (%) a 22/33 (66.7) 16/29 (55.2) 15/31 (48.4) 18.3 (-6.4 to 42.9) 1.3 (0.8 to 2.0) 6.8 (-19.4 to 33.0) 1.1 (0.7 to 1.7) 
Post-hoc outcomes (LBP VAS over 6 months)       
  Severe disc degeneration 

 
-17.0 (-28.0 to -6.0) -21.7 (-33.1 to -10.3) -18.8 (-30.8 to -6.8) 1.8 (-14.5 to 18.0) - -2.9 (-19.4 to 13.7) - 

  Milder disc degeneration c -25.1 (-35.2 to -14.9) -26.3 (-37.3 to -15.3) -10.3 (-19.7 to -1.0) -14.7 (-28.5 to -0.9) - -16.0 (-30.4 to -1.5) - 
  With type 1 MC d -22.6 (-36.9 to -8.2) -35.6 (-48.6 to -22.6) -13.0 (-29.6 to 3.6) -9.6 (-31.5 to 12.4) - -22.7 (-43.8 to -1.6) - 
  Without type 1 MC -21.1 (-29.8 to -12.4) -17.2 (-27.2 to -7.3) -13.3 (-21.5 to -5.1) -7.8 (-19.8 to 4.2) - -3.9 (-16.9 to 9.0) - 
Participants with non-neuropathic pain e       

  LBP VAS (0-100)  -23.0 (-30.6 to -15.3) -25.8 (-34.4 to -17.2) -12.2 (-19.8 to -4.7) -10.8 (-21.5 to 0.0) - -13.6 (-25.0 to -2.1) - 
  LBP RS (0-30)   -6.5 (-8.4 to -4.6) -6.3 (-8.5 to -4.2) -2.7 (-4.6 to -0.9) -3.8 (-6.5 to -1.1) - -3.6 (-6.4 to -0.8) - 
Subgroup analysis         
Size of Type 1 MC (mm2) 17.9 (4.5 to 31.3) -4.6 (-16.7 to 7.5) 17.5 (2.3 to 32.7) 0.4 (-19.8 to 20.7) - -22.1 (-41.5 to -2.7) - 
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(Continues footnotes) 
Changes from baseline to 3 and 6 months among the three groups were compared using mixed-effects linear 
regression, unless otherwise specified. Bold values indicate statistical significance (p < 0.05). 
ZA = zoledronic acid; CI = confidence interval; RR = relative risk; LBP = low back pain; VAS = visual 
analogue scale; MC = Modic change; RS = rating scale; RMDQ = Roland-Morris disability questionnaire. 
a Responders were evaluated using the OARSI responder criteria. The number and proportion of responders 
in each group are shown at 3 and 6 months; absolute difference and RR were calculated by treatment group 
minus placebo group using log binomial regression after multiple imputation for missing values. 
b Absolute difference and RR in the proportion of participants with type 1 MC were calculated by treatment 
group minus placebo group using generalized estimating equations. 
c Sample size in milder disc degeneration subgroups: n = 18 in the ZA group, n = 16 in the denosumab group, 
and n = 22 in the placebo group. 
d Sample size in type 1 MC subgroups: n = 9 in the ZA group, n = 11 in the denosumab group, and n = 9 in 
the placebo group. 
e Sample size in non-neuropathic pain (painDETECT score of <12) subgroups: n = 34 in the ZA group, n = 
27 in the denosumab group, and n = 36 in the placebo group. 
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Figure 6.3: The changes of LBP: VAS (A) and RS (B); and (C) disability (RMDQ) among different 
treatments (placebo) over 6-month follow-up. 

P values indicate the individual between-group changes (active versus placebo) at 6 months. 
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6.3.5 Adverse events 

Adverse events were common, with all 35 participants (100%) in the ZA group, 27 (87%) in 

the denosumab group and 25 (68%) in the placebo group reporting at least one adverse event 

over 6 months (Table 6.3). Most of the adverse events were acute phase reactions in the ZA 

group: primarily flu-like symptoms, headache-dizzy, musculoskeletal pain and stiffness, and 

psychological effects (e.g. malaise, insomnia and depression). Three participants experienced 

one serious adverse event (non-elective hospital admission): from the placebo group one 

participant had a food allergy and another severe vomiting and dehydration while traveling; 

one participant from the ZA group fell after taking diazepam. Two participants from the 

placebo group withdrew due to adverse events. 

 

Values are n (%) unless otherwise specified. 
a Some participants may have experienced more than one adverse event; acute phase indicates within 3 
days posttherapy. 
b Psychological effects in this study mainly included malaise, insomnia, and depression.  

Table 6.3: Adverse events. 
 Zoledronic Acid Denosumab Placebo 
 (N = 35) (N = 31) (N = 37) 
Participants with at least one adverse event 35 (100) 27 (87) 25 (68) 
Acute Phase Reactions, n a 85 33 26 
     Constipation 0 (0) 0 (0) 1 (3) 
     Diarrhoea 3 (9) 0 (0) 1 (3) 
     Flu-like 22 (63) 5 (16) 7 (19) 
     Headache-dizzy 20 (57) 10 (32) 8 (22) 
     Musculoskeletal pain and stiffness 18 (51) 8 (25) 2 (5) 
     Psychological effects b 21 (60) 10 (32) 7 (19) 
     Rash 1 (3) 0 (0) 0 (0) 
Other adverse events, n a 10 13 18 
     Conjunctivitis 0 (0) 1 (3) 0 (0) 
     Flu-like 0 (0) 1 (3) 1 (3) 
     Headache-dizzy 0 (0) 0 (0) 2 (5) 
     Musculoskeletal pain and stiffness 7 (20) 9 (29) 12 (32) 
     Psychological effects b 2 (6) 2 (6) 3 (8) 
     Pneumonia 1 (3) 0 (0) 0 (0) 
Elective surgery (other than back problem) 2 (6) 2 (6) 2 (5) 
Serious adverse events    
     Non-elective hospital admission 1 (3) 0 (0) 2 (5) 
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6.4 Discussion 

In this proof of principle study, one-off treatment with either infusion of ZA (5mg/100ml) or 

subcutaneous injection of denosumab (60mg/1ml) were effective for the treatment of MC-

associated LBP assessed by LBP RS but not VAS, but did not significantly change overall areal 

MC size over 6 months. Furthermore, post-hoc analyses suggested both therapies had 

significant benefit for LBP in patients with specific MRI characteristics (milder disc 

degeneration or type 1 MC) and non-neuropathic pain. These pilot findings imply these 

therapies will work better in persons with earlier disease with non-neuropathic pain. 

There were differences in the effects of ZA and denosumab compared to placebo on pain 

depending on the method of pain assessment used. There were no statistically significant 

between-group differences in LBP assessed by VAS, though there was a trend to a statistically 

significant reduction for the denosumab group compared to the placebo group (p=0.06), 

although the magnitude (10.7mm) was not clinically important. In contrast, improvements in 

LBP as assessed by the RS were statistically significant in both active treatment groups over 6 

months, compared to placebo. This discrepancy may be due to the different time anchors (VAS 

pain – last 7 days vs. RS – last two weeks plus the present), or slight differences in wording. 

Also, while RS specifies 3 questions for the worst, average and current pain, VAS in this study 

recorded the average LBP only. These differences may make RS more sensitive than VAS for 

LBP assessment.  

The effects on pain from ZA occurred early in the treatment period (1 month) for both LBP 

and disability. This was similar to a previous trial where ZA significantly reduced LBP (using 

a 10cm VAS) after 1 month but not after 12 months [276]. ZA predominantly showed a long 

but not short-term effect on LBP in this trial, but the pain curves did separate at 1 month. This 

result was unexpected but is consistent with the very rapid effect of ZA on bone turnover 

markers in osteoporosis [386] and Paget’s disease [348]. Maximal effects on LBP were 

observed after 2 months in the denosumab-treated patients. The effect of denosumab on bone 

resorption wears off quickly from around the five-month mark. We expected this would 

correlate with change in pain but did not observe any worsening of pain before the end of the 

trial. A longer duration of follow up would be required to explore this further.  

The analgesic effects of ZA and denosumab on MC-associated LBP may be due to their role 

in osteoclast inhibition[343, 387] or inflammation [388]. Elevated levels of osteoclast 
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activators have been detected in intervertebral discs with adjacent MC compared to those 

without [389], meaning osteoclasts may be involved in the pathogenesis of MC. In animal 

experiments, osteoclastic bone resorption has been associated with inflammatory skeletal pain 

[390], which can be improved by the administration of bone-active agents [391, 392]. 

Biomechanical theory suggests that traumatic inflammation in the endplates may be a source 

of MC-associated LBP [87, 393]. Upregulation of pro-inflammatory cytokines has been found 

in endplates with MC [394-396], and localised anti-inflammatory therapy has shown a short-

term effect on MC-associated LBP [378]. Hence, the anti-inflammatory effect of ZA may also 

contribute to relieving LBP associated with MC. 

In post-hoc analysis, both therapies were more effective on LBP in persons with milder disc 

degeneration than with severe disc degeneration, suggesting they may work better earlier in the 

disease course. Previous research has been inconclusive about whether the size or type of MC 

is associated with LBP symptoms [372, 373, 397]. We observed that denosumab reduced VAS 

LBP more in persons with type 1 MC. Both medications statistically significantly relieved LBP 

in persons without neuropathic pain, which would be expected given their mechanism of action.  

There was little change in MC size (<10mm2 or 1% of baseline size) in any treatment group 

over the course of the trial. This is in contrast to our previous study, where ZA reduced knee 

osteoarthritis related BML area by 164mm2 (35% of baseline size) compared to placebo over 

6 months [267]. MC pathology may be different to BML pathology and may take longer to 

respond to treatment with bone-active agents. Our study may not have been long enough to 

observe an effect. Similarly, in a small randomised controlled trial, Koivisto et al found that 

ZA did not significantly reduce the size of MC over one year, but ZA accelerated the 

conversion of type 1-dominant to type 2-dominant MC [277]. The progression of LBP 

symptoms and MC may be at least partially independent of each other and this is a potential 

reason why the treatments in our trial improved LBP symptoms but did not significantly change 

MC size or type. However, we found that denosumab prevented an increase in type 1 MC size, 

but the change was small in magnitude.   

As expected, adverse events were more frequent in the ZA group than that in the placebo group. 

The major adverse events in the ZA group were similar to those previously described [295], 

and no new safety signals were identified. 

Strengths of this study include the high follow-up (94%) over 6 months, areal measurements 
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for MC and detailed records of clinical symptoms at each month of follow-up. The study also 

has limitations. Firstly, this was a proof of principle study, in which the sample size was 

modest, so this study should be regarded as hypothesis generating for subsequent trials. 

Secondly, the follow-up may not have been long enough to detect a structural change, and a 

recent study suggested that one year follow-up may be required [277]. Therefore, we cannot 

be sure of whether the treatment effect on LBP was related to the changes in MC size or type, 

or to other MC characteristics that were not measured. Thirdly, the frequency of acute phase 

reactions in ZA-treated group was higher than in other two groups, this might weaken the 

strength of blinding. However, patient-reported assessment of treatment blinding demonstrated 

that only 30% of patients in the ZA group correctly guessed that they were given ZA; this is 

no better than chance and suggests that blinding has been successful. Finally, results from post 

hoc analyses were exploratory and should be confirmed further. 

In conclusion, both ZA and denosumab may reduce LBP but do not change overall MC area 

over 6 months, but denosumab may reduce type 1 MC size. This study suggests a potential 

therapeutic role for ZA and denosumab in MC-associated LBP. 
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Chapter 7 - Once-yearly zoledronic acid and change in abdominal aortic 

calcification over 3 years in postmenopausal women with osteoporosis: 

results from the HORIZON Pivotal Fractural Trial 
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7.1 Introduction 

Bisphosphonates are used to prevent bone loss in people with or at risk of osteoporosis. There 

is increasing evidence that bisphosphonates may be protective against all-cause mortality and 

cardiovascular mortality [258, 291-293, 398-400] but the reasons for this are unclear. One 

potential mechanism is by reducing vascular calcification, as this impairs cardiovascular 

hemodynamics and independently predicts the risk of cardiovascular mortality [401].  

Vascular calcification coexists with bone loss in many epidemiological studies [206, 208, 402, 

403]. The Framingham study demonstrates a dose-response relationship between increased 

bone loss and the progression of abdominal aortic calcification (AAC) [208], leading to a 

hypothesis that there is a shift of bone from the skeleton to the vasculature [205]. As anti-

resorptive agents, bisphosphonates reduce the formation and progression of vascular 

calcification in animal studies [228-230, 404]. One possible hypothesis is that bisphosphonates 

reduce the release of bone minerals (e.g., calcium and phosphate) from bone tissue to the 

vasculature [405] or the formation of calcium phosphate crystals in blood vessels [406]. Indeed, 

deposits of calcium in arterial walls play a key role in vascular calcification [407]. Moreover, 

elevated serum levels of calcium, phosphate and calcium-phosphate product promote 

differentiation of vascular smooth muscle cells to osteoblast-like cells [215], which can calcify 

within the vascular wall [408]. In addition, zoledronic acid, an intravenous bisphosphonate, 

may have a regulating effect on the proliferation, adhesion and migration of vascular smooth 

muscle cells [409].  

Despite the above laboratory evidence, results from randomized controlled trials (RCTs) are 

inconsistent. Specifically, an effect of bisphosphonates on aortic calcification was observed in 

trials conducted in haemodialysis patients using etidronate [280-283] but not in patients with 

osteoporosis, chronic kidney disease or renal transplant recipients using other bisphosphonates 

(e.g. ibandronate, alendronate, risedronate) [284-287]. Zoledronic acid has been found to 

reduce death and cardiovascular mortality in RCTs [258, 291-293] and aortic valve 

calcification in animals [294]. However, there are no data on its effect on aortic calcification 

in humans. Therefore, the aim of this study was to assess the effect of zoledronic acid on the 

progression of AAC over 3 years and whether there was a correlation between change in bone 

mineral density (BMD) and AAC progression, in post-menopausal women with osteoporosis. 
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7.2  Methods  

7.2.1 Participants 

The Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly (HORIZON) 

Pivotal Fracture Trial was an international, multicentre, double-blind RCT to evaluate the 

effect of annual infusions of zoledronic acid on fracture risk in 7765 postmenopausal women 

(3889 zoledronic acid, 3876 placebo) aged 65 to 89 years with osteoporosis over 3 years 

(ClinicalTrials.gov number, NCT00049829). The study design has been described elsewhere 

[257]. Participants were randomized to receive a 15-minute intravenous infusion of either 5mg 

zoledronic acid or placebo in a 1:1 ratio at baseline, 12 and 24 months, and were followed until 

36 months. 

This study was a post hoc analysis of the HORIZON Pivotal Fracture Trial evaluating the effect 

of zoledronic acid on AAC over 3 years. Using computer-generated random numbers, we 

randomly identified 599 postmenopausal women with osteoporosis receiving either zoledronic 

acid or placebo from the HORIZON Pivotal Fractural Trial. Participants were excluded if the 

spine lateral x-rays at baseline and/or 3 years were unavailable, or the x-ray films were 

unreadable due to poor image quality. After screening x-ray films, 502 participants were 

retained in this study.  

 

7.2.2 AAC scoring 

AAC at baseline and follow-up was assessed paired on lateral spine radiographs by consensus 

of two trained readers (HK and LH), blinded to treatment allocation, according to the 

Abdominal Aortic Calcification (AAC-8) scale [236]. The total length of calcification of both 

the anterior and posterior aortic walls in front of the L1-L4 vertebral segments were each 

evaluated and scored from 0 to 4, defined as follows: 0 (absence of calcification), 1 (length of 

calcification ≤ height of 1 vertebrae), 2 (length of calcification between the heights of 1 to 2 

vertebrae), 3 (length of calcification between the heights of 2 to 3 vertebrae) and 4 (length of 

calcification > heights of 3 vertebrae). Thus, the total AAC score ranges from 0 to 8. Test-retest 

reliability of the AAC scores was performed in 25 randomly selected cases by one reader, with 

intraclass correlation coefficients (ICC) for intra-observer reliability ranging from 0.74 to 0.87. 
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For change in AAC scores from baseline to follow-up, ICC for intra-observer reliability was 

0.62. 

Presence of AAC at baseline was defined as AAC score > 0. Change in AAC score was 

calculated as the AAC score at follow-up minus AAC score at baseline. Progression of AAC 

was defined as having any increase in AAC score over 3 years (i.e. change in AAC score >0). 

 

7.2.3 Bone mineral density 

BMD (g/cm2) at the total hip and femoral neck were measured using dual-energy x-ray 

absorptiometry (DXA) at baseline and after 3 years with corrections for site variations. Change 

in BMD was calculated as BMD at 3 years minus the values at baseline. 

 

7.2.4 Sample size calculation 

Assuming progression of AAC in the placebo group of 25% as previously reported in 

postmenopausal women over 5 years [410], 250 participants per group provided 80% power 

with 5% probability of type I error to detect a 10% difference in the absolute risk of AAC 

progression between the zoledronic acid group and the placebo group (15% and 25%, 

respectively). This is potentially clinically relevant as a 10% reduction in the absolute risk of 

AAC progression was associated with a 6% reduced risk of cardiovascular events [410] and 

conservative compared to the cardioprotective effect of zoledronic acid [258]. 

 

7.2.5 Statistical analysis 

Baseline characteristics by treatment group were described using mean (standard deviation, 

SD), median (interquartile range, IQR) or n (%) as appropriate. Between-group differences at 

baseline were evaluated using Student’s t-tests, Wilcoxon rank-sum or chi-square tests. 

Analysis of change in mean AAC scores over time was not performed due to the small range 

of the discrete data (0-8). Progression of AAC (i.e., any increase in AAC score) in the treatment 

and placebo groups was compared using logistic regression with adjustment for baseline AAC 

scores. In a pre-specified subgroup analysis, the study population was stratified by the presence 
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(AAC score >0) or absence of AAC (AAC score =0) at baseline to separately evaluate the 

effects of zoledronic acid on the progression of existing AAC and the incidence of new AAC, 

respectively. The correlations of change in BMD of the total hip and femoral neck with change 

in AAC score were evaluated using Spearman’s rank correlation coefficients. 

All analyses were performed by the University of California, San Francisco, using the SAS 

software (Version 9.4, SAS Institute, Cary, NC, USA). A two-tailed p-value equal to or less 

than 0.05 was considered statistically significant. 

 

7.3  Results  

Of 502 participants included, 234 (46.6%) were assigned to receive zoledronic acid and 268 

(53.4%) placebo. As shown in Table 7.1, the baseline characteristics of the participants were 

well-balanced between the two groups, except that BMD was 2-3% higher in the placebo 

group. The distribution of baseline AAC score was right-skewed, and the median AAC scores 

were similar in the two groups. Participants in this subsample had similar baseline 

characteristics to the full trial population in the HORIZON trial [257] including age, sex, body 

mass index (BMI), race, smoking status, use of alcohol and medication history. 

Over 3 years, AAC progressed in 30% of participants, was stable in 68% and decreased in 2%. 

Progression of AAC was observed in 28.6% of participants in the zoledronic acid group and 

30.6% the placebo group; the between-group difference was not statistically significant 

(p=0.64). In subgroup analysis, the progression of AAC was similar in the zoledronic acid and 

the placebo groups in participants with AAC at baseline as well as in those without (Table 7.2). 

There were no significant correlations between change in AAC score and change in total hip 

and femoral neck BMD overall or in each treatment group over 3 years (Table 7.3).  
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Results are shown as mean ± standard deviation or n (%). 
AAC, abdominal aortic calcification; IQR, interquartile range; SERMs, selective estrogen receptor 
modulators. 
  

Table 7.1.  Baseline characteristics of participants 

 
Placebo Zoledronic Acid P-value 

for 
difference (N= 268) (N =234) 

Age, year 72.7 (5.3) 72.3 (5.0) 0.31 
Race    

    White 198 (74%) 177 (76%) 0.67 
    Asian 49 (18%) 45 (19%) - 
    Hispanic 17 (6%) 10 (4%) - 
    African American/Other 4 (2%) 2 (1%) - 
Body-mass index, kg/m2 25.3 (3.7) 25.5 (4.6) 0.75 
Smoking history    

    Current 17 (6%) 15 (6%) 0.98 
Any alcohol intake 16 (6%) 9 (4%) 0.28 
AAC score (0-8), median (IQR)    

    Posterior 1 (0 to 1) 1 (0 to 1) 0.61 
    Anterior 0 (0 to 1) 0 (0 to 1) 0.98 
    Total 1 (0 to 2) 1 (0 to 2) 0.78 
AAC score > 0 156 (58%) 136 (58%) 0.98 
Bone mineral density, g/cm2    

    Total hip 0.66 (0.07) 0.64 (0.09) 0.02 
    Femoral neck 0.54 (0.06) 0.53 (0.06) 0.01 
Previous medication use     

    Hormone Therapy 28 (11%) 29 (12%) 0.50 
    Bisphosphonates 35 (13%) 22 (9%) 0.20 
    Calcitonin 20 (8%) 19 (8%) 0.80 
    SERMs 15 (6%) 13 (6%) 0.98 
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 AAC, abdominal aortic calcification. 
†Adjusted for baseline AAC scores. 
‡ Results are incidence of new AAC. 
 

 

 

 

Table 7.3. Correlation between changes in aortic calcification and changes in bone mineral 
density over 3 years.  

Change in AAC score 
Total hip BMD  Femoral neck BMD 

r p-value  r p-value 
Overall 0.03 0.54  -0.02 0.66 
Zoledronic acid -0.02 0.72  -0.06 0.38 
Placebo 0.04 0.53  0 0.99 

AAC, abdominal aortic calcification; BMD, bone mineral density. 
 

  

Table 7.2. Progression of abdominal aortic calcification in the zoledronic acid and placebo 
groups over 3 years. 

  Progressive AAC (change in AAC score > 0) Odds Ratio 
  (95% CI) †  Placebo, n/N (%) Zoledronic acid, n/N (%) 

Total sample 82/268 (30.6%) 67/234 (28.6%) 0.9 (0.6 to 1.3) 
Baseline AAC score =0 ‡ 27/112 (24.1%) 27/98 (27.6%) 1.2 (0.6 to 2.2) 
Baseline AAC score >0 55/156 (35.3%) 40/136 (29.4%) 0.8 (0.5 to 1.2) 
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7.4 Discussion 

This post hoc analysis of the HORIZON Pivotal Fracture Trial provides the first data examining 

the effect of zoledronic acid on aortic calcification in humans. Annual infusions of 5 mg 

zoledronic acid did not affect the formation or progression of AAC over 3 years in 

postmenopausal women with osteoporosis, and there were no significant correlations between 

changes in BMD and change in AAC scores. Thus, our findings do not support the use of 

zoledronic acid for the treatment of vascular calcification.  

Clinical trial data on the effect of bisphosphonates on vascular calcification are inconsistent. 

Our finding that zoledronic acid was not protective against vascular calcification agrees with 

previous trials of nitrogen-containing bisphosphonates conducted in postmenopausal women 

with osteoporosis (n=474) [284], patients with chronic kidney disease (n=51) [286] or 

recipients of renal transplant (n=12 and 101) [285, 287]. Conversely, etidronate, a non-

nitrogen-containing bisphosphonate, consistently inhibited or even attenuated vascular 

calcification in haemodialysis patients in four other trials (n=12 to 35) [280-283]. One potential 

explanation for the dissimilar findings might be that the two classes of bisphosphonates have 

different mineral binding and biochemical actions [290]. Compared to non-nitrogen-containing 

bisphosphonates, nitrogen-containing bisphosphonates have much stronger anti-resorptive 

potency without inhibiting bone mineralization. However, an animal study revealed that 

bisphosphonates inhibited vascular calcification via the inhibition of bone mineralization and 

the process was independent of bone resorption [404]. If bisphosphonates cannot inhibit 

vascular calcification without inhibiting bone mineralization, this could explain why only non-

nitrogen-containing bisphosphonates show an effect on vascular calcification. Nonetheless, 

there are other possible reasons for the inconsistent results between trials. For instance, 

bisphosphonate treatment may have effects on vascular calcification in haemodialysis patients 

only due to haemodialysis influencing serum levels of calcium, phosphate and parathyroid 

hormone, which are important factors in vascular calcification [215]. In addition, most of these 

trials had a small sample size, which is likely to cause imprecise estimates.  

The lack of effect on the progression of vascular calcification with zoledronic acid treatment 

in this study does not rule out a potential role of bisphosphonates in reducing cardiovascular 

mortality mediated through other mechanisms. For instance, nitrogen-containing 

bisphosphonates may have a statin-like effect through the mevalonate pathway [411]. 

Moreover, farnesyl pyrophosphate synthase, a key enzyme in the mevalonate pathway, has an 
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important role in the pathophysiology of hypertensive cardiac hypertrophy [412], which 

increases cardiovascular risk [27]. In addition, nitrogen-containing bisphosphonates may have 

an immunomodulating effect by activating gamma-delta-T cells [413], which is important in 

cardiac repair [414]. 

We found no evidence that reduced bone loss in total hip or femoral neck was associated with 

a decreased progression of aortic calcification over 3 years as did another trial that evaluated 

the effect of ibandronate on aortic calcification over 3 years [284]. Observational data suggest 

that the progression of aortic calcification is associated with bone loss longitudinally in 

premenopausal women and with bone mass cross-sectionally in postmenopausal women [403], 

but results from RCTs suggest that bisphosphonates do not address the underlying mechanism 

of this association. Of note, bisphosphonates reduce bone loss and potentially lead to a decrease 

in serum calcium and phosphate and an increase in parathyroid hormone [308], which are 

postulated to inhibit the progression of vascular calcification [220, 415]. However, the low 

serum calcium is mostly transitional and can be rectified by rapidly acting homoeostatic 

mechanisms [416], and the transitional change may be unlikely to affect vascular calcification. 

Thus, the hypothesis that the progression of vascular calcification was due to a shift of bone 

minerals from the skeleton to the vasculature is also not supported by these data. 

The strengths of our study include the random selection of participants for this prospective 

study, enabling randomization of both known and unknown confounders, the large sample size 

and long follow-up. This study also has several limitations. First, this was an unplanned post-

hoc analysis performed in a subgroup of an RCT. However, the baseline characteristics in the 

treatment and placebo groups were well balanced and similar to the main study [257], and the 

outcomes were measured prospectively and blinded to treatment allocation. Second, the AAC-

8 scale used for measuring AAC in this study may not be sensitive enough for a small change 

in AAC since the score was classified from 0-4 using the total length of calcification from L1 

to L4. For instance, an increase in AAC less than the length of one vertebra may be treated as 

no change if baseline AAC was just above the length of an integral number (0-3) of vertebrae. 

A more granular scale such as the AAC-24 scale of Framingham may have found differences 

that AAC-8 did not. Nonetheless, the reproducibility of the AAC-8 scale was moderate in this 

study and a substantial proportion of patients increased their score over the study frame 

indicating this score was sensitive to change. Third, some baseline characteristics such as 

history of cardiovascular disease and peripheral vascular disease were not available in this 



Chapter 8 – Effect of Zoledronic Acid on Abdominal Aortic Calcification 124 

study. However, it is likely that the randomized design has balanced these unknown 

characteristics. Lastly, study participants were highly selected (e.g., postmenopausal women 

with osteoporosis and without abnormal blood tests) [257]. However, the results may be 

generalized to other populations such as osteoporotic males and patients without chronic 

kidney disease because of the similar findings from previous RCTs [285-287].  

In conclusion, once-yearly zoledronic acid has no effect on the progression of AAC over 3 

years in postmenopausal women with osteoporosis. 
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Chapter 8 - Summary and future directions 
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8.1 Summary 

This thesis evaluates the effect of bone-targeted therapies on osteoarthritis and vascular 

calcification. The background and main findings of the thesis are summarised below. 

Osteoarthritis (OA) is the most common joint disease worldwide and one of the leading cause 

of pain and disability in Western populations [417], including in the Australian community 

[418]. The disease burden continues to increase with a combination of risk factors, such as age, 

obesity and injury. However, there are currently no approved disease-modifying treatments to 

retard the progression of OA, and conventional treatments for joint symptoms only have a small 

to moderate effect. Subchondral bone changes, including bone marrow lesions (BMLs), have 

been found to be associated with OA pathology and may be a potential treatment target for OA 

progression. Moreover, increased bone loss plays an important role in the progression of 

vascular calcification, which is an independent prognostic marker of cardiovascular disease. 

Emerging evidence has been inconsistent about the effect of bone-targeted therapies (e.g. 

bisphosphonates and denosumab) on the progression of OA and vascular calcification. A 

further problem is that intravenous bisphosphonates frequently cause a high rate of acute phase 

reactions (APRs). This thesis has evaluated the effect of zoledronic acid and/or denosumab on 

the structural and symptomatic progression of knee and/or spine OA and the progression of 

abdominal aortic calcification, and the effect of methylprednisolone on APRs caused by 

zoledronic acid.  

Chapter 4 evaluated the effect of zoledronic acid versus placebo on knee cartilage volume, knee 

pain and BML size in 223 patients with symptomatic knee OA and BMLs in a multicentre 

randomised controlled trial (RCT). Compared to placebo, annual infusion of 5 mg zoledronic 

acid did not significantly reduce cartilage volume loss (-878 vs -919 mm3, difference: 41 mm3 

[95% confidence interval [CI] -79 to 161], p=0.50), knee pain (VAS pain: -11.5 vs. -16.8, 

difference 5.2 [95% CI -2.3 to 12.8], p=0.17; WOMAC pain: -37.5 vs. -58.0, difference: 20.5 

[95% CI -11.2 to 52.2], p=0.21) or BML size (-33 vs. -6 mm2, difference: -27 [95% CI -127 to 

73], p=0.60) over 24 months. However, there was an interaction between treatment group and 

radiographic JSN (presence/absence), and zoledronic acid significantly improved WOMAC 

pain in participants without radiographic JSN over 12 months compared to placebo (difference, 

-67.9 [95% CI, -126.8 to -8.9], p=0.01). These findings do not support the use of zoledronic 

acid for slowing structural progression or alleviating knee pain in knee OA. 
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Preliminary findings from a small and single-blinded trial suggested that the combination of 

one-off administration of 5 mg zoledronic acid and 10 mg methylprednisolone (VOLT01) 

significantly reduced the rate of APRs and knee pain over 6 months in patients with knee OA, 

compared to the administration of zoledronic acid alone [300]. As a sub-study of the ZAP2 

trial, Chapter 5 assessed whether VOLT01 (zoledronic acid plus methylprednisolone) was 

superior to zoledronic acid for reducing APRs and non-inferior for reducing BML size and 

knee pain and function scores in 117 patients with symptomatic knee OA and BMLs. VOLT01 

did not reduce the incidence of APRs over 3 days compared to zoledronic acid (90% vs. 87%, 

p=0.74). However, VOLT01 was superior to zoledronic acid for improving knee pain and 

function after 6 months. Change in BML size was small in all groups and there were no 

between-group differences. Compared to placebo, VOLT01 improved rescaled (0-100 mm) 

WOMAC function (-15.7 vs. -8.0, difference: -7.7 [95% CI -12.9 to -2.3], p=0.04) and showed 

a trend toward improving WOMAC pain (-17.9 vs. -9.9, difference: -7..9 [95% CI -16.0 to 0.2], 

p=0.06) after 6 months. These findings indicate that adding 10 mg intravenous 

methylprednisolone to zoledronic acid does not reduce zoledronic acid-related APRs or change 

knee BML size over 6 months, but, in contrast to zoledronic acid or placebo, may have a 

beneficial effect on symptoms in knee OA. 

Chapter 6 evaluated the effect of zoledronic acid and denosumab versus placebo on low back 

pain (LBP) and Modic changes in 103 participants with chronic LBP and type 1, 2 or mixed 

Modic change in a single-centre RCT. Compared to placebo, zoledronic acid significantly 

improved LBP after 6 months as assessed by LBP Rating Scale (RS, 0-30) (-6.3 vs. -3.0, 

difference: -3.3 [95% CI -5.9 to -0.7], p=0.01) but not VAS (-21.5 vs. -13.3, difference: -8.2 

[95% CI -18.8 to 2.4], p=0.13), with similar findings for denosumab (RS: -6.0 vs. -3.0, 

difference: -3.0 [95% CI -5.7 to -0.3], p=0.03, VAS: -24.0 vs. -13.3, difference: -10.7 [95% CI 

-21.7 to 0.2], p=0.06). There was little change in areal Modic change size overall and no 

difference between groups with the exception of denosumab in those with type 1 Modic change 

(-4.6 mm2 vs. 17.5 mm2, difference: -22.1 [95% CI -41.5 to -2.7], p=0.03). In post-hoc analyses, 

both zoledronic acid and denosumab significantly reduced VAS LBP in participants with 

milder disc degeneration (zoledronic acid: -25.1 vs. -10.3, difference: -14.7 [95% CI -28.5 to -

0.9], p=0.04; denosumab: -26.3 vs. -10.3, difference: -16.0 [95% CI -30.4 to -1.5], p=0.03) and 

non-neuropathic pain (zoledronic acid: -23.0 vs. -12.2, difference: -10.8 [95% CI -21.5 to 0], 

p=0.05; denosumab: -25.8 vs. -12.2, difference: -13.6 [95% CI -25.0 to -2.1], p=0.02), 

compared to placebo. Denosumab reduced VAS LBP (-35.6 vs. -13.0, difference: -22.7 [95% 
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CI -43.8 to -1.6], p=0.04) in those with type 1 Modic change over 6 months, compared to 

placebo. These results suggest a potential therapeutic role of zoledronic acid and denosumab 

for improving Modic change-associated LBP, especially in milder disease. 

Chapter 1 assessed the effect of zoledronic acid versus placebo on the progression of abdominal 

aortic calcification (AAC) in 502 postmenopausal women with osteoporosis, and whether there 

was a correlation between change in BMD and AAC progression, in a post-hoc analysis of the 

HORIZON Pivotal Fracture Trial. During a 3-year period, AAC progressed in a similar 

proportion of participants in both groups (zoledronic acid: 29% and placebo: 31%, p=0.64). 

Changes in bone mineral density of the femoral neck and total hip were not correlated to change 

in AAC score (all p>0.05). These results indicate that once-yearly zoledronic acid has no effect 

on the progression of AAC over 3 years in postmenopausal women with osteoporosis. 

In conclusion, the results from four RCTs in this thesis indicate that zoledronic acid does not 

have a disease-modifying effect on knee OA or the progression of vascular calcification. 

Nonetheless, both zoledronic acid and denosumab may be beneficial for clinical symptoms in 

patients with early knee and spine OA (e.g. no radiographic JSN, mild disc degeneration). In 

addition, co-administration of methylprednisolone has no effect on the rate of APRs caused by 

zoledronic acid infusions in patients with knee OA and BMLs. Overall, the findings do not 

support the use of bone-targeted therapies in the treatment of structural progression of OA and 

the progression of vascular calcification. The beneficial effects of bone-targeted therapies on 

clinical symptoms of patients with early OA needs to be validated in larger samples. 

Recommendations for the future direction for each chapter are provided in the following 

section. 

 

8.2 Future directions 

This thesis has presented several novel findings from four RCTs. The most important finding 

is that zoledronic acid showed no beneficial effect on cartilage loss, BML size or knee pain 

over 24 months in a multicentre RCT. This trial has targeted patients with subchondral BMLs, 

a marker of high bone turnover that have been suggested to be a promising disease-modifying 

treatment for OA [84, 103]. Compared to placebo, however, the most potent bisphosphonate 

(zoledronic acid [290]) did not reduce cartilage loss over 24 months. The results are consistent 

with two previous RCTs where risedronate did not inhibit radiographic progression of OA, 
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although these two studies did not exclude severe radiographic OA, focus on a bone phenotype 

(BMLs) or use cartilage volume as a more sensitive outcome measure [264, 265]. Similarly, 

Chapter 5 indicated that zoledronic acid (with or without co-administration of 

methylprednisolone) did not reduce BML size over 6 months. This contrasts to two small trials 

[267, 269], including a pilot study from our site that found that zoledronic acid significantly 

improved knee pain and reduced BML size over 6 months [267]. While the positive findings 

in the pilot study were likely due to chance, clarifying the effect of bone-targeted therapies on 

BML may potentially be important. Future studies should examine:  

1) whether BML size can be decreased by interventions 

Previous RCTs found that bone-targeted therapies including zoledronic acid [267], 

neridronate [269] and strontium ranelate [419] reduced BML size/volume, but the sample 

sizes of patients with BML were small (n=56 to 65). These results contrast to the findings 

of Chapter 4 and 5 where zoledronic acid (adding methylprednisolone or not) showed no 

effect on BML size. The reasons for the inconsistency are unclear but could be due to the 

findings of these small studies being imprecise. A systematic review and individual patient 

data meta-analysis may be able to rule out small study effect and identify patients whose 

BMLs shrank after treatment with bone-targeted therapies. 

In addition to bone-targeted therapies, the effect of other interventions (e.g. vitamin D 

[420], patellofemoral brace [421] and cane use [422]) on BML volume has been evaluated 

recently in three small RCTs. Neither vitamin D nor cane use reduced BML volume. 

Patellofemoral brace reduced patellofemoral BML volume and knee pain but not 

tibiofemoral volume over 6 weeks, [422] although the inconsistency may have been due to 

the limited sample size and/or length of follow-up. Whether the shrinkage of BMLs is due 

to a treatment effect needs validation. Moreover, a larger and longer trial would answer the 

question whether the effect of treatment on BML volume, if truly present, can lead to a 

reduce cartilage loss. 

 

2) whether reductions in BML size predict reductions in cartilage loss and knee pain 

Changes in BML size can be detected with quite a short period (6–12 weeks) and might be 

a convenient outcome measure of structural progression of OA in RCTs [101]. However, 
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before more RCTs targeting BMLs are undertaken, an important question to answer is 

whether reductions in BML size will result in reduced cartilage loss and knee pain. 

Substantial evidence has shown that both presence of BML at baseline and enlargement of 

BML size over time were associated with greater cartilage loss and worse knee symptoms 

[91, 93-95, 272, 423, 424]. However, few studies have evaluated whether regression or 

resolution of BML is associated with slower structural or clinical progression of OA. 

Davies-Tuck et al. indicated in a small subgroup (n=37) from a population-based cohort 

that the resolution of BML was associated with a reduced cartilage loss compared to 

persisted BML [96], but Roemer et al. found that neither regression nor resolution of BML 

over 30 months was associated with the risk of cartilage loss compared to stable BML [95]. 

Moreover, Driban et al. revealed that regression in BML volume was even associated with 

increased risk of JSN progression and cartilage thickness loss [425]. The association 

between change in BML and change in knee pain is also inconsistent. While two studies 

observed a decreased knee pain in those with shrinking BML [426, 427], the amount of 

decreasing in knee pain explained by change in BML size is small, and other studies 

indicated that change in BML size (either increase or decrease) was not associated with 

change in knee pain [428, 429]. Most of these studies (except for one from a small RCT 

[426]) used population-based cohorts with a relatively low prevalence of BML and knee 

pain at baseline. The data of change in BML size, cartilage volume and knee pain from the 

multicentre RCT of zoledronic acid (Chapter 4) were well recorded and importantly, all 

participants had BML at baseline and change in BML size were measured over 6 and 24 

months. An exploratory, post-hoc analysis of these data could determine the role of a 

reduction of BML size in cartilage loss and change in knee pain. 

Chapter 4 showed that zoledronic acid may reduce knee pain in patients without radiographic 

JSN over 24 months, and chapter 6 also indicated that both zoledronic acid and denosumab 

significantly reduced LBP in patients with mild disc degeneration over 6 months. Both trials 

suggest that bone-targeted therapies may have symptomatic benefits for patients with early OA. 

However, the sample size of these subgroups is small (n=44 and 56 for early knee OA and mild 

disc degeneration, respectively), making the results hypothesis generating. Future trials should 

confirm:  

1) whether bone-targeted therapies are beneficial for clinical symptoms of knee and spine 

OA at early stages 
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Previous studies have shown that increased osteoclastic bone resorption was associated 

with inflammatory bone pain in many bone disorders, and this pain can be relieved by bone-

targeted therapies [262, 430-432]. Laboratory findings have demonstrated an increased 

bone resorption in early OA [81]; therefore, early OA may provide a window of opportunity 

to improve joint symptoms by inhibiting bone resorption, as observed in the subgroup 

analysis of Chapter 4 and 6. This is important given that early interventions play a key role 

in the treatment of long-term chronic diseases including OA [433, 434]. Despite these 

laboratory evidence and clinical findings, large trials would be necessary to confirm the 

effect of bone-targeted therapies on joint symptoms in early OA.  

 

2) would higher doses of bone-targeted therapies play a role? 

In Chapter 4 and 6, we evaluated the effects of zoledronic acid and/or denosumab on joint 

symptoms and structural progression considering their anti-resorptive roles. The doses of 

these drugs were selected based on recommendations for patients with osteoporosis [260]. 

However, the effective dose for the treatment of osteoarthritis may differ. In our pilot study, 

the effects of one-off infusion of zoledronic acid (5 mg/100 ml) on both knee pain and bone 

marrow lesions after 12 months were weaker than that after 6 months [267], suggesting a 

potential beneficial effect of more frequent treatment (e.g. every 6 months). Thus, both the 

safety and efficacy of bone-targeted therapies in osteoarthritic patients with a marker of 

high bone turnover will need further exploration. 

 

3) whether segmenting subgroups of LBP response better to therapies? 

LBP is a common symptom that can have many causes. Therapies have shown different 

effects for different subgroups of LBP. Two Cochrane systematic reviews indicate that non-

steroid anti-inflammatory drugs have moderate to strong effects on back pain in patients 

with axial spondyloarthritis (an inflammatory disease) [435], but are less efficacious for 

non-specific back pain as a whole [436]. Similarly, LBP patients with type 1 Modic change 

may also response better to NSAIDs as it reflects inflammation and oedema. In addition, 

LBP can be caused by biomechanical factors including higher weight [437]. Observational 

studies suggested that weight loss may be beneficial for LBP in overweight or obese 

patients [438, 439] and this needs validation in RCTs. Another common form of LBP is 
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neuropathic pain which is especially undertreated. Only two small RCTs evaluated the 

effect of NSAIDs on neuropathic LBP and found no significant effect [440]. In Chapter 6, 

we found that both zoledronic acid and denosumab were more effective in reducing LBP 

in patients without neuropathic pain. Overall, LBP is complicated and multifactorial, and 

future trials are warranted to evaluate the effect of pathophysiology-specific therapies in 

different phenotypes of LBP.   

  

4) whether there is a correlation between change in the size of type 1 Modic change and 

change in LBP 

Type 1 Modic change is both an active and the initial stage of Modic changes, representing 

inflammation and vertebral body oedema [441]. Chapter 6 indicated that denosumab but 

not zoledronic acid reduced the size of type 1 Modic change and improves LBP in patients 

with type 1 Modic change, compared to placebo. This agrees a previous small study in 

which denosumab reduced pain and the size of bone marrow oedema in the hip, knee and 

foot [279]. As such, denosumab may exert a symptomatic beneficial effect by reducing the 

size of type 1 Modic change. Nonetheless, the sample size of patients with type 1 Modic 

change is small in the MODIC trial. Similar to knee BMLs, epidemiological studies mainly 

focus on the associations of the type and size of Modic change at baseline with the intensity 

or progression of LBP [99, 373, 442], but it remains unclear whether change in the size of 

Modic change, especially a reduced size of type 1 Modic change, plays a role in change in 

LBP. This should be determined in large epidemiological studies. 

 

As a sub-study of the ZAP2 trial, Chapter 5 showed no beneficial effect of IV injection of 10 

mg methylprednisolone on APRs caused by zoledronic acid, compared to zoledronic acid 

alone. However, methylprednisolone plus zoledronic acid (VOLT01) significantly improved 

functional disability and showed a trend to reduce knee pain over 6 months, compared to 

placebo. This seems to suggest an effect of IV methylprednisolone on osteoarthritic knee 

symptoms, but a separate group with IV methylprednisolone alone is required to confirm this 

finding. Future studies need to be cautious about the effect of IV corticosteroids on knee 

symptoms given the lack of direct evidence. Intra-articular injection of corticosteroids is widely 

prescribed for short-term pain relief, but other methods of administration have rarely been 



Chapter 8 – Summary and Future directions  133 

evaluated. In a recent RCT, one-off intra-muscular injection of 40 mg triamcinolone acetate 

significantly reduced hip pain over 12 weeks [362]. Despite the potential effect of on joint 

symptoms, IV or intra-muscular administration of corticosteroids should not be encouraged 

before high certainty evidence from large trials becomes available. Moreover, any future 

studies evaluating the symptomatic effect of corticosteroids should also take account of their 

potential side effects on BMD [443] and cartilage degradation [158, 159]. 

Chapter 7 indicated that zoledronic acid did not inhibit the progression of abdominal aortic 

calcification (AAC) in postmenopausal women with osteoporosis, and that there was no 

correlation between change in BMD and change in AAC score. These findings are consistent 

with previous RCTs that suggested that nitrogen-containing bisphosphonates were not 

protective against the progression of vascular calcification in patients with osteoporosis, 

chronic kidney disease or renal transplants [284-287]. In contrast, four small RCTs (n=12 to 

35) consistently found that etidronate, a first-generation non-nitrogen-containing 

bisphosphonate, inhibited vascular calcification in haemodialysis patients [280-283]. An 

animal study suggested that vascular calcification cannot be inhibited without reducing bone 

mineralisation [404]. This may explain the findings that only non-nitrogen-containing 

bisphosphonates rather than nitrogen-containing bisphosphonates inhibited the progression of 

vascular calcification, since the former agents are more likely to inhibit bone mineralisation 

[250]. Large trials should evaluate the effect of non-nitrogen-containing bisphosphonates, 

especially etidronate, on the progression of vascular calcification and other relevant vascular 

changes, such as atherosclerotic plaque. Moreover, it may also be important to evaluate 

whether the effect of etidronate on vascular calcification, if truly present, applies to non-

haemodialysis patients.  

A further question is that whether the outcome measure used in Chapter 7 (i.e. vascular 

calcification) adequately captured the beneficial effect of zoledronic acid on cardiovascular 

events. There may be other pathways underlying the cardioprotective effect. Population-based 

observational studies and RCTs have reported a beneficial effect of intravenous 

bisphosphonates, including zoledronic acid, on carotid artery intima-media thickness [444, 

445] and lipid profile such as increased HDL-C and reduced LDL-C [446-448]. Some studies 

also found that bisphosphonates may improve arterial stiffness [449] and atherosclerotic 

plaques [289]. These important while unmeasured cardiovascular risk factors may have been 
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improved with treatment of zoledronic acid and consequently decreased the risk of 

cardiovascular events. 

In conclusion, this analysis of data from four RCTs examines the effect of two bone-targeted 

therapies (zoledronic acid and denosumab) on OA and vascular calcification. The results reveal 

that while zoledronic acid does not inhibit the progression of OA or vascular calcification, both 

zoledronic acid and denosumab may be beneficial for joint symptoms in early OA. Moreover, 

APRs due to IV zoledronic acid cannot be reduced by co-administration of 10 mg 

methylprednisolone. The findings of this thesis do not support the use of zoledronic acid as a 

disease-modifying treatment for OA or vascular calcification. Future work should confirm the 

symptomatic effect of bone-targeted therapies in early OA, the effect of non-nitrogen-

containing bisphosphonates on vascular calcification and the role of IV methylprednisolone in 

knee symptoms. 
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Appendix Text 4.1 

This supplement contains the following items: 

1. Original protocol and statistical analysis plan. 

2. Final protocol and statistical analysis plan (published). 

3. Summary of changes.  



 

Original protocol and statistical analysis plan 



Protocol number: ZAP 2 trial, version 3 November 2013 

 
 
 
 
 
 
 
 
 
 
 
 
 

Protocol: A randomised trial of zoledronic acid for osteoarthritis of 
the knee (Protocol number: ZAP 2 trial, version 03, 12 November 

2013) 
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Background 
Osteoarthritis (OA) is the most common form of arthritis and is increasing markedly due to 
an ageing population. It is characterised by a gradual loss of articular cartilage and changes to 
other joint structures (i.e. subchondral bone, ligaments, meniscus, synovium) leading, 
eventually to total joint replacement. Worldwide it is the most common joint disorder and in 
Western populations is one of the most frequent causes of pain, loss of function, and 
disability in adults1. In Australia, OA was estimated to affect over 1.6 million people (7.8% 
of the population) in 2004 with total costs of $1.4 billon2. Over 40,000 total knee and hip 
replacement procedures were performed in 2006-07, the majority for OA, each costing an 
average of between $15,000–$31,9003.  
 
Despite its large disease burden, there are currently no approved disease-modifying drugs 
available which modify structural progression of OA. Conventional treatment of OA is 
mostly symptomatic and costly. Therefore, there is urgent need for research that investigates 
innovative and cost-effective approaches to slow the progression of OA.  
 
Bone marrow lesions (BMLs) are a key player in knee OA 
The advent of magnetic resonance imaging (MRI) as a measurement tool in OA has led to 
fresh insights. There are now a number of MRI-based cohorts including the Tasmanian Older 

Background: Knee osteoarthritis (OA) is a significant and increasing cause of pain 
and disability in the aging Australian population. To date, interventions aimed at 
structural modification have been disappointing. Recently, in a proof of principle 
study, we showed that a single infusion of zoledronic acid decreased knee pain and 
knee bone marrow lesion (BML) size over six months, suggesting a lesion specific 
approach may be preferable. The structural endpoint of this study was BML size and 
although reduction in cartilage loss can be inferred, it was neither of sufficient power 
or duration to establish this. 
Aim: To compare, using a randomised, placebo-controlled double-blind design over 
two years, the effect of annual infusions of zoledronic acid to placebo on knee 
structural change (assessed using magnetic resonance imaging (MRI)) and knee pain 
in 264 patients with clinical knee OA, significant knee pain and BMLs.  
Key hypothesis 
Zoledronic acid reduces the loss of knee cartilage volume, as assessed by MRI, over 
a two year period in patients with clinical knee OA, significant knee pain and BMLs.  
Secondary hypotheses 
Zoledronic acid significantly improves knee pain over 6, 12, 18, and 24 months in 
patients with clinical knee OA, significant knee pain and BMLs.  
Zoledronic acid significantly reduces BML size over 6 and 24 months in patients 
with clinical knee OA, significant knee pain and BMLs.  
Disease severity measured by x-ray modifies BML and knee pain treatment response. 
Significance and Innovation: If zoledronic acid can delay cartilage loss through its 
effect on BMLs, this could lead to a delay in the time to knee replacement surgery. 
This suggests great potential for substantial cost savings through reductions in joint 
replacement surgery and improvements in quality of life for those suffering from 
OA. The proposed study represents a cost-effective and innovative approach to this 
and lends itself to easy implementation as zoledronic acid is already an approved 
therapy in Australia for other indications.  
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Adult Cohort study (TASOAC, NHMRC project grant Id 302204) and some American 
studies. Results from these large cohort studies, including key papers from our research 
group, have resulted in a paradigm shift in OA research where bone changes are now 
recognised as preceding cartilage loss4.  
 
BMLs are detected using MRI and defined as increased signal intensity within the bone 
marrow. They are common; e.g. 43%  of randomly selected subjects over 50 had a BML in 
Hobart (TASOAC study)5. BMLs are strongly associated with knee pain in humans6-8. We 
have shown that those who developed a BML were more likely to develop knee pain 
compared with those who did not develop a BML (OR 4.2, 95% CI 1.2 to 15.1, P = 0.03)6. 
Progressing BMLs are also associated with knee pain development5. Most importantly, we 
showed a reduction in BML size is associated with pain improvement (a 140 mm2 reduction 
in BML size resulted in a 1-unit improvement in knee pain, P = 0.009)5. This suggests that 
fluctuating knee pain may be attributable to BMLs.  
 
There is strong evidence in human studies that BMLs predict structural deterioration of the 
knee joint. They precede joint space loss on x-ray9. Subsequent MRI based studies, including 
key studies from our research group, have shown BMLs are strong and independent 
predictors of cartilage defect progression10-12 and cartilage loss10, 11, 13, 14 (see Figure 1). 
Increasing or progressive BMLs are also associated with further increases in cartilage loss15-

17. In the TASOAC study, we showed that BMLs in community-based older adults 
independently predict knee joint replacement surgery after taking pain and radiographic OA 
into account5 and this is also observed in subjects with OA18, 19.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A)         (B) 
Figure 1. Those participants with a BML present were more likely to have an increase in 
cartilage defect score (A) and lost more cartilage volume (B) over approximately three 
years10.  
 
Altogether this body of work has shown that BMLs are associated with all the key clinical 
features making them a strong candidate as a therapeutic target.  
 
Bisphosphonates for treating BMLs 
Bisphosphonates are a class of drugs that slow bone loss and are commonly used to treat 
osteoporosis. They are a potential therapeutic candidate for BMLs. There is observational 
evidence that BMLs are much less common in persons taking alendronate20. However, a 
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randomised trial investigating the effect of risedronate on knee OA suggested that risedronate 
50mg weekly may only prevent an increase in BML size17, and this was not statistically 
significant. An open label study with IV ibandronate led to rapid and effective pain relief in 
patients with hip BMLs21. The Knee OA Structural Arthritis (KOSTAR) study examined the 
efficacy of risedronate on symptom relief and disease progression measured on x-ray22. They 
found no effect on pain or joint space width (JSW) but did show a reduction in a cartilage 
breakdown marker. This suggests bisphosphonates may not work in all cases of OA and a 
lesion specific approach may be warranted, or more potent intravenous bisphosphonates are 
necessary.  
 
Pilot Data – ZAP study 
The only RCT evidence which supports treating BMLs with a bisphosphonate in knee OA is 
a phase 2 proof of principle study from our research group23 [Zoledronic Acid for Knee Pain 
(ZAP) study]. Adults aged 50–80 years (n=59) with clinical knee OA and knee BMLs were 
randomised to receive either zoledronic acid (ZA) (5mg/100ml) or placebo. ZA is TGA 
approved in Australia for osteoporosis, Paget’s disease and certain bone cancers and has a 
well-known safety profile24. 
 
Primary outcomes of this pilot study included pain intensity (assessed using a visual analog 
scale (VAS)) and maximal area of BML as assessed on MRI images at six months. Both were 
significantly reduced in the ZA group compared to placebo (Figure 2). Secondary outcomes 
were pain intensity and BML area at 12 months and these were not statistically significant, 
possibly due to the sample size.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (A) Pain scores (visual analog scores) and (B) total BML area (mm2) over the study 
time frame, plotted using unadjusted data and 95% CI of the point estimates. Beta 
coefficients expressed are from the adjusted analysis at 6 months.  
 
This work received a prestigious ‘Best Abstract’ award at the 2011 European League Against 
Rheumatism (EULAR) Congress in London, England out of over 3,000 submitted abstracts 
worldwide25. It also received an oral presentation at the 2011 Osteoarthritis Research Society 
International (OARSI) Imaging Meeting in Salzburg, Austria. The paper has recently been 
accepted for publication by Annals of the Rheumatic Diseases (highest ranked rheumatology 
journal internationally, IF 9.1) indicating both the novelty of findings and recognition of our 
rigorous methods of assessment.  
ZAP is an important proof of principle study. We have demonstrated improvement in both 
pain and structure. However, there were limitations.  

1. The sample size was too small to detect BML and pain differences between groups at 
12 months.  
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2. Cartilage changes were unable to be assessed due to a short follow-up period (12 
months). A longer, larger study is required to assess whether these decreases in BML 
size will translate to reductions in cartilage loss or rates of knee replacement over 
time. This can be hypothesised from our observational studies showing both presence 
and severity of BMLs predict cartilage loss and knee replacement surgery5, 10.  

3. The numbers were too small to perform sub-group analysis. A larger study will help 
to identify those most likely to benefit from ZA treatment. Potential effect modifiers 
including disease severity and co-pathology present on MRI may influence the 
response to ZA treatment. In the pilot study, while all subjects had clinical OA, there 
appeared to be a trend showing the treatment was more effective in those with less 
severe disease (in the ZA group BML size change was -244 mm2 in those with x-ray 
Grade 0 at baseline versus -128 mm2 in those with x-ray Grade 1-3 at baseline); 
however, the numbers were too small to make any meaningful inferences. 
Co-pathology present on MRI, such as cartilage defects and meniscal tears and 
extrusion, may also influence pain response to ZA treatment and a larger study is 
needed to test whether these features are effect modifiers.  

 
Our team is well placed to do this study in Tasmania, Melbourne, Sydney, and Adelaide for 
the following reasons: 

1. The team has substantial experience in the implementation of large epidemiological 
studies and clinical trials and have all collaborated previously on trials forming an 
Osteoarthritis Clinical Trial Consortium.  

2. The team has successfully completed cutting edge international work on MRI 
measurement of knee structures. 

3. The high prevalence of BMLs in those with significant knee pain increases the 
availability of study participants. 

4. Accessibility of reasonably priced MRI facilities. 
 
Research Plan  
 
Study design  
Multi-centre randomised, placebo-controlled double-blind clinical trial 
 
Study participants  
We will recruit 264 subjects (with 66 from each centre - Hobart, Melbourne, Sydney, and 
Adelaide) with significant knee pain and the presence of an MRI defined BML, by using a 
combined strategy, including collaboration with general practitioners, specialist 
rheumatologists, and orthopaedic surgeons, as well as advertising through local media. This 
is the approach we have taken to successfully recruit participants for large community-based 
trials across a range of musculoskeletal conditions. For example, we recruited over 500 
subjects in Hobart alone into an osteoporosis prevention trial; 59 into a trial of zoledronic 
acid for knee BMLs (ZAP); 50 into a fish oil trial for OA in Hobart, 50 in Sydney and 100 in 
Adelaide (NHMRC 451900); 136 into a trial of topical therapy for knee OA in Sydney and 
Hobart; and 411 participants into a clinical trial of vitamin D in knee OA in Melbourne and 
Hobart (NHMRC 605501). 
Inclusion criteria 
1) Aged ≥ 50 years old 
2) Men and women with significant knee pain on most days (defined as a VAS ≥ 40 mm) 
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3) BML present on MRI: In ZAP the proportion of subjects who had BMLs on their 
screening MRI was very high (88%), suggesting BMLs are almost ubiquitous in adults of 
this age with significant knee pain. Therefore, MRI has a high yield as a screening tool 
for BMLs in this population to decide if targeted therapy is appropriate.  

4) Meet American College of Rheumatology (ACR) clinical criteria for knee OA 
 
Exclusion criteria 
1) Prior use of bisphosphonates, except according to the washout schedule: 

2 years (if use >48 weeks) 
1 year (if used >8 weeks but <48 weeks) 
6 months (if used >2 weeks but <8 weeks) 
2 months (if used <2 weeks) 
Any IV bisphosphonate within the prior 2 years 

2) History of non-traumatic iritis or uveitis 
3) Abnormal blood tests [serum calcium >2.75 mmol/L (11.0 mg/dL) or <2.00 mmol/L (8.0 

mg/dL) or creatinine clearance < 35 ml/min] 
4) Serum 25-hydroxyvitamin D concentrations <40 nmol/L  
5) Use of any investigational drug(s) and/or devices within 30 days prior to randomisation 
6) Prior diagnosis of cancer (metastatic cancer or cancer diagnosed < 2 years ago where 

treatment is still ongoing) 
7) A dental exam with appropriate preventative dentistry should be considered prior to 

treatment with bisphosphonates in patients with concomitant risk factors (e.g. cancer, 
chemotherapy, corticosteroids, poor hygiene) 

8) Severe knee OA (joint space narrowing (JSN)) on X-ray of Grade 3 using the 
Osteoarthritis Research Society International (OARSI) atlas26). 

9) Patients who have undergone arthroscopy or open surgery in the index knee in the last 12 
months 

10) Women who are pregnant or breast feeding 
11) Patients who have had a corticosteroid injection in the last 3 months or a hyaluronic acid 

injection in the last 6 months in the index knee 
These are exactly the same as for our previous ZAP trial. 
 
Treatment 
Eligible participants will receive an annual identical IV infusion of 100ml of fluid containing 
ZA (5mg in normal saline) or placebo (normal saline), over a two year period. Allocation of 
participants to one of the two groups will be based on computer generated random numbers. 
Allocation concealment will be ensured by the use of identical IV infusions for each group. 
The use of a central automated allocation procedure with security in place will ensure 
allocation data cannot be accessed or influenced by any person. Thus the randomised 
controlled trial will be double blind. Although ZA will be off patent before this study is 
completed, we have confirmed with Novartis that they will provide an unrestricted grant to 
support the cost of drug and placebo.  
 
Participants who have serum vitamin D levels of <40 nmol/L will be prescribed vitamin D 
supplements as this is required for ZA treatment24.  
 
Outcome measures 
During the 2 year study period, there will be 5 study visits (screening, month 0, 6, 12 and 24). 
Additional questionnaire mail outs will occur at months 3 and 18. Infusions will occur at 
months 0 and 12; MRI scans will occur at screening, month 6 and 24; knee x-ray will be 
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performed only at screening for classification purposes; knee pain and function will occur at 
every time point. If the participant withdraws after 9 months of treatment, he/she will be 
requested to have a third knee MRI scan.  
 
1. MRI assessment of structural change 
An MRI scan of the ‘study’ knee will be performed at screening, month 6 and 24 (or prior to 
24 months if a subject drops out after 6 months). Knees will be imaged in the sagittal plane 
on a 1.5T whole-body magnetic resonance unit (GE-Signa) using a dedicated 8- channel knee 
coil. Sequences will include: 1) Proton density-weighted fat saturation 2-dimensional (2-D) 
fast spin echo sequence; 2) a T1-weighted fat saturation three-dimensional (3-D) gradient-
recalled acquisition sequence.  
 
Cartilage volume 
Knee cartilage volume will be assessed on the T1-weighted sequences. The volumes of 
individual cartilage plates (medial tibia and lateral tibia) will be isolated from the total 
volume by manually drawing disarticulation contours around the cartilage boundaries on a 
section by section basis. These data are then re-sampled by means of bilinear and cubic 
interpolation (area of 312  312 mm and 1.5 mm thickness, continuous sections) for the final 
3-D rendering. The coefficient of variation (CV) for this method is 2.1% for the medial tibia 
and 2.2% for the lateral tibia27.  
 
Knee femoral cartilage volume will be measured by Professors Johanne Martel-Pelletier and 
Jean-Pierre Pelletier at the University of Montreal Hospital Research Centre, in Canada. The 
segmentation of the cartilage-synovial interfaces will be carried out with the semi-automatic 
method under reader supervision and with corrections when needed. Cartilage volume will be 
evaluated directly from a standardised view of 3D cartilage geometry as the sum of 
elementary volumes. The CV is approximately 2%28. The cartilage volume assessment will 
be done for the medial and lateral condyles delineated by the Blumensaat’s line29. Profs 
Martel-Pelletier and Pelletier performed the femoral cartilage volume measures for the 
TASOAC study which we have used for the sample size calculations to estimate total 
cartilage volume loss (tibial + femoral) from BML change.   
 
Bone marrow lesions  
    BMLs will be assessed on the proton-density weighted  
    sequences and defined as an ill-defined hyperintensity in the 
    subchondral bone. One trained observer (CIE) blinded to  
    treatment allocation and clinical data will score the lesions at 
    each time point. The maximum size of the lesion will be  
    measured in mm2 using software cursors applied to the greatest 
    area of each lesion as we have previously described5, 23, 30  
    (Figure 3). The intraobserver repeatability for this method of 
    measurement is excellent with an ICC of 0.975 (which is better 
    than an ordinal BML measure, kappa 0.7131). During her  
    doctorate, CIE pioneered this quantitative measurement of  
    BML size and since then it has proven to be more sensitive to 
    change than an ordinal scoring system in a clinical trial23.  
 
 
2. Pain and function 

×

Figure 3. Areal 
measurement of a lateral 
femoral BML (236 mm2), 
pioneered by CIE.  
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Pain will be assessed at every time point using a 100mm visual analogue scale and asked “on 
this line, where would you rate your pain today?”, as this instrument showed significance in 
the pilot study. We will also assess pain and function using the Western Ontario and 
McMasters Universities Osteoarthritis Index (WOMAC)32, as we used this instrument in our 
observational data to show a clinically significant change in BML size (140 mm2)5. 
We will also assess hand and back pain using a 100mm visual analogue scale as this 
medication may work for these indications as well.  
 
AQoL questionnaire 
The Assessment of Quality of Life (AQoL) questionnaire primarily assesses quality 
of life, but it also generates utility scores33, 34 and it is these which are of most 
interest to us.  They allow us to assess change in health status and preferences for 
specific health-related outcomes for each of the study participants. 
 
 
Other explanatory measures 
 
1. Radiographic OA 
A standing anteroposterior semiflexed radiograph of the ‘study knee’ will be performed at 
screening. X-rays will be scored for joint space narrowing and osteophytes on a four point 
scale (0-3) using the Osteoarthritis Research Society International (OARSI) atlas26. In our 
hands this method has very high reproducibility with an ICC of 0.98 for joint space 
narrowing and 0.99 for osteophytes35.  

 
2. Co-pathology present on MRI 
Cartilage defects and meniscal tears and extrusions will be measured using validated 
techniques. Briefly, cartilage defects will be assessed as we have previously described36: 
grade 0 = normal cartilage; grade 1 = focal blistering and intracartilaginous low-signal 
intensity area with an intact surface and base; grade 2 = irregularities on the surface or base 
and loss of thickness <50%; grade 3 = deep ulceration with loss of thickness >50%; and 
grade 4 = full-thickness chondral wear with exposure of subchondral bone. ICCs ranged from 
0.80 – 0.95 for the different knee sites.  
 
Meniscal damage will be assessed as we have previously described10 – the proportion of the 
menisci affected by a tear, partial or full extrusion will be separately scored (yes/no) on the 
medial and lateral edges of the tibiofemoral joint at the anterior, middle, and posterior horns. 
The intra and inter-reader correlation coefficient ranged from 0.85 – 0.96 for meniscal tears 
and extrusion14.  
 
3. Knee joint replacement surgery 
Knee joint replacement surgery will be assessed by questionnaire at every time point and 
confirmed with reference to medical records.  
 
4. Lower limb muscle strength 
Lower limb muscle strength is expected to increase with a decrease in pain, therefore will be 
measured by dynamometry at the lower limb (involving both legs simultaneously) at months 
0, 6 and 24. The muscles measured in this technique are mainly quadriceps and hip flexors. 
The devices will be calibrated by suspending known weights at regular intervals. 
Repeatability estimates (Cronbach’s α) were 0.9127.  
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5. Knee alignment 
Knee alignment is a factor found to be related to BMLs, therefore will be measured on the 
knee radiograph using validated methodology37, 38 as previously described by our group39. 
Briefly, the femoral anatomic axis will be found by drawing a line from the middle point of 
the tibial spine tips to a point 10 cm above the tibial spines, midway between the medial and 
lateral femoral cortical bone surfaces. For the tibial anatomic axis, a line is drawn from the 
middle point of the tibial spine tips to a point 10 cm below the tibial spines, midway between 
the medial and lateral tibial cortical bone surfaces. The medial angle of intersection of the 
axes will then be measured by protractor (ORNA Design, Stirflex) to 0.1° manually. This will 
be converted to mechanical-axis angle; an angle less than 178.5º will be defined as varus 
while greater than 180º will be defined as valgus.  
 
6. Anthropometry 
These include height (stadiometer) and weight (electric scales) measured at month 0, 6, and 
24 months.  
 
7. Concomitant medication  
Usage including glucosamine, chondroitin, non-steroid anti-inflammatory and analgesic 
medications will be recorded by questionnaire at all visits. Patients will be asked to keep 
medications as stable as possible and use paracetamol as rescue medication.  
 
8. Safety 
Adverse events will be recorded during the study period. We will not need a data safety 
monitoring board as this agent is TGA approved in Australia and has a well-known safety 
profile. 
Safety will be reported as per our pilot study, reporting acute phase reactions three days after 
infusions, and number and proportion of people having adverse events and serious adverse 
events throughout the study period. 
 
9. Blood 
Blood tests (Urea Electrolytes and Creatinine (UEC), calcium and vitamin D assays) will 
occur for safety at screening and again at 6 months for storage. Samples will be collected and 
stored securely at each of the four sites. Samples being processed will be sent to the analysing 
laboratory without any identifiable information being made available to the laboratory, so the 
laboratory will be unable to identify the sample. Serum will be isolated and refrigerated 
overnight in plastic tubes, at which time aliquots will be prepared and stored at -80°C. 
 
10. Urine will be collected at baseline and 6 months (first void sample) and stored for future 

analysis of biomarkers.  
 
Statistics 
Linear regression will be used to compare changes in cartilage volume, pain, and BML area 
in univariate and multivariable modelling (if groups are not well matched at baseline) 
between groups concentrating on intention to treat analysis. Significance will be p < 0.05 
(two tailed). Pre-specified analyses to identify subgroups which may respond better to 
treatment will be examined using stratified analyses – variables include radiographic OA and 
co-pathology present on MRI. This analysis will be done in consultation with the Statistical 
unit within the Menzies Research Institute Tasmania (AI Blizzard).  
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Power calculations 
For the primary hypothesis, 132 participants recruited to each arm of the trial will provide 
80% power with 5% probability of type I error (alpha=0.05). This estimate is conservatively 
based on 6-month change in BML area for n = 59 participants in our proof of principle RCT 
(ZAP) and assumes no further improvement after this time. This is justified based on the 
possible plateauing of effect seen in Figure 2. The changes in BML area were –198.6 mm2 
(treatment 5mg ZA) and –22.8 mm2 (placebo) with regression root mean square error of 
261.5 mm2 (i.e. SD).  
 
Observational data from the TASOAC study allowed us to model the effect a decrease in 
BML size would have on cartilage volume loss over two years. Using follow-up data for 120 
TASOAC participants with BMLs, we used linear regression to estimate the relationship 
between absolute change in cartilage volume and final BML area with adjustment for age, 
sex, BMI and length of follow-up. The results can be used to predict each subject’s two-year 
change in cartilage volume from their final BML area, and the change when final BML area 
is reduced by 198.6 mm2 (expected under treatment) or 22.8 mm2 (expected under placebo). 
To take account of individual variation, the calculations were repeated in 1000 replications 
with the exact changes in final BML area replaced by random values of 198.6 mm2 

(treatment) firstly and 22.8 mm2 (placebo) secondly, and with SD 261.5 mm2 in each case. 
The resulting estimates of cartilage loss were -824.0 mm3 (SD 273.0) in the treatment group 
and -928.3 mm3 (SD 272.3) in the placebo group. With this difference we will require 106 
subjects in each group. To allow for 20% dropout over two years, we will recruit 132 
participants to each arm.  
 
In terms of clinical significance, we estimate this difference in cartilage loss will lead to a 1% 
reduction in cartilage loss over two years (2.7 v 3.7%) in the treatment group compared to 
placebo. This might be considered small but our previous work has shown this would 
decrease the need for knee replacement surgery by 20% over a three year period based on the 
strong association between rate of cartilage loss and subsequent knee replacement40. 
 
For the secondary hypotheses in respect of the main effects of pain and BML size, a sample 
size of n=106 in each arm will provide 98.9% and 99.6% power to detect the adjusted 
treatment differences in knee pain score and BML area respectively that were observed in the 
ZAP trial.  
 
To test the secondary hypothesis that disease severity measured by x-ray will modify BML 
and knee pain treatment response, we will perform stratified analysis. As long as we have at 
least 60 in each group we will have sufficient power to detect differences in treatment 
response based on disease severity. Given 29% of ZAP had no ROA, this equates to 62 in the 
current study; therefore, will be above 60. Similar conclusions can be made about the other 
subgroup analyses which will be split as follows (cartilage defects and meniscal tear above 
median score v below median).  
 
The study is unlikely to be large enough for a knee replacement outcome but we will monitor 
these and will passively follow subjects after study completion for total knee replacement. 
 
Timelines 
February – September 2013  Recruitment, screening and month 0 infusions 
May – December 2013  3 month mail out (pain and function) 
August – March 2014   6 month visit for MRI scan, pain and function 
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February – September 2014  12 month infusions and pain and function 
May – December 2014  18 month mail out (pain and function) 
February – September 2015  24 month visit for MRI scan, pain and function 
Early 2016    Analysis and write up 
 
Outcomes and Significance  
OA is a major, but poorly understood, public health problem. It is anticipated that OA will 
become the fourth leading cause of disability by the year 2020 according to the World Health 
Organisation. It has a major burden on individuals, health systems, and social care systems 
and this is expected to increase dramatically as our population ages. Currently, there is no 
treatment that stops or delays progression. Our recently published proof of principle study 
suggests that zoledronic acid can modify both structure and pain. If zoledronic acid can delay 
cartilage loss through its effect on BMLs, this could lead to a delay in the time to knee 
replacement surgery. This suggests great potential for substantial cost savings through 
reductions in joint replacement surgery, as well as potential for great improvements in quality 
of life for those suffering from OA. The proposed study represents a cost-effective and 
innovative approach to this and lends itself to easy implementation as treating knee OA with 
zoledronic acid would represent a novel use of an existing approved therapy in Australia.  
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STUDY PROTOCOL Open Access

A protocol for a multicentre, randomised,
double-blind, placebo-controlled trial to
compare the effect of annual infusions of
zoledronic acid to placebo on knee
structural change and knee pain over
24 months in knee osteoarthritis patients –
ZAP2
Dawn Aitken1*† , Laura L. Laslett1†, Guoqi Cai1, Catherine Hill2,3, Lyn March4, Anita E. Wluka5, Yuanyuan Wang5,
Leigh Blizzard1, Flavia Cicuttini5 and Graeme Jones1

Abstract

Background: Bisphosphonates are a class of drugs that slow bone loss and are a promising candidate to treat knee
osteoarthritis (OA) patients. In a pilot study, we demonstrated that zoledronic acid reduced knee pain and size of
subchondral bone marrow lesions (BMLs) over 6 months in knee OA patients with significant knee pain and BMLs.
A longer, larger study is required to assess whether decreases in BML size will translate to reductions in cartilage
loss over time. We are currently conducting a multicentre, randomised, double-blind, placebo-controlled trial over
24 months that aims to compare the effect of annual infusions of zoledronic acid to placebo on knee structural
change (assessed using magnetic resonance imaging (MRI)) and knee pain in knee OA patients.

Methods: Two hundred sixty-four patients with clinical knee OA, significant knee pain and subchondral BMLs
present on MRI will be recruited in Hobart, Melbourne, Sydney and Adelaide. They will be randomly allocated to
the two arms of the study, receiving an annual identical intravenous infusion of either 100 mL of fluid containing
zoledronic acid (5 mg/100 mL) or placebo (0.9% NaCl 100 mL), at baseline and 1 year later. MRI of the study knee
will be performed at screening, month 6 and 24. Knee structure, symptoms and function will be assessed using
validated methods. The primary outcome is absolute change in tibiofemoral cartilage volume (mm3) over 24 months.
Secondary outcomes include improvement in knee pain over 3, 6, 12, 18, and 24 months and reductions in BML size
over 6 and 24 months. The primary analyses will be intention-to-treat analyses of primary and secondary outcomes. Per
protocol analyses will be performed as the secondary analyses.
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Discussion: This study will provide high-quality evidence to assess whether zoledronic acid has a novel disease modifying
effect in OA by slowing cartilage loss and reducing pain. If zoledronic acid proves effective, it suggests great potential for
cost savings through a delay or reduced need for joint replacement surgery, and potential for great improvements in
quality of life for OA suffers.

Trial registration: Australian New Zealand Clinical Trials Registry: ACTRN12613000039785, registered on 14 January 2013.

Keywords: Zoledronic acid, Osteoarthritis, Cartilage, Pain, Magnetic resonance imaging (MRI)

Background
Osteoarthritis (OA) is a major cause of pain, functional
limitations and disability worldwide [1], with hip and
knee OA ranked as the 11th highest contributor to glo-
bal disability and 38th highest in disability-adjusted life
years (DALYs) [2]. Current therapies focus on alleviating
pain but pain control remains poor in 50% of patients
[3]. Furthermore, despite the large disease burden OA
has, there are currently no approved disease-modifying
OA drugs (DMOADs) that can prevent or stop the joint
damage that the disease causes. Therefore, there is a
major need to develop new, effective therapies.
The overall lack of treatment efficacy for OA may be

partly due to treating everyone as if they have the same
pathological process. OA is a complex, heterogeneous
disease with multiple phenotypes [4, 5]. Treatment can
be optimised by selecting study populations by sub-
groups with specific features that are likely to respond to
particular treatments. One such phenotype is a “bone–
specific phenotype” [6].
Subchondral bone marrow lesions (BMLs), visible on

magnetic resonance imaging (MRI) have been shown to
be an important feature in OA. On MRI they appear as
regions of increased signal intensity within the bone
marrow, and are a promising target for therapy. In ani-
mal models they are the first sign of OA after experi-
mental ligament damage and precede cartilage erosion
and degeneration [7]. In humans they are strongly
correlated with knee pain [8–10]. Both incident [8] and
progressing [10, 11] BMLs are associated with the devel-
opment of knee pain. Further, a reduction in BML size is
associated with pain improvement [11]. Importantly,
BMLs are also associated with structural changes. They
predict site-specific joint space narrowing (JSN) in those
with symptomatic knee OA [12], progression of cartilage
defects [13, 14] and cartilage loss on MRI [14–17].
BMLs also predict total knee replacement over periods
of up to 4 years [11, 18–22]. In some studies, BMLs pre-
dict knee replacements more strongly than other predic-
tors assessed in the same cohort [18, 21].
Bisphosphonates are a class of drugs that slow bone loss

and are commonly used to treat osteoporosis. Bispho-
sphonates are a potential candidate for treating bony
phenotypes of OA. In animal studies, bisphosphonates

(alendronate, tiludronate) improve OA-related progres-
sion of structural damage [23–25]. In humans, data from
general practice datasets demonstrate that bisphosphonate
use (including ibandronate, pamidronate, risedronate,
zoledronate) reduces risk of incident knee replacement in
older women by 26% [26]. However, efficacy of bispho-
sphonates remains complex [27] and therefore effects on
OA outcomes may differ by bisphosphonate type. While
the effect of bisphosphonates on OA outcomes could be a
class effect, bisphosphonates given intravenously appear
to have greater treatment effects, at least, for osteoporosis
[28]. A recent meta-analysis [29] of randomised controlled
trials (RCTs) concluded that bisphosphonates were inef-
fective for reducing symptoms and radiographic progres-
sion in knee OA, but the studies included were dominated
by trials of risedronate (92% of included patients received
oral risedronate) [30, 31]. The authors went on to high-
light that bisphosphonates may be beneficial in certain
patients subgroups (e.g. patients who display high rates of
subchondral turnover) [29]. Trials testing risedronate for
knee OA have demonstrated reduced markers of cartilage
degradation and bone resorption, but no differences in pain,
radiographic joint space width (JSW), or osteophyte forma-
tion over 12–24 months compared to placebo [30, 31].
Alendronate was the most commonly used bisphos-

phonate in the Osteoarthritis Initiative (OAI) (> 60%)
[32]. Indeed, women using bisphosphonates (i.e. alendro-
nate) experienced reduced knee pain in the first 3 years
of observation. There was a trend to less JSN in bisphos-
phonate users over time (year 4, 0.51 vs 0.29 mm; p =
0.06). There was no difference in risk of knee replace-
ment, but the study was underpowered to assess this
outcome. However, in another study, alendronate use
had no effect on Western Ontario and McMasters Uni-
versities Osteoarthritis Index (WOMAC) outcomes after
6 months, and this study did not assess any structural
outcomes [33]. Data from the Fracture Intervention
Trial showed that alendronate retarded spinal osteophyte
progression and disc space narrowing, suggesting that
alendronate may have a structural effect on pathological
processes in spinal OA [34].
Intra-articular (IA) clodronate (versus hyaluronic acid)

was ineffective for knee pain in patients with knee OA
over 5 weeks [35], but intravenous (IV) clodronate was
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effective for reducing pain in erosive hand OA (versus
hydroxychloroquine) at 3 months in a 24-month open
randomised pilot trial [36].
Bisphosphonates may work in OA primarily through

their effects in the subchondal bone. BMLs identify re-
gions of increased subchondral turnover and therefore an
OA biomarker that can predict response to bisphospho-
nates. The earliest evidence for effects of bisphosphonates
on BMLs comes from observational data showing that
BMLs are less common in persons taking alendronate
[37]. Risedronate (50 mg weekly) prevented an increase in
BML size over 24 months [38], although this did not reach
statistical significance. In a different analysis of data from
the OAI, there was a trend (p = 0.07) towards having
decreased BMLs after 12 months, in women who com-
menced an oral bisphosphonate (alendronate or risedro-
nate) [39], compared to matched controls; although the
size of BMLs was similar after 12 months of observation.
In our randomised, double-blind, placebo-controlled pilot
trial, we demonstrated that zoledronic acid (an extremely
potent bisphosphonate) reduced knee pain and size of
BMLs, and increased the proportion of patients improving
over 6 months [40]. Therefore, more potent antiresorp-
tives such as zoledronic acid may be efficacious for treat-
ing pain and resolving BMLs in people with OA. Based on
these findings a longer, larger study is required to assess
whether the decreases in BML size relating to zoledronic
acid treatment will translate to reductions in cartilage loss
over time. This can be hypothesised from observational
studies showing both presence and severity of BMLs pre-
dict cartilage loss [14–17].

Objective
We are conducting a multicentre, randomised, double-
blind, placebo-controlled trial over 24 months to compare
the effect of annual infusions of zoledronic acid to placebo
on knee structural change (assessed using MRI) and knee
pain in 264 patients with clinical knee OA, significant
knee pain and subchondral BMLs. We hypothesise that
zoledronic acid will reduce the loss of knee cartilage vol-
ume over 24 months (primary hypothesis), improve knee
pain over 3, 6, 12, 18, and 24 months (secondary hypoth-
esis) and reduce BML size over 6 and 24 months (second-
ary hypothesis) compared with placebo. If zoledronic acid
proves effective, it will offer a novel therapeutic approach
to reduce knee OA progression.

Methods
Study design
The Zoledronic Acid for Osteoarthritis Knee Pain (ZAP2)
study is a multicentre, randomised, double-blind, placebo-
controlled trial over 24 months. The trial was registered
on the Australian New Zealand Clinical Trials Registry
prior to recruitment, and trial reporting will be guided by

the Consolidated Standards of Reporting Trials (CON-
SORT) Statement [41]. We aim to recruit a total of 264
patients with clinical knee OA, significant knee pain and
subchondral BMLs present on MRI. Patients will be
recruited via the OA Clinical Trial Network in Hobart,
Melbourne, Sydney and Adelaide, using a combined strat-
egy, including collaboration with general practitioners,
rheumatologists, and orthopaedic surgeons, as well as
advertising through local and social media. Patients will
be encouraged to contact their local research nurse via
email or telephone. Each site aims to recruit 66 patients.
Ethics approval has been obtained from the Tasmania
Health and Medical Human Research Ethics Committee
(H0012941), The Alfred Hospital Ethics Committee (03/
13), Monash University Human Research Ethics Commit-
tee (CF14/1064–2,014,000,452), Northern Sydney Local
Health District Ethics Committee (HREC/13/HAWKE/80)
and Human Research Ethics Committee (TQEH/LMH/
MH) (HREC/13/TQEHLMH/134). Written informed con-
sent will be obtained from all patients by the study doctor
(i.e. a rheumatologist or supervised rheumatology advanced
registrar).

Inclusion criteria
The inclusion criteria are as follows: males and females
with significant knee pain on most days (defined as a
pain score ≥ 40 mm on a 100-mm visual analogue scale
(VAS)); aged ≥50 years old; with a subchondral BML
present on MRI; and meeting the American College of
Rheumatology (ACR) criteria for symptomatic knee OA
[42], assessed by a rheumatologist.

Exclusion criteria
The exclusion criteria were as follows:

1) Prior use of bisphosphonates, except according to
the washout schedule:

2 years (if use > 48 weeks).
1 year (if used > 8 weeks but < 48 weeks).
6 months (if used > 2 weeks but < 8 weeks).
2 months (if used < 2 weeks).
Any intravenous bisphosphonate within the prior
2 years.

2) History of non-traumatic iritis or uveitis.
3) Abnormal blood tests [serum calcium > 2.75 mmol/

L (11.0 mg/dL) or < 2.00 mmol/L (8.0 mg/dL) or
creatinine clearance < 35 ml/min].
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4) Serum 25-hydroxyvitamin D concentrations <
40 nmol/L. Patients with serum 25-hydroxyvitamin D
concentrations < 40 nmol/L will have the option to
be prescribed vitamin D supplementation and can
enter the trial once their serum 25-hydroxyvitamin D
concentration level is ≥40 nmol/L.

5) Use of any investigational drug(s) and/or devices
within 30 days or 5 half-lives (whichever is longer)
of the drug prior to randomisation.

6) Prior diagnosis of cancer (metastatic cancer or
cancer diagnosed < 2 years ago where treatment is
still ongoing).

7) Poor dental fitness: A dental exam with appropriate
preventative dentistry will be considered prior to
treatment with bisphosphonates in patients with
concomitant risk factors (e.g. cancer, chemotherapy,
corticosteroids, poor hygiene).

8) Severe knee OA (JSN on X-ray of Grade 3 using
the Osteoarthritis Research Society International
(OARSI) atlas [43]).

9) Other forms of arthritis in which disease is active and
concomitant medication is used (e.g. rheumatoid
arthritis or other inflammatory arthritis).

10) Patients who have undergone arthroscopy or open
surgery in the index knee in the last 12 months.

11)Women who are pregnant or breast feeding.
12) Patients who have had a corticosteroid injection in

the last 3 months or a hyaluronic acid injection in
the last 6 months in the index knee.

13) Planned joint replacement surgery.
14) Contraindication to MRI scanning (for example,

implanted pacemaker, metal sutures, presence of
shrapnel or iron filings in the eye, claustrophobia,
knee too large for coil).

15) Inability to give informed consent.

Randomisation and blinding
Allocation of patients in a 1:1 ratio to either the active
or placebo group will be based on computer generated
random numbers using a central randomisation website
hosted by the University of Tasmania. Block randomisa-
tion, using a block size of 10 (5 in each arm) will be
used. This means that of every 10 patients randomised,
5 will receive active and 5 placebo. The randomisation
will be stratified by study site. This will be conducted by
a staff member at each study site with no direct involve-
ment in the study.
The randomised controlled trial will be a double-blind

one, with both patients and investigators assessing out-
comes blinded to treatment allocation. Allocation con-
cealment and double blinding will be ensured by 1) the
use of identical IV infusions for each group; 2) objective
measures of knee structural changes being made by
trained observers blinded to group allocation; and 3)

subjective measures being taken by research nurses
blinded to group allocation.
Emergency unblinding will be allowed in limited situa-

tions that impact on the safety of study patients.
Code-break for the full randomisation schedule will be
maintained by the University of Tasmania. Patients who
are unblinded will be withdrawn from treatment but will
continue to be followed as per the planned follow-up
schedule.

Intervention
All patients will continue usual care by their treating
health practitioners. Eligible patients will receive an
annual identical intravenous infusion of either 100 mL of
fluid containing zoledronic acid (5 mg/100 mL) or placebo
(0.9% NaCl 100 mL), at baseline and 1 year later.

VOLT01 sub-study
During this trial, an industry funded sub-study will be
added to the Hobart site. Zoledronic acid infusions are
often accompanied by the side effects of acute phase
reactions. This is characterised by flushing, fever, joint
pains, and muscle aches in the period of time just after
infusion (around 3 days post-infusion), and affects
approximately 30% of patients [44]. The VOLT01
sub-study aims to examine whether adding 10 mg of
methylprednisolone immediately following a zoledronic
acid infusion can reduce the rate of acute phase reactions.
Therefore, approximately half way through the trial the
randomisation schedule will change at the Hobart site
only, where patients will be randomised to one of three
identical treatments: zoledronic acid, zoledronic acid
PLUS methylprednisolone (VOLT01), or placebo. The
details of this sub-study will be written up in a separate
paper. We do not foresee that this sub-study will influence
the integrity of this larger trial, which will only analyse
data from patients randomised to zoledronic acid or pla-
cebo. The study rheumatologist at the Hobart site will ob-
tain informed consent from suitable study patients for
their participation in this sub-study.

Study procedure and time points
Research nurses will first conduct screening over the tele-
phone. If early checks of study eligibility are favourable,
study patients will be booked in for a face-to-face screen-
ing visit to further determine eligibility and explain what
is involved in the study. At the face-to-face visit, patients
will complete questionnaires, have a knee x-ray and MRI,
a blood test, and a clinical assessment by a study doctor to
ensure inclusion criteria are met. The study knee will be
defined as the one with symptomatic OA meeting all in-
clusion criteria.
Table 1 outlines the schedule of assessments. After

screening, there will be 4 study visits (month 0, 6, 12
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and 24). The same researcher nurses, who are blinded to
treatment allocation, will measure all clinical variables,
administer questionnaires, monitor compliance, and rec-
ord adverse events at these visits. Additional question-
naire mail outs will occur at months 3 and 18. Infusions
will occur at months 0 and 12; MRI scans will occur at
screening, month 6 and 24; knee x-ray will be performed
at screening; blood samples are taken at screening and
6 months, and urine samples are taken at baseline and
6 months. Three days following the infusion, patients
are contacted by phone interview to assess side effects of
acute phase reactions.

Quality assurance
To ensure high-quality execution of the trial in accord-
ance with the protocol, all trial staff will be trained by the
chief investigators and provided with a standard protocol
book (with details of standard operating procedures used,

trial contacts, visits, measurements, and monitoring) and
case report forms.

Outcome measures
Primary outcome measure: Absolute change in tibiofemoral
cartilage volume (mm3)
Knee MRI acquisition at the four study sites is presented
in Table 2, including details of sequences and parameters
being used. Tibial cartilage volume will be assessed on
the sagittal T1-weighted sequences by means of image
processing on an independent workstation using OsiriX
software (University of Geneva, Geneva, Switzerland).
The volumes of tibial cartilage plates (medial tibia and
lateral tibia) will be isolated from the total volume by
manually drawing disarticulation contours around the
cartilage boundaries on a section by section basis. These
data will then be re-sampled by means of bilinear and
cubic interpolation for final 3-D rendering. In our previ-
ous study, we demonstrated a coefficient of variation (CV)

Table 1 Schedule of assessments

Screening Baseline
(Month 0)

Day 3 Post-
Infusion

Month 3 Month 6 Month 12 Day 3 Post-
Infusion

Month 18 Month 24

Informed consent x

Clinical examination x

Knee x-ray x

Bloods x x*

Knee MRI x x x

Randomisation x

Clinic measures

Leg strength x x x x

Height and weight x x x

First void fasting urine x* x*

Infusion x x

Questionnaire measures

Demographics (sex, date of birth) x

Knee VAS x x x x x x x

Knee WOMAC x x x x x x

Medication use x x x x x x

Knee surgery x x x x x x

Knee joint injection x x x x

Safety (adverse events) x x x x x x x x

Acute phase reactions x x

Hand VAS x x x x x x

Back VAS x x x x x x

AQoL-4D x x x

Overall change in pain and function x

Treatment guessing x

*Only being performed at the Hobart, Melbourne and Sydney study sites
MRI magnetic resonance imaging, VAS visual analogue scale, WOMAC Western Ontario and McMasters Universities Osteoarthritis Index, AQoL-4D The Assessment
of Quality of Life
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of 2.1% for the medial tibia and 2.2% for the lateral tibia
[45], using this method.
Knee femoral cartilage volume will be determined on

the sagittal T1-weighted sequences by means of image
processing on an independent workstation using Carti-
scope™ (ArthroLab Inc., Montreal, Quebec, Canada), as
previously described [46–48]. The segmentation of the
cartilage-synovial interfaces will be carried out with the
semi-automatic method under reader supervision and
with corrections when needed. Cartilage volume will be
evaluated directly from a standardised view of 3D cartil-
age geometry as the sum of elementary volumes. In our
previous study, we demonstrated a CV of approximately
2% [46]. The cartilage volume assessment will be done
for the medial and lateral condyles delineated by the
Blumensaat’s line [48].
Tibiofemoral cartilage volume will be calculated as the

sum of both the tibial and femoral compartments at
screening and 24 months.

Secondary outcome measures

Improvement of knee pain at 3, 6, 12, 18, and
24 months Knee pain will be assessed using a 100 mm

VAS by asking “on this line, thinking about your right/
left knee, where would you rate your pain, using the last
7 days as a time frame”. We will also assess pain using
WOMAC [49], as we used this instrument to demon-
strate a clinically significant change in BML size
(140 mm2) [11]. Five items of WOMAC pain scale in
100-mm visual analog format [50] will be used to assess
pain during walking, using stairs, in bed, sitting or lying,
and standing during the last 7 days. Items will be
summed to create a total WOMAC pain score (range,
0–500). Incomplete items will be addressed according to
the WOMAC user guide [51]. The WOMAC pain score
will be considered invalid if there is more than one miss-
ing item. In the case there is only one missing item, the
remaining four items will be averaged and then multi-
plied by five.

Reduction in BML size over 6 and 24 months (mm2)
BMLs will be defined as an ill-defined hyperintensity in
the subchondral bone, on MRI. BMLs will be assessed on
the sagittal proton density weighted sequences at the med-
ial tibial, medial femoral, lateral tibial, lateral femoral and
patella sites by means of image processing on an inde-
pendent workstation using OsiriX software (University of

Table 2 Magnetic resonance imaging sequences and parameters at the four study sites

Machine and coil T1-weighted sagittal Proton density-weighted sagittal

Hobart (Note: used two different
MRI scanners. Patients had their
follow-up scans on the same
scanner in which they had their
screening scan).

1.5 T whole-body MR unit
(GE Optima 450 W, Milwaukee,
USA), using a dedicated 8-
channel knee coil
1.5 T whole-body MR unit (Siemens,
Espree), using a dedicated
15-channel knee coil

T1-weighted fat-saturated 3D
gradient-recalled acquisition; flip
angle 30 degrees; repetition time
38 msec; echo time 3 msec; field of
view 16 cm; 512 × 512 matrix; 1
excitation; slice
thickness 1.5 mm
T1-weighted fat-saturated 3D
gradient-recalled acquisition;
flip angle 30 degrees; repetition
time 31 msec; echo time 6.8 msec;
field of view 16 cm; 512 × 512 matrix;
1 excitation; slice
thickness 1.5 mm

Proton density fat-saturated 2D
fast spin echo sequence; flip angle
150 degrees; repetition time 3800
msec; echo time 35 msec; field of
view 16 cm; 512 × 512 matrix; 3
excitations;
slice thickness 3 mm
Proton density fat-saturated 2D
fast spin echo sequence; flip angle
150 degrees; repetition time 3830
msec; echo time 39 msec; field of
view 16 cm; 512 × 512 matrix; 3
excitations; slice thickness 3 mm

Melbourne 3.0 T whole-body MR unit (Philips,
Achieva, Medical Systems), using a
commercial 16-channel transmit receive
knee coil

T1-weighted fat-saturated 3D
gradient-recalled acquisition; flip
angle 15 degrees; repetition time
25.9 msec; echo time 9.2 msec; field
of view 16 cm; 320 × 320 matrix; slice
thickness 0.5 mm

Proton density fat-saturated 2D
fast spin echo sequence; flip angle
90 degrees; repetition time
3814 msec; echo time 25 msec;
field of view 16 cm; 720 × 720
matrix; slice thickness 2.5 mm

Sydney 1.5 T whole-body MR unit (Siemens,
Aera) using a dedicated 15-channel
transmit-receive knee coil

T1-weighted fat-saturated 3D
gradient-recalled acquisition; flip
angle 30 degrees, repetition time
31 msec; echo time 6.8 msec; field of
view 16 cm; 512 × 512 matrix; slice
thickness 1.5 mm

Proton density fat-saturated 2D
fast spin echo sequence; flip angle
150 degrees; repetition time
3830 msec; echo time 39 msec;
field of view 16 cm; 512 × 512
matrix; slice thickness 3 mm

Adelaide 1.5 T whole-body MR unit (Siemens,
Aera) using a dedicated 15-channel
transmit-receive knee coil

T1-weighted fat-saturated 3D
gradient-recalled acquisition; flip
angle 30 degrees, repetition time
14.7 msec; echo time 6.74 msec; field
of view 16 cm; 448 × 448 matrix; 1
excitation; slice thickness 1.5 mm

Proton density fat-saturated 2D
fast spin echo sequence; flip angle
180 degrees; repetition time
3200 msec; echo time 39 msec;
field of view 16 cm; 320 × 320
matrix; 1 excitation; slice thickness
3 mm
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Geneva, Geneva, Switzerland). The maximum size of each
lesion will be measured in mm2 using software cursors ap-
plied to the greatest area of the lesion, as previously de-
scribed in our pilot study [40]. Previously we have
demonstrated an intraclass correlation coefficient (ICC) of
0.97 [11], using this method. Total BML size (mm2) will
be calculated as the sum of every lesion within the medial
tibial, medial femoral, lateral tibial, lateral femoral and pa-
tella sites at screening, 6 and 24 months.

Other measurements

Knee function Knee function will be assessed using
WOMAC [49] at months 0, 3, 6, 12, 18 and 24. Seven-
teen items of the WOMAC function scale in 100-mm
visual analog format [50] will be used to assess function
during descending stairs, ascending stairs, rising from
sitting, standing, bending to floor/picking up an object,
walking on flat surface, getting in/out of the car, going
shopping, putting on socks/stockings, rising from bed,
taking off socks/stockings, lying in bed, getting in/out of
the bath, sitting, getting on/off the toilet, heavy domestic
duties, and light domestic duties during the last 7 days.
Items will be summed to create a total WOMAC func-
tion score (range, 0–1700). The WOMAC function score
will be considered invalid if there are more than 2 miss-
ing items. In the case there are two or less missing
items, the remaining items will be averaged and then
multiplied by 17 [51].

The assessment of quality of life (AQoL) Health
related quality of life and utility will be assessed using
The Assessment of Quality of Life (AQoL-4D) question-
naire [52] at 0, 6 and 24 months.

Co-pathology present on MRI Cartilage defects will be
assessed at the medial tibial, medial femoral, lateral tib-
ial, lateral femoral and patella sites as we have previously
described [53]: grade 0 = normal cartilage; grade 1 = focal
blistering and intracartilaginous low-signal intensity area
with an intact surface and base; grade 2 = irregularities
on the surface or base and loss of thickness < 50%; grade
3 = deep ulceration with loss of thickness > 50%; and
grade 4 = full-thickness chondral wear with exposure of
subchondral bone. In our previous study we demon-
strated the ICCs ranged from 0.80–0.95 [53] for the dif-
ferent knee sites, using this method.
Meniscal extrusion will be assessed as we have previ-

ously described [14] as the proportion of the menisci
affected by a partial or full extrusion (yes/no) at the
anterior, middle, and posterior horns (medially/laterally).
In our previous study we demonstrated the intra and
inter-reader ICC’s ranged from 0.85–0.92 for meniscal
extrusion [54].

Knee surgery and joint injections Whether the patient
underwent any knee surgery (including arthroscopies or
joint replacement surgery) during the trial, will be
assessed by questionnaire at screening, month 3, 6, 12,
18 and 24 months. Study patients will also give their
consent to have their data linked to the Australian
Orthopaedic Association National Joint Replacement
Registry (AOANJRR). Whether the patient had a joint
injection during the trial will be assessed at month 6, 12,
18 and 24 months.

Lower limb muscle strength Lower limb muscle
strength is a key correlate of pain and tends to increase
when pain is reduced [55]. We will assess leg strength
by dynamometry at the lower limb (involving both legs
simultaneously) at months 0, 6, 12 and 24. The muscles
measured in this technique are mainly the quadriceps
and hip flexors. The previously published repeatability
estimate (Cronbach’s α) for this method is 0.91 [45].

Overall change in pain and function At 24 months
patients will be asked to rate their overall change in pain
and function (compared to baseline) on this scale: Much
Worse, Moderately Worse, Slightly Worse, No Change,
Slightly Better, Moderately Better, and Much Better.

Anthropometry We will measure height (stadiometer),
weight (electric scales) and body mass index (BMI)
(weight/height2) at month 0, 6, and 24 months.

Radiographic knee OA A standing anteroposterior
semiflexed radiograph of the study knee will be per-
formed at screening. X-rays will be scored for joint space
narrowing on a four point scale (0–3) using the OARSI
atlas [43]. In our hands this method has very high repro-
ducibility with an ICC of 0.98 for joint space narrowing
and 0.99 for osteophytes [56].

Concomitant medication There are no restrictions with
regard to concomitant analgesic medications. Medica-
tion usage (including prescription, over-the-counter, and
natural/herbal remedies) will be documented at screen-
ing, month 3, 6, 12, 18 and 24 months. Patients will be
asked to keep medications as stable as possible but if
there are changes to the medications used or dose
changes during the trial the reason will be documented.

Blood samples Blood tests (Urea Electrolytes and
Creatinine (UEC), calcium and vitamin D assays) will
occur for safety at screening to assess inclusion criteria.
Storage of blood samples will occur at screening and
6 months for future testing at the following study sites:
Hobart, Melbourne, and Sydney. The blood will be stored
at − 80 °C.
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Urine samples Storage of first void fasting urine sam-
ples will occur at month 0 and 6 for future testing at the
following study sites: Hobart, Melbourne, and Sydney.
The urine will be stored at − 80 °C.

Treatment guessing At 24 months patients will be
asked what treatment they think they received with the
following options: zoledronic acid (active treatment),
placebo, or not sure.

Other site pain Hand pain and low back pain will be
assessed at months 0, 3, 6, 12, 18 and 24 using a
100 mm VAS by asking “on this line, thinking about
your most painful hand/low back, where would you rate
your pain, using the last 30 days as a time frame”.

Safety assessment
Adverse events will be monitored throughout the study.
Standard safety and efficacy monitoring will be per-
formed through regular face-to-face visits and phone
calls between visits. The patients are requested to report
any adverse events to the research staff spontaneously.
Details of the adverse event and its relationship with
study intervention will be recorded and reported to the
Ethics Committees.
Patients will be phoned 3 days following their infusion

in order to determine if they have experienced any
symptoms of acute phase reactions, including flushing,
fever, joint pains, and muscle aches.

Sample size calculations
Primary outcome
In our pilot study [40] we found that zoledronic acid sig-
nificantly reduced the size of BMLs over 6 months com-
pared to placebo. Therefore our sample size calculations
for this trial were modelled based on the assumption
that a decrease in BML size will translate to a reduction
in cartilage volume loss over time. This assumption is
valid based on the unequivocal evidence from observa-
tion data demonstrating that BMLs predict cartilage vol-
ume loss over time [14–17, 38, 54, 57–59].
The changes in BML area seen in our pilot study were

− 198.6 mm2 (zoledronic acid treatment) and − 22.8 mm2

(placebo) with regression root mean square error of
261.5 mm2 (i.e. standard deviation (SD)) [40], at 6 months.
Unpublished observational data from our Tasmanian
Older Adult Cohort (TASOAC) study allowed us to model
the effect a decrease in BML size would have on tibiofe-
moral cartilage volume loss over 24 months. Using
follow-up data for 120 TASOAC participants with BMLs,
we used linear regression to estimate the relationship be-
tween absolute change in tibiofemoral cartilage volume
and final BML area with adjustment for age, sex, BMI and
length of follow-up. The results can be used to predict

each subject’s two-year change in tibiofemoral cartilage
volume from their final BML area, and the change when
final BML area is reduced by 198.6 mm2 (expected under
treatment) or 22.8 mm2 (expected under placebo). To take
account of individual variation, the calculations were
repeated in 1000 replications with the exact changes in
final BML area replaced by random values of 198.6 mm2

(treatment) firstly and 22.8 mm2 (placebo) secondly, and
with SD 261.5 mm2 in each case. The resulting estimates
of tibiofemoral cartilage loss, which are expected from the
6 month changes in BML area, were − 824.0 mm3 (SD
273.0) in the treatment group and − 928.3 mm3 (SD 272.3)
in the placebo group. With this difference, 132 patients
(allowing for 20% drop out over 24 months) recruited to
each arm of the trial will provide 80% power with 5%
probability of type I error (alpha = 0.05). This estimate is
conservatively based on 6-month change in BML area for
n = 59 patients in our pilot study [40] and assumes no
further improvement in BMLs after this time (although
they may continue to reduce with zoledronic acid over
24 months).

Secondary outcome
For our secondary outcomes (improvement in pain and
reduction in BML size) a sample size of 132 patients in
each arm will provide 98.9 and 99.6% power to detect
the adjusted treatment differences in knee pain scores
and BML area respectively that were observed in our
pilot study [40].

Statistical analysis
The primary analyses will be intention-to-treat analyses
of primary and secondary outcomes. Per protocol ana-
lyses will be performed as the secondary analyses.
Changes in absolute tibiofemoral cartilage volume,

knee pain and BML size will be analysed using a linear
mixed model with treatment, month and their inter-
action (treatment × month) as covariates. The correl-
ation within trial centres and the repeated measures will
be addressed using trial centre and patient identification
as random intercepts. Month will be treated as random
effect to allow different treatment effects among patients
over time. Change in outcome measures within each
group and difference of the changes between groups
from baseline to follow-up will be calculated using linear
combinations of the estimated coefficients. If there are
baseline imbalances between treatment groups, we will
consider adjusting for them based on whether we regard
the imbalance as clinically significant. Missing data
caused by loss to follow-up and nonresponses will be ad-
dressed by adding baseline complete variables that can
explain the missingness to the regression models.
Secondary analysis for missing data will be performed

using multiple imputation by chained equations. Baseline
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variables with complete data will be used for data imput-
ation assuming missing at random.
Pre-specified stratified analyses will be performed to

examine which subgroups may respond better to treatment.
Potential stratification variables include radiographic knee
OA and co-pathology present on MRI. Statistical signifi-
cance will be set as a two-sided P value < 0.05.

Data integrity and management
All collected data are recorded using case report forms
which will be processed centrally at the Menzies Institute
for Medical Research, University of Tasmania. The hard
copies of the case report forms will be stored in a locked
area at each study site with secured and restricted access.
The electronic data will be stored on password protected
servers with restricted access. All data collected will be
kept strictly confidential. Daily back ups of all electronic
data will occur to minimise any risk of lost data. Data
transfer will be encrypted with all data de-identified. Only
members of the research team who need to contact study
patients, enter data or perform data quality control will
have access to patient information.
After study completion, paper copies of data will be ar-

chived in secure storage. Identifiers will not be removed,
in case follow-up of study patients is necessary; however,
electronic data will continue to be kept in a secure elec-
tronic database. This will remain password protected
and with access given only to the study investigators un-
less otherwise authorised by the study team.

Withdrawal
If patients withdraw from the study before 24 months of
follow-up, the reason and date will be recorded. Patients
who withdraw after a minimum of 9 months will be re-
quested to have a third MRI scan on their study knee.

Roles and responsibilities and monitoring
The University of Tasmania (as the trial sponsor) and
the principal investigators are responsible for all aspects
of the trial, including design, conduct and oversight. The
principal investigators will monitor the conduct and
progress of the project at each site. The trial coordinator
will visit each study site to make sure that all trial proce-
dures are compliant with the trial protocol. The princi-
pal investigators and the research team will have regular
teleconferences to ensure efficient study execution and
ongoing monitoring of the study progress, with sum-
mary documents circulated after each meeting. A Data
and Safety Monitoring Board was not convened for this
trial as zoledronic acid is approved in Australia by the
Therapeutic Goods Administration (TGA) and has a
well-known safety profile. The trial is also being moni-
tored at each site by a practicing rheumatologist with ex-
perience prescribing zoledronic acid.

Dissemination plans
The results of this study will be presented at conferences
and published in scientific journals. Any notes or publi-
cations arising from our research will be de-identified.
Only aggregate statistical results will be presented.
The outcomes of the project will be disseminated to

study patients using non-technical language. The scien-
tific paper will be available for dissemination to patients’
should they wish to receive it, after the manuscript has
been accepted for publication. Dissemination of the
overall study findings to the patients will occur in a
de-identified manner and be based on the entire study
population.

Discussion
We proposed a multicentre, randomised, double blind
placebo controlled trial to determine whether annual
infusions of zoledronic acid reduces the rate of knee car-
tilage volume loss, improves knee pain and reduces
BML size, compared to placebo in people with clinical
knee OA, significant knee pain and subchondral BMLs.
If zoledronic acid proves effective, it will offer a novel
therapeutic approach to reduce knee OA progression.
Zoledronic acid is an established treatment for osteo-

porosis [28, 60]. Bisphosphonates have effects through a
variety of mechanisms, including effects on the subchon-
dral bone and osteochondral junction [6]. Bisphospho-
nates may also have anti-inflammatory actions [61, 62];
which may play a role in an immediate analgesic benefit,
as distinct from that which might arise as a consequence
of osteochondral structural alteration, and thus may
explain why analgesic benefits may not persist beyond the
period of drug use. Overall, the mechanism and direction
of effect remains controversial, the evidence suggests that
bisphosphonates have effects on the subchondral bone.
Radiographs are a tool commonly used to assess disease

progression in OA, but it is not the optimal method. It is
moderately responsive to change in terms of standardised
response means (SRM) [63]; however, it is insensitive to
change in cartilage measures [64]. MRI offers a much
better assessment, and OA features on MRI are better
targeted for defining and following disease progression.
Using MRI, cartilage volume/thickness loss predict knee
replacement [18, 65–67] and have similar levels of
sensitivity to discriminate treatments in clinical trials [38].
Accordingly, MRI assessment of cartilage morphology is
now recommended for the evaluation of disease progres-
sion as an endpoint for clinical trials [66, 68]. Simultan-
eously, we will assess change in knee pain over time using
a 100 mm VAS, and WOMAC [49] as secondary end-
points. Thus, the findings from this study will show
whether zoledronic acid treatment has both symptom
modifying and disease modifying effects.
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Zoledronic acid is associated a suite of well charac-
terised acute phase reactions [44]. While these reactions
are of mild-moderate intensity, and self-limiting in
duration, they are common (incidence ~ 30%) and un-
pleasant. We included a sub-study to investigate the effi-
cacy of adding 10 mg methylprednisolone immediately
following the zoledronic acid infusion. Methylpredniso-
lone, an anti-inflammatory drug, might reduce rates of
acute phase reactions by reducing inflammation due to
the zoledronic acid infusion, as intermediates in the
mevalonate pathway activated by blocking farnesyl
pyrophosphate synthase (isopentenyl diphosphate and
dimethylallyl diphosphate) accumulate in monocytes
when the enzyme is blocked and result in activation of
adjacent γδT cells, with the release of interferon-δ and
TNF [69]. We hypothesised that administration of meth-
ylprednisolone after zoledronic acid infusion will reduce
rates of acute phase reactions.

Conclusion
In summary, knee OA is a major but poorly understood
public health problem. Our novel preliminary data showed
that zoledronic acid improved knee pain and reduced the
size on BMLs in OA patients [40]. If zoledronic acid can
reduce knee pain, size of BMLs, and slow cartilage loss, it
suggests great potential for cost savings through a delay or
reduced need for joint replacement surgery, and potential
for great improvements in quality of life for OA suffers.
The success of this study will provide scientific evidence
for using a cost-effective and innovative approach to ad-
dressing this clinically significant problem and lends itself
to incorporation in routine clinical practice.
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Summary of changes 

1. Approximately half-way through the trial, a sub-study was added at the Hobart site.  As a 

result of this, the randomization schedule in Hobart changed where patients were 

randomized to one of three identical treatments: zoledronic acid, zoledronic acid PLUS 

methylprednisolone (VOLT01), or placebo. The findings of the add-on study have been 

published in a separate paper (Therapeutic Advances in Musculoskeletal Disease 

2019;11:1759720X19880054). Additional details about the sub-study were included in the 

ZAP2 published protocol above.  

 

2. In the original protocol (Version 3, Nov 2013) it states that “we have confirmed with 

Novartis that they will provide an unrestricted grant to support the cost of drug and placebo” 

(page 6). While we intended to receive funding support from Novartis for the study drug, 

this did not eventuate. No funding was received from Novartis for this trial and Novartis 

was not involved in the trial in any way.  
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Appendices Tables and Figures 

This supplement contains the following items: 

Appendix Table 4.1. Baseline characteristics of those completed and dropouts 

Appendix Table 4.2. Per-protocol analysis of change in study outcomes between the 

zoledronic acid and placebo groups over 24 months 

Appendix Table 4.3. Change in study outcomes between the zoledronic acid and placebo 

groups over 24 months according to the originally allocated treatment group 

after multiple imputations for missing data 

Appendix Table 4.4. Post-hoc conditional power analyses based on both the target 

effects and clinically important effects using the observed standard deviations 

in this trial 

Appendix Table 4.5. The comparison of the effect of zoledronic acid on cartilage volume 

loss based on complete data versus data at the tibial and/or femoral sites 

Appendix Figure 4.1. Subgroup analyses by joint space narrowing (Grade 0 or grade 1-2) 

for primary and secondary outcomes 

Appendix Figure 4.2. Subgroup analyses by bone marrow lesion size (> or < the median 

size) for primary and secondary outcomes 
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Appendix Table 4.1. Baseline characteristics of those completed and dropouts. 

Zoledronic acid (N=113) Placebo (N=110) 

Completed (N = 90) Dropouts (N =23) P-
value 

Completed (N = 
100) Dropouts (N =10) P-

value 
Age, years, mean (SD) 62.4 (8.4) 63.5 (8.9) 0.58 60.7 (6.9) 67.9 (8.5) <0.001 
Sex 

 

    Female, n (%) 42 (47) 12 (52) 0.64 57 (57) 6 (60) 1.00 
    Male, n (%) 48 (53) 11 (48) 0.64 43 (43) 4 (40) 1.00 
Body mass index, kg/m2, mean (SD) a 30.2 (5.5) 30.0 (5.6) 0.86 30.8 (6.3) 30.6 (6.4) 0.91 
Radiographic joint space narrowing 

     Grade 0, n (%) 19 (22) 
[n=88] 

2 (9) 
[n=22] 0.27 22 (22) 

[n=99] 
1 (11) 
[n=9] 0.82 

     Grade 1, n (%) 32 (36) 
[n=88] 

7 (32) 
[n=22] 

44 (44) 
[n=99] 

4 (44) 
[n=9] 

     Grade 2, n (%) 37 (42) 
[n=88] 

13 (59) 
[n=22] 

33 (33) 
[n=99] 

4 (44) 
[n=9] 

Tibiofemoral cartilage volume, mm3, mean 
(SD) 

15501 (8048) 
[n=81] 

14720 (7062) 
[n=20] 0.69 14771 (7689) 

[n=84] 
12451 (3430) 

[n=9] 0.37 

    Tibial cartilage volume, mm3, mean (SD) 3426 (1197) 3156 (1276) 0.34 3237 (1042) 2986 (1085) 0.41 

    Femoral cartilage volume, mm3, mean (SD) 14032 (6496) 
[n=81] 

11493 (6249) 
[n=20] 0.12 13147 (6298) 

[n=84] 
9426 (2498) 

[n=9] 0.08 

Bone marrow lesion, mm2, median (IQR) 471 (237 to 860) 490 (316 to 945) 0.46 503 (225 to 875) 484 (263 to 919) 0.88 
Knee pain 

    WOMAC, 0-500, mean (SD) b 169.4 (103.2) 225.5 (95.3) 0.02 218.7 (103.6) 
[n=99] 231.6 (101.7) 0.71 

    VAS, 0-100, mean (SD) b 45.6 (21.5) 55.8 (18.2) 0.04 53.7 (19.9) 
[n=98] 61.8 (7.1) 0.21 
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Abbreviations: IQR, Inter-quartile Range; NASIDs, Non-Steroid Anti-Inflammatory Drugs; VAS, Visual Analogue Scale; WOMAC, Western Ontario and McMaster 
University Index. 
a A body mass index of 18.5-25 is considered a healthy weight. A body mass index up to 30 is considered overweight and over 30 obese. 
b The WOMAC index relies on a self-administered questionnaire reflecting pain, stiffness, and limitations to physical function. The WOMAC pain subscale measures 
five dimensions: walking on a flat surface, going up and down stairs, at night while in bed, sitting or lying, and standing upright. Higher WOMAC and VAS knee 
pain scores indicate more severe symptoms. 
c Other analgesics: opioids, prednisolone and compound analgesics.  

(continue)    
 

   

Concomitant medications  
       

    NSAIDs, n (%) 41 (46) 11 (48) 0.85 
 

53 (53) 6 (60) 0.75 
    Paracetamol, n (%) 45 (50) 13 (57) 0.58 

 
40 (40) 6 (60) 0.32 

    Other analgesics, n (%) c 8 (9) 4 (17) 0.26 
 

13 (13) 1 (10) 1.00 
    Number of analgesics, median (IQR)  1 (0 to 2) 1 (1 to 2) 0.71 

 
1 (0 to 2) 1 (1 to 2) 0.76 

    Glucosamine/chondroitin, n (%) 25 (28) 6 (26) 0.87   28 (28) 5 (50) 0.16 
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Abbreviations: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
a Within-group change and between-group difference for each study outcome were estimated in participants with baseline data of the outcome, with missing data at 
follow-up addressed using linear mixed-effects modelling (no imputation). Models were adjusted for the baseline value of the outcome. 
b Absolute change in tibiofemoral cartilage volume (mm3) was analysed in participants with data on both tibial and femoral cartilage volume at baseline (n=163).  
c Annual percentage change in tibiofemoral cartilage volume (%/year) was calculated as: 100×[(follow-up cartilage volume - baseline cartilage volume)/baseline 
cartilage volume]/time between two scans in years. This formula requires complete data at both timepoints, therefore participants with tibiofemoral cartilage volume 
data at both baseline and follow-up (n=133, fully paired data) were analysed using linear regression model (no imputation). 
d The WOMAC index relies on a self-administered questionnaire reflecting pain, stiffness, and limitations to physical function. The WOMAC pain subscale measures 
five dimensions: walking on a flat surface, going up and down stairs, at night while in bed, sitting or lying, and standing upright. Higher WOMAC and VAS knee 
pain scores indicate more severe symptoms.  

Appendix Table 4.2.  Per-protocol analysis of change in study outcomes between the zoledronic acid and placebo groups over 24 months 
  Mean (95% Confidence interval) a           
 Zoledronic acid (N=88)    Placebo (N=99)   

Between-Group  
Difference in Change 

 

  Baseline 24-month Change   Baseline 24-month Change P value 

Primary outcome         

Tibiofemoral cartilage volume, 
mm3 b 

17077 (15474 to 18680) 
[n=84] 

-861 (-958 to -764) 
[n=84] 

 16411 (14898 to 17923) 
[n=79] 

-922 (-1013 to -831) 
[n=79] 61 (-72 to 194) 0.37 

Tibiofemoral cartilage volume, 
%/year c - -2.56 (-2.89 to -2.23) 

[n=72] 
 - -2.74 (-3.04 to -2.44) 

[n=61] 0.18 (-0.27 to 0.63) 0.43 

Secondary outcomes        

WOMAC pain, 0-500 d 173.6 (152.4 to 194.8) -46.3 (-69.7 to -22.8)  220.8 (200.4 to 241.2) -59.1 (-80.9 to -37.2) 12.8 (-19.7 to 45.3) 0.44 

Visual analogue scale pain, 0-100 d 46.0 (41.6 to 50.4) -14.4 (-20.0 to -8.8)  54.8 (50.9 to 58.7) 
[n=98] 

-17.0 (-22.2 to -11.7) 
[n=98] 2.6 (-5.2 to 10.4) 0.52 

Bone marrow lesion size, mm2  607 (502 to 712) -56 (-129 to 16)  626 (512 to 739) -16 (-83 to 51) -40 (-139 to 59) 0.43 
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Abbreviations: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
a Within-group change and between-group difference for each study outcome were estimated using linear mixed-effects model after multiple imputations for missing 
data, models adjusted for the baseline value of the outcome. 
b Absolute change in tibiofemoral cartilage volume was analysed in participants with data on both tibial and femoral cartilage volume at baseline. 
c Annual percentage change in tibiofemoral cartilage volume (%/year) was calculated as: 100×[(follow-up cartilage volume - baseline cartilage volume)/baseline 
cartilage volume]/time between two scans in years. Linear regression model was used for this analysis. 
d The WOMAC index relies on a self-administered questionnaire reflecting pain, stiffness, and limitations to physical function. The WOMAC pain subscale measures 
five dimensions: walking on a flat surface, going up and down stairs, at night while in bed, sitting or lying, and standing upright. Higher WOMAC and VAS knee 
pain scores indicate more severe symptoms

Appendix Table 4.3. Change in study outcomes between the zoledronic acid and placebo groups over 24 months according to the originally allocated treatment 
group after multiple imputations for missing data. 

Mean (95% Confidence Interval) a 
Zoledronic acid (N=113) Placebo (N=110) 

Between-Group 
Difference in Change Baseline 24-month Change Baseline 24-month Change P value 

Primary outcome 
Tibiofemoral cartilage volume, 
mm3 b 16243 (11081 to 21404) -894 (-991 to -797) 15696 (10531 to 20860) -922 (-1026 to -818) 28 (-113 to 170) 0.69 

Tibiofemoral cartilage volume, 
%/year c - -2.66 (-3.08 to -2.24) - -2.78 (-3.13 to -2.42) 0.12 (-0.42 to 0.66) 0.66 

Secondary outcomes 
WOMAC pain, 0-500 d 180.8 (161.5 to 200.1) -38.9 (-61.1 to -16.7) 219.6 (200.5 to 238.6) -63.4 (-86.3 to -40.4) 24.5 (-7.9 to 56.8) 0.14 

Visual analogue scale, 0-100 d 47.7 (43.7 to 51.6) -12.1 (-17.5 to -6.6) 55.2 (50.4 to 60.0) -18.4 (-23.8 to -13.0) 6.3 (-1.4 to 14.0) 0.11 

Bone marrow lesion size, mm2 630 (525 to 735) -33 (-106 to 39) 609 (519 to 699) -13 (-83 to 58) -21 (-120 to 79) 0.69 
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 a There is no established minimal clinically important difference (MCID) for cartilage loss. Based on the strong association between cartilage loss and the risk of 
knee replacement, 1% per annum increase in cartilage loss over 2 years translates into a 20% increase in the risk of knee replacement over 4 years.1 The amount of 
cartilage loss that was equivalent to 1% per annum in this clinical trial population was 331 mm3 over two years (Baseline cartilage volume [16536 mm3] * 1% * 2 
years). 
b The MCID.2  
c There is no established MCID for change in bone marrow lesion size. An increase or decrease in bone marrow lesion size of ≥140mm2 corresponds to a one-unit 
change in pain score 3 and was used as the clinically important cut-off in a previous trial.4  
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Appendix Table 4.4. Post-hoc conditional power analyses based on both the target effects and clinically important 
effects using the observed standard deviations in this trial. 

 
Target sample size 
(allow 20% loss to 

follow-up) 
Target effects Power    Clinically 

important effects Power  

Cartilage volume loss, mm3 264 (212) 104 0.33  331 a 1.00 
Visual analogue scale pain (0-100) 264 (212) 14.5 0.98  15 b 0.98 
Bone marrow lesion size, mm2 264 (212) 176 0.93   140 c 0.77 
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a Included participants with baseline and 24 month cartilage volume data at the tibia, femur or both. 
b Main analysis reported in the manuscript and included participants with cartilage volume data at both the tibia and femur at baseline. Missing data on tibial and/or 
femoral cartilage volume at follow-up were addressed using the linear mixed-effect models by including baseline complete variables (treatment group) that explained 
the missingness. 
c Included participants with complete data (i.e. baseline and 24 months) on cartilage volume at both the tibia and femur.

Appendix Table 4.5. The comparison of the effect of zoledronic acid on cartilage volume loss based on complete data versus data at the 
tibial and/or femoral sites. 

Mean (95% Confidence Interval) 
Within-group change over 24 months Between-Group 

Difference in Change Zoledronic acid (N=113) Placebo (N=110) P value 
Tibiofemoral cartilage volume, mm3 

Tibial and/or femoral sites, (n=188) a -730 (-809 to -650)
[n=89] 

-767 (-843 to -691)
[n=99] 37 (-73 to 147) 0.51 

Any baseline data at tibial and femoral sites, (n=194) b -878 (-963 to -793)
[n=101] 

-919 (-1004 to -835)
[n=93] 41 (-79 to 161) 0.50 

Complete data at tibial and femoral sites, (n=142) c -880 (-982 to -779)
[n=68] 

-921 (-1018 to -824)
[n=74] 41 (-100 to 181) 0.57 
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Appendix Figure 4.1. Subgroup analyses by joint space narrowing (Grade 0 or grade 1-2) for 
primary and secondary outcomes. 

Abbreviations: JSN, Joint Space Narrowing; VAS, Visual Analogue Scale; WOMAC, Western Ontario 
and McMaster University Index.  
* Negative mean difference in changes in cartilage volume favours placebo and positive favours 
zoledronic acid.   
P values for interaction were calculated from linear mixed-effects models adjusting for the baseline value 
of the corresponding outcome. 
Grade 0 joint space narrowing (zoledronic acid: n=21, placebo: n=23);  
Grade 1-2 joint space narrowing (zoledronic acid: n=89, placebo: n=85).  
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Appendix Figure 4.2. Subgroup analyses by bone marrow lesion size (> or < the median size) 
for primary and secondary outcomes. 
Abbreviations: BML, Bone Marrow Lesion; VAS, Visual Analogue Scale; WOMAC, Western Ontario and 
McMaster University Index.  
* Negative mean difference in changes in cartilage volume favours placebo and positive favours
zoledronic acid.
P values for interaction were calculated from linear mixed-effects models adjusting for the baseline value
of the corresponding outcome.
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Appendices for Chapter 6
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* Zoledronic acid is a category B3 drug (Australian Medicines Handbook, 2012).
Category B3: Drugs that have been taken by only a limited number of pregnant women and women of child–
bearing age, without an increase in the frequency of malformation or other direct or indirect harmful effects
on the human foetus having been observed. Studies in animals have shown evidence of an increased
occurrence of foetal damage, the significance of which is considered uncertain in humans.

Appendix Table 6.1: Exclusion criteria. 

1. Prior use of bisphosphonates, except according to the washout schedule:

• 2 years (if use >48 weeks)

• 1 year (if used >8 weeks but <48 weeks)

• 6 months (if used >2 weeks but <8 weeks)

• 2 months (if used <2 weeks)

• Any IV bisphosphonate within the prior 2 years

2. Prior use of denosumab

3. History of non-traumatic iritis or uveitis

4. Abnormal blood tests [serum calcium >2.75 mmol/L (11.0 mg/dL) or <2.00 mmol/L (8.0

mg/dL) or creatinine < 35 ml/min]

5. Serum 25-hydroxyvitamin D concentrations < 40 nmol/L (such participants can receive

vitamin D supplementation prior to study entry).

6. Participant is pregnant, breastfeeding, or planning to become pregnant. Female participants

who are able to conceive will be required to use adequate contraception. *

7. Use of any investigational drug(s) and/or devices within 30 days prior to randomisation

8. Prior diagnosis of cancer (metastatic cancer or cancer diagnosed < 2 years ago where

treatment is still ongoing)

9. Poor dental fitness:

• If the participant has had recent dental injuries (implants / extractions) or is aware of the

need for dental work (implants / extractions) in the near future (next 6–12 months) or has

poor oral health (e.g. gum disease).

• A dental exam with appropriate preventative dentistry should be considered prior to

treatment in patients with concomitant risk factors (e.g. cancer, chemotherapy,

corticosteroids, poor hygiene).

10. Regular use of high doses of opiate pain medication (equivalent to OxyContin ≥80mg/day)

11. Diagnosis of chronic widespread pain including fibromyalgia or any other centrally mediated

pain phenotype.  This is defined as a diagnosis of fibromyalgia or a score on the painDETECT

questionnaire of ≥19, which indicates that a neuropathic pain component is likely (90%)

12. Leg pain is of a greater severity than back pain
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Appendix Table 6.2: Blinding Assessment. 

What treatment do you think you received 
Zoledronic Acid Denosumab Placebo 

(N=33) (N=29) (N=34) 

Zoledronic Acid 10 (30%) 0 (0%) 0 (0%) 

Denosumab 2 (6%) 3 (10%) 3 (9%) 

Placebo 11 (34%) 10 (35%) 6 (18%) 

Either active treatment 6 (18%) 5 (17%) 18 (53%) 

Not sure 4 (12%) 11 (38%) 7 (20%) 



Published Manuscripts 149 

Published Manuscripts



An article has been removed for 
copyright or proprietary reasons.

It is the following published article: 

Cai, G., Aitken, D., Laslett, L. L., Raynauld, J.P., Martel-
Pelletier, J., Hill, C., March, L., Wluka, A. E., Wang, Y., Antony, 
B., Blizzard, L., Winzenberg, T., Cicuttini, F., Jones, G., 2020. 
Effect of intravenous zoledronic acid on tibiofemoral 
cartilage volume among patients withkneeosteoarthritis with 
bone marrow lesions: a randomised clinical trial. JAMA 
323(15), 1456-1466

colem
Cross-Out



https://doi.org/10.1177/1759720X19880054 
https://doi.org/10.1177/1759720X19880054

Ther Adv Musculoskel Dis

2019, Vol. 11: 1–12

DOI: 10.1177/ 
1759720X19880054

© The Author(s), 2019.  
Article reuse guidelines:  
sagepub.com/journals-
permissions

Therapeutic Advances in Musculoskeletal Disease

journals.sagepub.com/home/tab 1

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License  
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission 
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction
Osteoarthritis is the most common form of arthri-
tis, and to the best of our knowledge, there are 
currently no approved disease-modifying drugs 
available.1 Subchondral bone turnover is closely 

associated with the development and structural 
progression of osteoarthritis and may be a thera-
peutic target.2–4 Intravenous bisphosphonates are 
a potential candidate for treating osteoarthritis 
given their strong effect on bone metabolism, but 
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Abstract
Background: The aim of this study was to compare the efficacy and safety of zoledronic 
acid (ZA) plus intravenous methylprednisolone (VOLT01) to ZA, and placebo for knee 
osteoarthritis.
Methods: A single-center, double-blind, randomized controlled trial (RCT) was carried out. 
Adults (aged ⩾50 years) with knee osteoarthritis, significant knee pain [⩾40 mm on a 100 mm 
visual analog scale (VAS)], and magnetic resonance imaging-detected bone marrow lesion 
(BML) were randomized to receive a one-off administration of VOLT01, ZA, or placebo. The 
primary hypothesis was that VOLT01 was superior to ZA in having a lower incidence of acute 
phase responses (APRs) over 3 days. Secondary hypotheses were that VOLT01 was noninferior 
to ZA, and both treatments were superior to placebo in decreasing BML size over 6 months 
and in improving knee pain [Western Ontario and McMaster Universities Osteoarthritis Index 
(WOMAC) and VAS] and function (WOMAC) over 3 and 6 months.
Results: A total of 117 patients (62.2 ± 8.1 years, 63 women) were enrolled. The incidence of 
APRs was similar in the VOLT01 (90%) and ZA (87%) groups (p = 0.74). VOLT01 was superior to 
ZA in improving knee pain and function after 6 months and noninferior to ZA in reducing BML 
size. However, BML size change was small in all groups and there were no between-group 
differences. Compared with placebo, VOLT01 but not ZA improved knee function and showed a 
trend toward improving knee pain after 6 months.
Conclusions: Administering intravenous methylprednisolone with ZA did not reduce APRs or 
change knee BML size over 6 months, but in contrast to ZA or placebo, it may have a beneficial 
effect on symptoms in knee osteoarthritis.
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they commonly cause high rates of a defined suite 
of adverse events [referred to as ‘acute phase 
responses’ (APRs)].5

Bisphosphonates inhibit bone resorption and 
turnover by inducing apoptosis in osteoclasts and 
preventing apoptosis in osteocytes and osteo-
blasts.6–9 They are effective treatments for osteo-
porosis,10,11 Paget’s disease,12,13 and bone 
metastases.14 Zoledronic acid (ZA) is the most 
potent nitrogen-containing bisphosphonate and 
has a prolonged duration of action.6 Pilot trials 
have indicated a therapeutic role of ZA for both 
pain and structural changes in patients with knee 
osteoarthritis and bone marrow lesions (BMLs),15 
and patients with back pain and modic 
changes,16,17 suggesting that ZA may have dis-
ease-modifying potential.

However, ZA treatment frequently leads to APRs. 
These are primarily influenza-like symptoms and 
musculoskeletal pain, but can also include much 
rarer symptoms such as uveitis.18 Although APRs 
occur and resolve within approximately 3 days 
post-dose, they are unpleasant.

Finding ways to reduce rates of APRs is important. 
APRs are thought to occur via activation of 
γδ-T  cells and upregulation of pro-inflammatory 
cytokines, as a result of the inhibition of farnesyl 
pyrophosphate in the mevalonate pathway due to 
nitrogen-containing bisphosphonates.19–21 Possible 
approaches to preventing nitrogen-containing bis-
phosphonate-induced APRs include co-adminis-
tration of paracetamol/ibuprofen,22 statins,23,24 or 
corticosteroids, given their anti-inflammatory 
properties.25

Preliminary findings suggested that a combina-
tion of a one-off administration of 5 mg ZA and 
10 mg methylprednisolone (VOLT01) signifi-
cantly reduces APRs over 3 days and knee pain 
over 6 months compared with ZA alone in patients 
with knee osteoarthritis.26 Indeed, 10 mg methyl-
prednisolone should be sufficient to inhibit pro-
inflammatory cytokines,27 while not causing steroid 
side effects or any long-term anti-inflammatory 
effect. To confirm these preliminary findings and 
evaluate the effect of VOLT01 on knee structural 
changes, we assessed the superiority of VOLT01 
to ZA for reducing APRs and noninferiority of 
VOLT01 to ZA for knee structure changes (as 
assessed by the size of knee BML) and knee symp-
toms, in patients with symptomatic knee osteoar-
thritis and BMLs, over 6 months.

Methods

Trial design
This study was a single-center, randomized, 
 parallel, double-blind, placebo-controlled trial, 
performed in Hobart, Australia. This was a 
 substudy to the multicenter Zoledronic Acid for 
Osteoarthritis Knee Pain (ZAP2) trial.28 The 
ZAP2 study is registered with the Australian New 
Zealand Clinical Trials Registry (ACTRN 
12613000039785) while this substudy was not 
registered separately.

Participants and screening procedure
Participants were recruited from November 2013 
to September 2015 using local and social media, 
and by collaboration with private rheumatologists 
and the Royal Hobart Hospital, Hobart, Australia. 
Informed consent was obtained from all partici-
pants, and ethics approval for the study was 
granted by the Tasmanian Human Research 
Ethics Committee.

Inclusion criteria
Participants were adults aged ⩾50 years, with 
clinical knee osteoarthritis diagnosed according 
to the American College of Rheumatology (ACR) 
criteria for knee osteoarthritis,29 significant knee 
pain on most days [defined as a 100 mm visual 
analog scale (VAS) ⩾ 40], and a knee BML visu-
alized on magnetic resonance imaging (MRI). 
When both knees met the criteria, the study knee 
was decided by a rheumatologist (GJ) and was 
generally the more severe knee.

Exclusion criteria
Exclusion criteria were the same as for the ZAP2 
trial as previously published.28 Briefly, we 
excluded patients with prior use of bisphospho-
nates except according to a washout schedule, a 
history of nontraumatic iritis or uveitis, abnormal 
blood tests (i.e. serum calcium >2.75 mmol/l or 
<2.00 mmol/l, creatinine clearance <35 ml/min or 
25-hydroxyvitamin D concentrations <40 nmol/l), 
cancer, poor dental health, severe knee osteoar-
thritis [defined as a joint space narrowing on 
X-ray of Grade 3 using the Osteoarthritis Research 
Society International (OARSI) atlas30], knee sur-
gery or arthroscopy in the last 12 month, a corti-
costeroid injection in the last 3 months, or a 
hyaluronic acid injection in the last 6 months in 
the study knee. A screening MRI was performed 
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when all other inclusion criteria were met, partici-
pants without knee BMLs were then excluded.

Randomization and interventions
Participants were randomized into one of three 
study arms, VOLT01, ZA, or placebo based on 
computer generated random numbers using adap-
tive allocation.31 The first participant was recruited 
to the ZAP2 trial at the Hobart site on 25 
November 2013. Use of the protocol allowing 
recruitment of a third arm (VOLT01) began on 7 
November 2014, at which time 47 participants 
had been recruited (23 placeboes and 24 ZA). 
This required 17: 16: 40 patients (placebo: ZA: 
VOLT01) to be recruited according to the study 
design, and we used adaptive allocation by adjust-
ing for the randomization thresholds so that par-
ticipants had a higher probability of being allocated 
to the VOLT01 group. This was conducted by a 
staff member with no direct involvement in the 
study. The allocated treatment was dispensed by 
one author (LLL) and administered by a nurse. 
All participants and assessors were blinded to 
treatment allocation throughout the trial.

Drugs were administered according to the follow-
ing procedure. First, an intravenous injection of 
either 10 ml saline (for the ZA and placebo 
groups) or 10 mg methylprednisolone sodium 
succinate (SOLU-MEDROL) in 10 ml saline (for 
the VOLT01 group) was given manually through 
a peripheral venous catheter over 5 min. Second, 
a 10 ml saline flush following the first step was 
given to all participants. Third, an IV bag con-
taining either 5 mg/100 ml ZA/saline [Aclasta 
(Novartis Pharmaceuticals) for the ZA group and 
Zobone 5 (Sun Pharmaceuticals) for the VOLT01 
group], or 100 ml saline (for the placebo group) 
was attached to the catheter for an intravenous 
infusion. Both the ZA and VOLT01 solutions 
were visually identical to saline. Study partici-
pants were asked to keep using concomitant med-
ications as stable as possible and to use 
paracetamol as a rescue medication.

Outcomes
The primary outcome was the incidence of APRs 
over 3 days. Secondary outcomes were changes in 
total knee BML size (mm2) over 6 months and in 
knee pain (assessed using both the Western 
Ontario and McMasters Universities Osteo-
arthritis Index (WOMAC)32 pain subscale and 
VAS), and WOMAC function scores after 3 and 

6 months. Safety outcomes were self-reported 
adverse events (other than APRs) throughout the 
trial. Severe adverse events were assessed by a 
rheumatologist (GJ).

Outcome assessment
Assessment of APRs. Participants were phoned 
3 days after their infusion to determine if they 
experienced any symptoms within the defined 
suite of APRs. The details of APRs were recorded 
by a research assistant using a form based on pre-
determined categories.18 These are ‘fever’, ‘mus-
culoskeletal’, ‘gastrointestinal’, ‘eyes,’ and ‘other’. 
Each category includes descriptive options and 
notes to detail these APRs.

All other questionnaires (including assessments 
of knee pain and function, quality of life, and con-
comitant medication) were dispensed and col-
lected by mail.

MRI assessments. MRI scans were performed at 
the Royal Hobart Hospital at screening and 
6 months with a 1.5T noncontrast scan (GE 
Optima 450W, Milwaukee, USA) using a dedi-
cated 8-channel knee coil. The study knee was 
scanned in the sagittal plane using a proton den-
sity-weighted, fat saturation, 2-dimension fast spin 
echo MRI sequence (repetition time 3800 ms, 
echo time 39 ms), with a slice thickness of 3 mm 
and spacing 1.5 mm, flip angle 150°, 512 × 512-
pixel matrices, and a field of view 16 cm.28

A BML was defined as an area of increased signal 
intensity adjacent to the subchondral bone. The 
presence of BMLs at the screening was assessed 
by an experienced MRI reader (DA) for the pur-
poses of patient enrolment. BMLs were scored 
blinded to treatment allocation by a trained 
observer (GC) using OsiriX software (University 
of Geneva, Geneva, Switzerland). Screening and 
6 months scans were read in pairs with the chron-
ological order known to the observer. For each of 
the medial femoral, lateral femoral, medial tibial, 
lateral tibial, and patellar sites, the maximum area 
(mm2) on MRI slices was measured indepen-
dently and then summed to create a total BML 
area. Intraclass correlation coefficients (two-way 
mixed effects model33) of the total BML area 
ranged from 0.86 to 0.94.

Pain and function assessments. Knee pain and 
function were self-assessed by each participant 
using WOMAC at baseline, 3, and 6 months. Each 
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of the 5 (WOMAC pain) and 17 (WOMAC func-
tion) items were measured using a 100 mm VAS 
from 0 (none) to 100 (unbearable), using the last 
7 days as the reference period. Missing items on 
WOMAC subscales were managed according to 
the WOMAC user guide.34 In data analyses, 
WOMAC pain (0–500) and function (0–1700) 
scores were converted to a 0–100 scale for ease of 
interpretability, because the noninferiority mar-
gins were defined based on a 0–100 scale.

Knee pain was also assessed using a 100 mm VAS 
at baseline, 3, and 6 months by asking ‘On this 
line, thinking about your right/left knee, where 
would you rate your pain? Use the last 7 days as a 
time frame’.

Other measures. Radiographic knee osteoarthri-
tis was assessed at screening using X-rays accord-
ing to the OARSI atlas.35 A four-dimensional 
assessment of quality of life (AQoL-4D) ques-
tionnaire36 was used for the calculation of utility 
(0–1) at baseline, in which health states range 
from 0 (death) to 1 (best health). We also recorded 
the use of concomitant medications at baseline.

Height (cm) and weight (kg) were measured at 
baseline. Participants were asked to remove shoes, 
socks, and any headgear before measuring height 
using a stadiometer (MedTech Melbourne, 
Australia), and shoes and any heavy clothing 
before measuring weight using a scale (A&D 
Medical Sydney, Australia). Body mass index 
(BMI) was calculated [weight (kg)/height (m2)].

Statistical analysis
This study aimed to demonstrate the superiority 
of VOLT01 to ZA in having a lower incidence of 
APRs, the noninferiority of VOLT01 compared 
with ZA in reducing BML size and knee pain and 
function scores, and the superiority of VOLT01 
and ZA to placebo in reducing BML size, knee 
pain, and function scores. The noninferiority 
margin for BML size was set at 140 mm2 because 
we have demonstrated this amount is clinically 
significant based on observational37 and clinical 
trial data.15 For knee pain and function scores we 
chose a conservative margin of 8 mm (assessed 
using a 0–100 scale), which preserves 60% of the 
95% confidence interval (CI) difference between 
ZA and placebo over 6 months as informed from 
a previous randomized controlled trial (RCT) 
(–14.5, 95% CI –28.1 to –0.9).15 Therefore, an 
upper limit for the 95% CI for the difference of 

reduction in BML size (VOLT01: ZA) less than 
140 mm2, and in knee pain, and function scores 
less than 8 mm would demonstrate noninferiority 
of VOLT01 to ZA.

The sample size was calculated according to the 
primary hypothesis of this study. Preliminary data 
from our collaborator (n = 20, unpublished) indi-
cated that 60% of the participants in the ZA 
group and none in the VOLT01 group experi-
enced at least one APR. Assuming a two-sided 
α = 0.05, β = 0.20 and no loss to follow-up during 
the first 3 days, 40 participants per group would 
enable us to detect at least a 50% reduction of 
APRs in the VOLT01 group compared with ZA 
(30% versus 60%).

An intention-to-treat principle was applied for all 
analyses. Mean [standard deviation (SD)] and 
median [interquartile range (IQR)] were used to 
describe continuous data as appropriate, n (%) 
was used to describe categorical data. Incidences 
of APRs were compared between the VOLT01 
group and the ZA group using the chi-squared 
and Fisher’s exact tests, without adjustment for 
multiple comparisons. To rule out the potential 
influence of the use of nonsteroidal anti-inflam-
matory drugs (NSAIDs), paracetamol, and 
statins to APRs,22,23 a log-binomial regression 
was performed adjusting for use of these medica-
tions at baseline. Changes in BML size, knee 
pain, and function scores were analyzed using 
linear mixed effects models, in which fixed effects 
were month, treatment group, and their interac-
tion, the random effect was participant identifica-
tion. As was prespecified in the study protocol,28 
analyses of outcome measures were adjusted for 
clinically important characteristics where there 
was an imbalance between treatment groups at 
baseline. Missing values (2–3% missing) on any 
outcome measure were addressed using maxi-
mum-likelihood estimation assuming Missing At 
Random by adding baseline complete variables 
that can explain the missingness to the regression 
models.38 Analyses were performed using Stata 
version 15 (Stata Corporation, TX, USA). A 
two-sided p value of 0.05 was considered statisti-
cally significant.

Results

Participants
A total of 172 participants were screened and 117 
participants were randomized to receive VOLT01 
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(n = 40), ZA (n = 39), or placebo (n = 38). 
Recruitment of study participants stopped with-
out reaching the anticipated sample size (n = 40 
per group) due to budgetary issues. A total of 114 
(97%) participants completed questionnaires and 
113 (97%) had knee MRIs at 6 months. Only 3 
participants (3%) withdrew from the study dur-
ing the 6 months follow-up (Figure 1).

At baseline, the placebo group had a higher pro-
portion of women (66% compared with 41% in 
the VOLT01 group and 54% in the ZA group), 
higher knee pain, utility scores, and concomitant 
medications, specifically NSAID and glucosa-
mine, than the active treatment groups (Table 1).

Primary outcomes
Most APRs were musculoskeletal and nonmuscu-
loskeletal pain, fever, gastrointestinal problems, 
and nonspecific symptoms (e.g. influenza-like 
symptoms, headache, fatigue, malaise, and 
insomnia) (Table 2). Overall 90% of the partici-
pants in the VOLT01 group, 87% in the ZA 
group, and 55% in the placebo group experienced 
at least one APR. Compared with ZA, the inci-
dence of APRs was similar in the VOLT01 group 
(p = 0.74). The results were not changed after 
adjustment for use of NSAIDs, paracetamol, and 
statins at baseline (data not shown).

Secondary outcomes
Results for secondary outcomes are presented in 
Table 3. VOLT01 was noninferior to ZA for 
changing BML size over 6 months (Figure 2). 
However, knee BML size changed little in all 
groups, and there were no significant differences 
in the change of BML size between the active 
groups (ZA and VOLT01) and the placebo group.

VOLT01 was noninferior to ZA after 3 months 
and superior to ZA after 6 months in reducing 
knee pain and function scores (Figure 2). 
Compared with placebo, VOLT01 significantly 
reduced WOMAC function scores after 6 months 
and showed a trend to reduce WOMAC function 
scores after 3 months (p = 0.052) and WOMAC 
pain scores (p = 0.055) after 6 months.

Other adverse events
Adverse events other than APRs were common, 
with 59% of participants in the ZA group, 69% in 
the VOLT01 group, and 68% in the placebo 
group reporting at least one other adverse event 
over 6 months (Table 4). These were primarily 
increased musculoskeletal pain and stiffness. In 
the ZA group, one participant had a knee replace-
ment (nonstudy knee), and one was  diagnosed 
with bowel cancer. No participant withdrew due 
to adverse events.

Figure 1. Study flowchart.
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Table 1. Baseline characteristics of participants.

Placebo VOLT01 ZA

(n = 38) (n = 40) (n = 39)

Age, years 61.5 (7.4) 60.9 (8.1) 64.4 (8.4)

Women (%) 25 (66) 17 (43) 21 (54)

BMI, kg/m2 31.0 (5.4) 30.4 (6.0) 31.0 (5.2)

WOMAC, 0–100†

 Pain 47.2 (18.5) 43.0 (19.5) 36.8 (21.8)

 Function 42.1 (17.0) 39.2 (20.6) 36.6 (21.4)

Knee pain VAS, 0–100 57.1 (17.9) 48.1 (18.3) 45.4 (18.8)

BML area (mm2) 518.8 (438.0) 576.8 (531.3) 466.0 (396.7)

Radiographic osteoarthritis, n (%) 24 (63) 30 (75) 28 (72)

Utility, 0–1 0.62 (0.24) 0.72 (0.14) 0.73 (0.16)

Concomitant medications, n (%)

 NSAIDs 24 (63) 13 (33) 20 (51)

 Paracetamol 17 (45) 16 (40) 25 (64)

 Statins 8 (21) 6 (15) 10 (26)

 Glucosamine–chondroitin 13 (34) 7 (18) 9 (23)

Fish oil 11 (29) 5 (13) 12 (31)

BMI, body mass index; BML, bone marrow lesion; NSAID, nonsteroidal anti-inflammatory drug; VAS, visual analog 
scale; VOLT01, zoledronic acid plus methylprednisolone; WOMAC, Western Ontario and McMaster University Index; ZA, 
zoledronic acid.
Results are shown as mean (SD) unless specified otherwise. For example, n (%).
†WOMAC pain and function scores were converted to a 100 mm scale.

Table 2. Acute phase responses among the three groups.†

Placebo
(n = 38)

VOLT01
(n = 40)

ZA
(n = 39)

VOLT01 versus ZA
p value*

Patients with at least one APR, n (%)‡ 21 (55) 36 (90) 34 (87) 0.74

Fever 4 (11) 22 (55) 18 (46) 0.43

Musculoskeletal pain and stiffness 13 (34) 28 (70) 27 (69) 0.94

Gastrointestinal problems 6 (16) 13 (33) 16 (41) 0.43

Eye problems 2 (5) 3 (8) 5 (13) 0.48

Other problems

 Fatigue 6 (16) 22 (55) 23 (59) 0.72

Malaise and insomnia 8 (21) 23 (58) 20 (51) 0.58

Headache & dizziness 12 (32) 20 (50) 16 (41) 0.42

Nonmusculoskeletal pain 6 (16) 18 (45) 15 (38) 0.56

Influenza-like symptoms 1 (3) 9 (23) 9 (23) 0.95

 Other 6 (16) 6 (15) 7 (18) 0.72

APR, acute phase response; VOLT01, zoledronic acid plus methylprednisolone; ZA, zoledronic acid.
†Results are shown as n (%).
‡A patients may experience more than one APR.
*p values were calculated using chi-squared and Fisher’s exact tests.
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Table 3. Change in BML size and knee symptoms of knee osteoarthritis after 3 and 6 months.†

Within-group change, mean (95% CI) Between-group difference, mean (95% CI)

 Placebo
(n = 38)

VOLT01
(n = 40)

ZA
(n = 39)

VOLT01 - 
Placebo

ZA - Placebo VOLT01 - ZA‡

Baseline to 3 months

WOMAC pain (0–100) -8.7  
(-14.6 to -2.8)

-14.6  
(-20.0 to -9.2)

-13.9  
(-19.6 to -8.1)

-5.9  
(-14.0 to 2.2)

-5.2  
(-13.6 to 3.3)

-0.7  
(-8.7 to 7.3)

WOMAC function 
(0–100)

-5.0  
(-10.3 to 0.4)

-12.3  
(-17.2 to -7.4)

-10.2  
(-15.4 to -5.0)

-7.3  
(-14.8 to 0.1)

-5.2  
(-12.9 to 2.5)

-2.1  
(-9.4 to 5.2)

VAS knee pain (0–100) -13.3  
(-20.4 to -6.1)

-13.6  
(-20.1 to -7.0)

-13.1  
(-20.0 to -6.1)

-0.3  
(-10.2 to 9.6)

0.2  
(-10.1 to 10.5)

-0.5  
(-10.2 to 9.2)

Baseline to 6 months

BML size, mm2 8.6  
(-46.6 to 63.9)

-37.8  
(-92.0 to 16.4)

-16.9  
(-72.0 to 38.1)

-46.4  
(-124.5 to 31.6)

-25.6  
(-103.7 to 52.6)

-20.9  
(-98.9 to 57.2)

WOMAC pain (0–100) -9.9  
(-15.8 to -4.1)

-17.9  
(-23.2 to -12.5)

-7.3  
(-13.1 to -1.5)

-7.9  
(-16.0 to 0.2)

2.6  
(-5.9 to 11.1)

-10.6  
(-18.6 to -2.6)

WOMAC function 
(0–100)

-8.0  
(-13.4 to -2.7)

-15.7  
(-20.6 to -10.9)

-7.6  
(-12.9 to -2.3)

-7.7  
(-15.1 to -0.3)

0.4  
(-7.4 to 8.2)

-8.1  
(-15.4 to -0.8)

VAS knee pain (0–100) -12.9  
(-20.0 to -5.7)

-18.1  
(-24.6 to -11.6)

-4.6  
(-11.7 to 2.4)

-5.3 
(-15.1 to 4.6)

8.2  
(-2.1 to 18.6)

-13.5  
(-23.2 to -3.8)

BML, bone marrow lesion; CI, confidence interval; VAS, visual analog scale; VOLT01, zoledronic acid plus methylprednisolone; WOMAC, Western 
Ontario and McMaster University Index; ZA, zoledronic acid.
†Changes in the outcome measures were generated from mixed models using patient identity as a random intercept. Knee pain and function 
outcomes were adjusted for age, sex, baseline pain, radiographic osteoarthritis, utility scores, and use of nonsteroidal anti-inflammatory drugs 
(NSAIDs) and paracetamol, and BML size for age, sex, radiographic osteoarthritis, and baseline BML size.
‡Noninferiority margins were 8 mm for pain and function scores, and 140 mm2 for BML size.
WOMAC pain and function scores were converted to a 0–100 mm scale.
Bold font indicates a statistically significant result (p < 0.05).

Discussion
In this RCT, co-administration of 10 mg methyl-
prednisolone and 5 mg ZA (VOLT01) did not 
reduce APRs compared with 5 mg ZA alone and 
was noninferior to ZA for changing knee BML 
size and superior to ZA for relieving knee symp-
toms in patients with knee osteoarthritis. VOLT01 
significantly improved knee function compared 
with placebo after 6 months but not after 
3 months. These results do not support the use of 
10 mg intravenous methylprednisolone to reduce 
APRs associated with ZA but in contrast to ZA 
alone, the combination may have symptomatic 
benefit in knee osteoarthritis with BML.

We observed a similar incidence of APRs in the 
VOLT01 and ZA groups (90% versus 87%) in a 
sample size of 79, unlike the findings from the 
previous pilot study where VOLT01 significantly 
reduced APRs compared with ZA (13% versus 
56%),26 with a sample size of 32. A potential 

reason for the inconsistent findings could be that 
our study was double-blind (both patients and 
assessors), whereas the pilot study was single-
blind (i.e. only patients were blinded). This may 
have introduced bias in assessing outcomes in the 
pilot study.

APRs are thought to be inflammatory responses 
to bisphosphonates by activated γδ-T cells and 
elevated pro-inflammatory cytokines (e.g. 
interferon-γ and TNF-α), which should be effec-
tively controlled by methylprednisolone given its 
anti-inflammatory properties.25 However, adding 
10 mg intravenous methylprednisolone failed to 
reduce any type of APRs in this study. Potential 
reasons include that the dose of methylpredniso-
lone was too small to suppress the inflammatory 
responses, or that APRs following ZA cannot be 
fully explained by inflammatory responses. Kalyan 
and colleagues observed a slight peak in Vγ9Vδ2 T 
cells (a major subset of γδ-T cells) in osteoporotic 
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Figure 2. Noninferiority analysis of zoledronic acid plus methylprednisolone versus zoledronic acid alone.
BML, bone marrow lesion; CI, confidence interval; VAS, visual analog scale; VOLT01, zoledronic acid plus 
methylprednisolone; WOMAC, the Western Ontario and McMaster Universities Osteoarthritis Index. Noninferiority was 
confirmed if the upper limits of 95% CI less than the margin (140mm2 for BML size and 8 for WOMAC scores).

Table 4. Adverse events other than acute phase responses among the three groups.†

Placebo
(n = 38)

VOLT01
(n = 40)

ZA
(n = 39)

Patients with at least one other adverse event‡ 26 (68) 27 (68) 22 (56)

Musculoskeletal pain and stiffness 12 (32) 14 (37) 12 (32)

Elective hospital admissions other than knee surgery 6 (16) 6 (16) 7 (18)

 Injuries 1 (3) 4 (11) 2 (5)

Cardiovascular problems 4 (11) 1 (3) 1 (3)

 Neuropathy 4 (11) 1 (3) 0

Gastrointestinal problems 3 (8) 0 1 (3)

Knee replacement 0 0 1 (3)

Skin diseases 0 1 (3) 1 (3)

 Cancer 0 0 1 (3)

 Pneumonia 1 (3) 0 0

Other problems 3 (8) 5 (13) 2 (5)

Serious adverse events* 1 (3) 0 4 (11)

VOLT01, zoledronic acid plus methylprednisolone; ZA, zoledronic acid.
†Results are shown as n (%).
‡A patient may experience more than one adverse event.
*Serious adverse events were categorized based on the type and seriousness of each adverse event.

https://journals.sagepub.com/home/tab


G Cai, LL Laslett et al.

journals.sagepub.com/home/tab 9

patients immediately after bisphosphonate ther-
apy, but did not observe any APR.39 This implies 
that activated γδ-T cells may not necessarily cause 
APRs, suggesting some mechanisms other than 
γδ-T cells induced inflammatory responses may 
underlie bisphosphonate-related APRs.

In the present study, adding 10 mg methylpredni-
solone to ZA was noninferior to ZA alone in 
changing BML size. However, statistically signifi-
cant reductions in the size of knee BML were not 
observed in any group. This was unlikely to be 
due to the relatively modest sample size since we 
did not observe a significant reduction in BML 
size in the main ZAP2 study either.40 Furthermore, 
change in BML size in all three groups was lower 
than the amount which is clinically meaningful 
(i.e. >140 mm2).37 Similarly to our study, a rand-
omized controlled superiority trial indicated that 
an intra-articular injection of 40 mg methylpred-
nisolone plus exercise did not increase the size of 
knee BML over 26 weeks, and the therapy even 
decreased the size of knee BML over 14 weeks, 
compared with placebo plus exercise.41 While the 
route of injection of methylprednisolone differs 
(intra-articular versus intravenous), this combined 
with our data supports that the administration of 
methylprednisolone does not have a detrimental 
effect on the size of osteoarthritis-related BML.

Improvements in WOMAC knee pain and func-
tion in the VOLT01 group reached or approached 
statistical significance compared with placebo 
over 6 months (albeit with wide confidence inter-
vals), and reductions in both knee pain and func-
tion scores were clinically important (i.e. >12% 
of baseline score and > 6% of maximal score).42 
In contrast, ZA alone did not improve knee symp-
toms. Therefore, combining intravenous methyl-
prednisolone and ZA for knee symptoms may 
potentially have therapeutic value. Alternatively, 
improvements in knee symptoms may be due to 
intravenous methylprednisolone itself. However, 
methylprednisolone has a short biological half-life 
of 18–36 h making the long-term symptomatic 
effect surprising. Despite this, Dorleijn and col-
leagues found that a one-off intra-muscular injec-
tion of 40 mg triamcinolone acetate significantly 
improved pain symptoms in patients with hip 
osteoarthritis over 12 weeks,43 suggesting a mid-
to-long-term symptomatic benefit of systemic 
treatment with corticosteroids. In comparison, 
localized intra-articular injection of corticoster-
oids needs more frequent and much higher doses, 
but only has a short-term effect on knee pain and 

function.44 While both localized inflammation 
(synovitis)45 and systemic inflammation46 have 
been implicated in the pathogenesis and progres-
sion of osteoarthritis, only intra-articular injection 
of corticosteroids is recommended for manage-
ment of knee osteoarthritis.47 Our study suggests 
that intravenous injection of 10 mg methylpredni-
solone may be beneficial for knee symptoms in 
patients with knee osteoarthritis, but these find-
ings need to be confirmed further because we did 
not have a group in which methylprednisolone 
was administered without ZA, in order to assess 
the effect of intravenous methylprednisolone 
alone.

In this study, VOLT01 showed a trend to reduce 
WOMAC knee pain but not VAS pain, suggest-
ing that the WOMAC pain scale may be more 
sensitive. This was probably due to the compre-
hensive measurement of the WOMAC scale for 
osteoarthritic knee pain because it combines five 
items including pain during walking, using stairs, 
in bed, sitting or lying, and standing upright, 
therefore, any improvement in knee pain would 
be more likely to be captured.

The strengths of our study include the prospec-
tive, double-blind nature of the observations and 
the very low rates of loss to follow-up (3%) at 
6 months. This study has some limitations. First, 
we did not reach our target of 120 participants 
(although we approached the number) due to 
the early termination of recruitment. However, 
this study was sufficiently powered to detect a 
meaningful difference in APRs, and we demon-
strated the noninferiority of VOLT01 to ZA in 
reducing BML size and improving knee symp-
toms. Second, while we conclude that VOLT01 
was superior to ZA in improving knee symp-
toms, this hypothesis was not prespecified, and 
the sample size was not set up for superiority 
comparison. However, it is acceptable to switch 
the objective from noninferiority to superiority if 
such a relationship was observed,48 as we have 
done. Third, some baseline characteristics were 
not well balanced, but we have taken this into 
account by adjusting for them in data analyses 
according to the trial protocol.28 Four, the sam-
ple size was calculated based on the primary 
hypothesis. The noninferiority test between ZA 
and VOLT01 and superiority tests of ZA and 
VOLT01 with placebo on knee symptoms and 
BMLs may be underpowered, making the results 
hypothesis generating. Five, the current sub-
study of ZAP2 was not registered separately in a 
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clinical trial registry. However, the published 
protocol for ZAP2 did include this substudy,28 
as required by the ethics committee. Finally, the 
zoledronic acid used in the ZA and VOLT01 
groups were sourced from different pharmaceu-
tical companies, but this should not influence 
the results because they have the same dose of 
the active ingredient.

Conclusion
Administering intravenous methylprednisolone 
with ZA did not reduce APRs or change knee 
BML size over 6 months and, in contrast to ZA, 
may have a beneficial effect on symptoms in knee 
osteoarthritis.
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