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Abstract 

Introduction: Tiludronate, a bisphosphonate, has recently been introduced in veterinary medicine to treat orthopedic conditions in the horse. This 
study was designed to evaluate its effects on biochemical biornarkers of bone metabolism and on bone density and structure in an experimental 
model of disuse osteoporosis induced by cast application in horses. 
Methods.. Two groups of eight horses were immobilized during 8 weeks. The first group (P-group) received a placebo, and the second group (T-
group) received tiludronate 1 mg/kg by slow IV infusion. Both treatments were administered twice, 28 days apart. Immobilization consisted of 
stall rest with the left forelimb packed in a fiberglass cast. It was followed by a 4-week remobilization period and an 8-week standardized training 
protocol. One biomarker of bone resorption, the C-telopeptides of type I collagen cross-links (CTX-1) and one biomarker of bone formation, the 
bone isoenzyme of alkaline phosphatase (bone ALP), were assessed. Metacarpus Ilf (MCIII) bone mineral density (BMD) and speed of sound 
(SOS) were evaluated respectively by dual energy X-ray absorptiometry (DEXA) and quantitative ultrasonography (QUS). Lameness was 
regularly assessed during the remobilization and training periods. Group- and time-related effects were tested by analysis of variance on repeated 
measurements. 
Results; A rapid, transient and significant decrease in CTX-1 concentration was seen after each treatment in the T-group only. No significant 
differences between groups were seen in the evolution of bone ALP activity. At the end of the experiment, the loss of MCIII BMD measured by 
DEXA in the immobilized limb was significantly less in the T-group than in the P-group. The MCIII SOS measured by QUS did not significantly 
vary within or between groups throughout the study. 
Discussion and conclusions: Tiludronate was found to significantly reduce bone resorption during immobilization, as well as to prevent long-term 
osteopenia in the immobilized limb. Disuse osteopenia did not affect the lateral superficial cortex of MCIII. 

2007 Elsevier Inc. All rights reserved. 
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Introduction 

Bisphosphonates are widely used in human medicine to 
reduce the rate of osteoclastic bone resorption, thereby increasing 
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bone mineral density (BMD) and decreasing osteoporotic 
fracture incidence in post-menopausal women [1] or in patients 
suffering from osteogenesis imperfecta [2]. They are also 
particularly interesting compounds for the treatment of other 
pathologies involving excessive bone remodeling, like malignant 
hypercalcemia or Paget's disease [3]. In horses, increased 
remodeling is involved in a number of clinical orthopedic 
conditions such as degenerative joint disease, navicular syn-
drome, stress fractures or immobilization-induced osteopenia. 
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The first bisphosphonate studied in horses was pamidronate 
[4,5], one of the first aminobisphosphonates authorized for use 
in humans. Hoviever, tiludronate was the first bisphosphonate to 
be licensed for use in the equine species to treat navicular disease 
and bone spavin [6]. Tiludronate is a non-aminobisphosphonate. 
Its primary pharmacological target is the osteoclast, but its 
effects are mostly mediated through the infra-cellular production 
of potentially cytotoxic ATP metabolites, while aminobispho-
sphonates inhibit the mevalonate pathway [7]. The pharmaco-
logical properties of tiludronate in laboratory animals and in 
humans have been extensively reported [3]. However, data on its 
effects on the equine bone are still lacking. 

As in other species, non-invasive techniques to assess the 
equine bone include dosage of blood biochemical biomarkers 
and evaluation of BMD and bone properties by imaging 
techniques [8]. Several blood biomarkers of bone metabolism 
have been successfully tested in the horse, including the C-
telopeptide of type I collagen cross-links (CTX-1) as a marker 
of bone resorption [9,10] and the bone isoenzyme of alkaline 
phosphatase (bone ALP) as a marker of bone formation [11]. 
Biomechanical properties and density of the equine bone can be 
assessed by quantitative ultrasonography (QUS) [12], or by dual 
energy X-ray absorptiometry (DEXA) [13]. With QUS, the time 
of propagation or speed of sound (SOS) of an ultrasound wave 
across a fixed distance in the bone is measured. It allows an 
evaluation of the superficial cortex properties [12] and estimates 
a combination of BMD and bone structure. SOS values are not 
influenced by soft tissue. With DEXA, bone evaluation is 
obtained via the attenuation it induces on a crossing bundle of 
photons coming from two different X-ray tubes of two energy 
levels. This attenuation is proportional to the calcium density of 
the bone, which is processed to obtain a value for BMD. In 
human medicine, DEXA is thought to be the fastest, most 
sensitive and most precise method to assess BMD in. post-
menopausal women, with a very low level of irradiation [14]. 

Preliminary data obtained in adult healthy horses have shown 
that administration of tiludronate by slow infusion at a dosage rate 
of 1 mg/kg is well tolerated [10]. Over the first 24 h after 
administration, it induces a significant decrease in CTX-1, but not 
in the C-telopeptides of type I collagen cross-links generated by 
matrix metalloproteases (CTX-1V114). Levels of bone formation 
markers osteocalcin (OC) and bone ALP are not modified [10]. 

Cast immobilization has been shown to be an effective model 
to induce disuse osteopenia in horses [15,16] and could 
therefore be a suitable model to assess the effects of an anti-
resorptive therapy in that species. The aim of this study was to 
evaluate the effects of tiludronate on bone metabolism, density 
and structure in healthy horses subjected to a long-term cast 
immobilization, followed by remobilization and a standardized 
training program. After cast removal, lameness was scored to 
assess the ability of the horse to cope with exercise after this 
long-term immobilization. 

Material and methods 

The experimental protocol was reviewed and approved by the Animal Care 
Committee of the ENV Lyon, which abides by the requirements of the directive  

861609 of the European Community. Council. Experiments followed guidelines 
equivalent to those in "Guide to the care and use of experimental animals" 
published by the Laboratory Animal Resources Commission on Life Sciences 
National Research Council (National Academy press, Washington, DC, 1996) 

Study design 

This study was a double-blind, randomized, placebo-controlled trial. The 
experiment consisted of a unicentric study with two groups of horses: a placebo 
group (P-group, n=8) and a group treated with tiludronate (T-group, n=8). 
Placebo and tiludronate treatments were administered under blind conditions. 
Both groups underwent an 8-week immobilization period, followed by 4 weeks 
remobilization and 8 weeks standardized training. 

Horses 

Sixteen healthy 4- to 8-year old Standardbred geldings with a body weight of 
498.6138.7 kg were selected for the study. They were randomly allocated 
within groups according to age, in order to obtain a comparable mean age 
between groups. The mean age was 6.4±1.6 (mean±SD) and 6.0t 1.1 years in 
P- and T-group, respectively. Horses were rested in pasture for 1 year before the 
experiment. To be included in the study, horses had to meet the following 
criteria: (1) to have a lameness score of 0 or '1 based on a scale from 0 to 5 (Table 
1) [17]; (2) to have a normal serum creatinine concentration measured by a 
colorimetric method (as an indirect assessment of kidney function); and (3) to 
not have received any known treatment susceptible to affect bone metabolism, 
such as anti-inflammatory drugs, from 6 weeks prior to enrolment until the end 
of the study. Horses were fed good quality hay twice a day throughout the study. 

Treatments 

The test product was presented as a lyophilized powder extemporaneously 
reconstituted as a 2% injectable solution of tiludronate (expressed as acid). The 
volume of reconstituted solution necessary to treat each horse was calculated on 
the basis of body weight (I mg/kg bwt). An equivalent volume of saline was 
removed from a 1-1 bag (laboratories Aguettant, Lyon, France) before adding the 
volume of reconstituted solution, in order to obtain 1 1 of solution to be 
administered by slow infusion over 30 min via a polyurethane catheter in the left 
jugular vein. Prepared and administered the same way as tiludronate, the placebo 
(vehicle of the test product without tiludronic acid) was presented as a 
lyophilized powder indistinguishable from the test product for blinding 
purposes, In each group, treatments were administered on study Days 0 and 
28. The same vein was used for both treatments. 

Experimental procedure 

Imntobilization and training schedule 
All horses underwent an 8-week period of stall rest with cast immobilization 

of the left forelimb, from Days 0 to 56. The lightweight fiberglass cast was 
placed under sedation with detomidine (10 pg/kg IV, DOMOSEDANTm, Pfizer, 
New York, NY, USA), combined if needed with butorphanol (0.05 mg/kg IV, 
TORBUGESICTm, Fort-Dodge Animal Health, Overland Park, KS, USA) and/ 

Table I 
Definition of the lameness scores 

Grade Interpretation 

0 	Lameness not perceptible under any circumstances 
1 	Lameness difficult to observe; not consistently apparent regardless of 

circumstances 
2 	Lameness difficult to observe at a walk or trot in a straight line; 

consistently apparent under some circumstances 
3 	Lameness consistently observable at a trot under all circumstances 
4 	Lameness obvious; marked nodding hitching and/or shortened stride 
5 	Lameness obvious; minimal weight bearing in motion or rest; inability 

to move 
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or acepromazine (0.05 mg/kg IV, VETRANQUILTm 1%, Ceva Sante Animate, 
Liboume, France) depending on the horse's behavior to avoid undesired 
movement of the horse's left forelimb during cast application. The cast included 
the foot and extended proximall y  to a point immediately distal to the carpus. 
Five rolls of 10 cm fiberglass material (3M) were applied over a standard 
padding. The two first rolls were placed with the limb bearing weight on the 
floor in order to have a physiological position. The foot was then lifted in order 
to include the entire foot using the remaining three rolls. A rubber pad was 
placed over the foot to improve grip and prevent wear. It was laced on and 
strapped with adhesive tape. Casts were replaced when necessary and at least 
once in the middle of the inunobilization period. A new cast was applied after 
having cleaned the leg and pressure sores if present. Criteria for early change of 
the cast were: sudden horse discomfort evaluated by reluctance to bear weight 
on the immobilized limb, cast splitting or cast sores detected by the presence of 
heat or secretions during daily palpation of the cast. After definitive cast removal 
on Day 56, the horses underwent a 4 week-period of remobilization (15 min 
hand-walking 3 times a week for 2 weeks, and 2 more weeks in a grass paddock) 
and an 8-week period of standardized training. The standardized training 
consisted of 3 periods of exercise per week according to the following protocol: 

O Week 1; acclimation to trainer and harness. 
O Week 2: 30 min walk. 
O Week 3: 10 min walk, 10 min trot, 10 min walk. 
O Week 4: 5 min walk, 20 min trot, 5 min walk. 
O Week 5; 5 min walk, 30 min trot, 5 min walk. 
O At the end of the week, the mean distance covered by the horses of the same 

group when hotting during 30 min was calculated (D30). 
O Weeks 6 to 8: 5 min walk, trot for the distance calculated at week 5 (D30), 5 

min walk. During the training period, horses were alternatively trained 
clockwise and counter-clockwise every 2 weeks. 

Bone biochemical biomarkers 
Blood samples were collected on Days —5, —1, 7,14, 27, 42, 56, 84,112 and 140 

for bone ALP, and on Days —5, —1,1, 3, 7,14, 27, 29, 31, 35, 42, 56, 84,112 and 140 
for CTX-1. After an overnight fast, samples were collected between 6:00 and 9:30 
am from the right jugular vein into sterile Vacutainer glass tubes with no additives 
from Day —5 to Day 84, and with EDTA on Days 112 and 140. Sem or plasma was 
separated after centrifugation (3000 rpm at mom temperature) and stored at —20 '"C 
within 4 h after collection until analysis. Quantification of bone ALP activity was 
perfonned by immunochemiluminescence assay using the Ostase reagent on an 
automatic analyser (Ostase, Access, Beckman Coulter, Fullerton, CA, USA) while 
CTX-I concentration assessment was performed by automated immunoenzymatic 
assay (Crosslaps, Elecsys, Roche Diagnostics, Basel, Switzerland). 

Imaging techniques 
Bone density assessments by DEXA and QUS were perfonned on Days 0, 

56 and 140. 

DEXA measurements. DEXA was performed using a PDC! device (Lunar, GE, 
Madison, WI, USA) on sedated horses (detomidine 10 tg/kg IV, combined with 
butorphanol 0.05 mg/kg and/or acepromazine 0.05 mg/kg IV when needed) on 
both left and right forelimbs, owing to the method described by Donabedian and 
collaborators [13]. The region of interest (ROI) was selected by default for the 
right forelimb but had to be manually adjusted for the left forelimb in order to 
measure BMD at the same site for both limbs. BMD was expressed in grams of 
calcium per cm2  of section. 

QUS measurements. QUS was performed using an Omnisense apparatus 
(Sunlight, Rehovot, Israel) on mildly sedated horses (detomidine 7 rg/kg IV) on 
both left and right forelimbs. The probe was placed vertically on the lateral 
aspect of metacarpus (MC111), 5 cm above the distal extremity of the fourth 
metacarpal bone. Three to five successive measures, depending on the 
coefficient of variation calculated by the computer, were performed, and the 
mean measure was recorded. SOS values were expressed in m/s. 

Lameness examinations 
Lameness examinations were conducted with the horse walking in a straight 

line, walking in small right and left circles and trotting in a straight line. These  

examinations were performed on Days 0, 56, 70, 84, 98, 112, 126 and 140. A 
lameness score (Table I) was given to each horse at each examination time, and 
if different from 0, the lame limb was reported. A horse presenting a lameness 
score equal or superior to 3 in one limb was considered as severely lame. During 
the training period, severely lame horses were removed from training for 1 week 
before re-evaluation. 

Statistical analysis 

Statistical analysis was run on SAS Institute Inc Software, version 8.2. 
After normalization of the data, a linear mixed model was used to describe 

the experiment, as follows: 

YgYk =1 + Gr  + Di + (GD)4  + Aye  + kijk 

where Yis the measurement, 8 is the grand mean, Gi  and Di  are the main effects of 
groups and dates, respectively, and (GD)u  are the group—date interaction effects. 
Lower cases represent animal number (g), group number (0, date of measurement 
(j) and measurement number (k). The Aug  represent the random effects of animals 
while dak  are the random errors associated with the measurements. Standard 
stochastic assumptions are made that the random effects A ug  and dek are 
normally distributed with zero means and variances ry 2,., and ca, respectively. The 
Au, was assumed to be independent but we detected fluctuations in the variances 
over time so we modeled the covariance structure with a first-order auto-
regressive structure (Proc Mixed, Type=AR(I), SAS Institute Inc., 1999) for 
winch the co-variances between repeated measures on the same animal decreased 
exponentially with time Finally, least-squares means were obtained for the main 
and interaction effects along with all pair-wise comparisons. 

Percentages of severely lame horses (grade 3) at Day 56 were compared 
between groups by Fisher exact test. 

The significance threshold was set at 5% (p-value<0.05). 

Results 

Clinical events during the study 

One horse of T-group was submitted to euthanasia on Day 10 
because of severe digestive problems considered unrelated to 
the experiment. This horse was replaced by a new horse on Day 
28, and data obtained from the euthanized horse were not 
included in the results. 

At cast removal, most horses presented sores over the palrnar 
fetlock and/or pastern region, ranging from mild to severe 
partial thickness dermal ulcerations. One horse of each group 
was excluded from the study because of full thickness dermal 
ulceration on Day 20. They were replaced by two new horses on 
Day 28, and data obtained from the excluded horses were not 
included in the results. 

The three new horses which entered the study on Day 28 
were selected according to the same criteria and underwent the 
same study protocol as the other horses of their respective group 
but 28 days apart. Because of moderate to important cast sores, 
six horses (two from P-group and four from T-group) received 
antimicrobial therapy (trimethoprim sulfamethoxypyridazine, 
15 mg/kg PO BID) for 5 to 29 days, depending on the severity 
of the lesions. 

Bone biochemical biomarkers 

Results are expressed as percent of baseline values, which 
are represented by the mean of Days —5 and —1 values. 
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Serum CTX-1 
Evolution of mean CTX-1 concentrations expressed as a 

percent change from baseline values is shown in Fig. 1. 
While mean CTX-1 values of the P-group increased and 

remained above the baseline value from Days 0 to 42, values of 
the T-group sharply decreased after each tiludronate adminis-
tration and remained under the baseline value at every sampling 
time of the study, except on Day 14. Changes in CTX-1 
concentrations from baseline were statistically different 
between P- and T-groups (p<0.05) from Days Ito 14 and 
from Days 29 to 35. The evolution of mean CTX-1 values was 
similar in both P- and T-groups from Day 56 (cast removal) to 
Day 140 (end of study), with a significant decrease (p<0.05) 
between Days 56 and 84 (i.e. remobilization period) followed 
by a significant increase between Days 84 and 140 (i.e. training 
period). 

Serum bone ALP 
Evolution of mean bone ALP concentrations expressed as a 

percent change from baseline values is shown in Fig. . 2. Mean 
bone ALP values in P- and T-groups had a similar evolution 
over time. In both groups, they remained under baseline values 
for most of the immobilization and remobilization periods and 
then reached high values (two to three times as much as the 
baseline values on average). Overall, both groups did not 
statistically differ regarding evolution of bone ALP concentra-
tions during the whole study. 

Imaging techniques 

Results are expressed as percent of baseline (Day 0) values 
for both BMD and SOS. All the horses of both P- and T-groups 
presented an important edema of the left forelimb after cast 
removal, when the assessment of the bone density and structure 
was performed on Day 56. 

BMD evaluated by DEXA 
A significant decrease (p <0.05) in left MCIII BMD 

between Days 0 and 140 was observed in the P-group but 
not in the T-group (p=0.39) (Fig. 3). Moreover, a significant 
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Fig. 1. Mean CTX-1 expressed as percent change from baseline values versus 
time for the P-group (black diamonds) and the T-group (grey circles). Black 
arrows indicate time of treatment administrations. ' 2T--group values are 
significantly different from P-group values atp<0.05. 
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Fig. 2. Mean bone ALP expressed as percent change from baseline values versus 
time for the P-group (black diamonds) and the T-group (open circles). Black 
arrows indicate time of treatment administrations. 

increase (p<0.05) in left MCIII BMD was observed between 
Days 0 and 56 in the T-group, while a non-significant decrease 
(p=0.72) was observed in the P-group. Between Days 56 and 
140, both P- and T-groups underwent a significant decrease 
(p<0.05) in left MCIII BMD. On Day 56, the difference in left 
forelimb BMD between P- and T-group was nearly significant 

ICI Day 0 CI Day 56 ri Day too  

P.group 	 T•group 
In Day 0 O Day 55 Di Day 14-01 

Fig. 3. Mean left (A) and right (B) MCIII BMD expressed as percent change 
from baseline values for P- and T-groups at Days 0, 56 and 140. (a, b) T-group 
values are significantly different from P-group values at p<0.05 when 
superscripts are different. (c, d) Days 56 and/or 140 values are significantly 
different from Day 0 (baseline) values atp<0.05 when superscripts are different 
for a given group. 
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Table 2 
Mean left and right MCIII SOS expressed as percent change from baseline 
values (meanSD) for P- and T-groups on Days 0, 56 and 140 

P-group 	T-group 

Left SOS 
	

Day 56 
	

99.5±2.2 
	

97.8±4.7 
Day 140 
	

100.0±4.8 
	

100.5+4.5 
Right SOS 
	

Day 56 
	

99.9±3.0 
	

99.9±1.0 
Day 140 
	

101.0±2.8 
	

100,5±2.2 

(p= 0.06), with mean values in the T-group higher than in the 
P-group. On Day 140, this difference was significant (p <0.05). 

In the right forelimb, a significant decrease in mean MCIII 
BMD was observed between Days 0 and 140 in both P- and T-
groups, but to a lesser extent than the decrease observed in the 
left forelimb MCIII BMD of the P-group. This decrease was 
significant between Days 0 and 56 in the P-group (p<0.05), but 
not in the T-group (p=0.18), and non-significant between Days 
56 and 140 in both P- and T-groups (p =0.76 and 0.16, 
respectively). Differences between P- and T-groups were non-
significant on both Days 56 and 140 (p=0,36 and 0.92, 
respectively). 

SOS evaluated by QUS 
No significant variations with time (within groups) or 

differences between groups in mean right and left MCIII SOS 
values were observed throughout the study (Table 2). 

Lameness 

In both groups, the highest lameness scores were recorded on.  
Day 56, after cast removal. At this time, 75% and 50% of the 
horses in the P- and the T-group, respectively, presented a 
lameness score of > grade 3 (difference not statistically 
significant, p=0.61). No grade 5 lameness was recorded. In 
both groups, lameness scores tended to decrease from Day 56 to 
the end of the study, particularly during the remobilization 
period, so that most of the horses (5 in the P-group and 6 in the 
T-group) started the standardized training protocol with a 
lameness score of 1/5. 

Discussion 

To investigate bone metabolism in animal experimental 
models, it is critical to standardize as much as possible the tested 
subjects to reduce the individual variability known to be high on 
biomarkers of bone metabolism. Gender, age, breed and disease 
are known to influence biochemical biomarkers in the horse [8]. 
In this study, only clinically healthy 4- to 8-year-old 
Standardbred geldings were selected. Mares were not included 
to prevent variations in biomarkers due to hormonal cycle as 
was shown in other species [18]. Blood sampling was 
systematically performed in the morning on overnight-fasted 
horses to minimize circadian fluctuations [8] and horses were 
fed the same diet throughout the study in order to prevent the 
variations in bone density due to dietary intake [19]. 

Although three horses had to be excluded and were replaced 
28 days later, the effect of this delay between the new subjects  

and the main study population was not deemed sufficient to 
cause seasonal variations in bone metabolism. Moreover, 
seasonal variations in bone ALP are known to be low in horses 
[20] and to occur as a slight rise between spring and summer in 
humans [21]. None of the observations in bone ALP evolution 
with time in this study is therefore thought to be due to a 
seasonal effect. Concentrations in CTX-1 are supposed to be 
higher, if different, in winter [22], what could have participated 
in the rise in CTX-1 observed in both P- and T-groups during 
the training period. 

Consequently, remaining factors that could have influenced 
the evaluation of bone metabolism and bone density in this 
study were: immobilization, exercise and treatment. 

It is known that the removal of regular weight-bearing 
activity generates a skeletal adaptive response in both humans 
and animals, resulting in a loss of bone mineral in the limbs, 
accompanied by alterations in biochemical markers of bone 
turnover. In horses, the period of limb immobilization in clinical 
situations ranges from a few weeks to a few months or more 
depending on the condition [23]. It is also known that a 7-week 
cast immobilization may induce osteopenia in subarticular 
regions and in cancellous and cortical bone tissues [16]. A 45% 
increase in serum CTX-1 on Day 7 in stall-rested horses, as well 
as elevated CTX-1 values during the five following weeks of 
stall rest, were previously described [9]. On Day 7 of the present 
study, mean CTX-1 values in the P-group were 36% above 
baseline, and rose until Day 14, with a peak value at 72% above 
baseline. Mean values remained above baseline until Day 42. 
The difference in peak CTX-1 percent values observed between 
the two studies can be explained by the difference between stall 
rest and cast immobilization, the latter leading to a more 
important total bone resorption phenomenon. Also, differences 
across models in the magnitude of the skeletal adaptive 
response are well described in human medicine [24]. During 
the remobilization period in the present study, CTX-1 values 
decreased in both groups, suggesting an inhibition of bone 
resorption in response to the biomechanical stress induced by a 
return to physical activity. 

During immobilization, values of bone ALP showed a 
significant decrease by 50 to 60% in both immobilized groups 
as soon as on Day 7. All values but one were under baseline in 
both groups until the end of remobilization. Altogether, these 
observations suggest that immobilization had a rapid inhibiting 
effect on bone formation which persisted at least until the 
beginning of training. 

In this study, there is an overall trend to a decrease of MCIII 
BMD in both forelimbs, except in the left cast-immobilized 
forelimb on Day 56 where density is close to baseline value in 
the P-group and higher than baseline value in the T-group. 
Although DEXA should not be influenced by soft tissue, edema 
of the left forelimb could eventually have interfered with the 
accuracy of BMD measurements on Day 56. This could explain 
why left MCIII BMD values were still high at cast removal with 
a potential masking of the short-term effect of immobilization 
on BMD. If left MCIII BMD values observed at cast removal 
were accurate, it would suggest that this model of cast 
immobilization was ineffective, and that cast prevented the 
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significant bone loss observed in the contralateral limb in non-
treated horses, which seems to be very unlikely. Moreover, it 
would be in diiagreement with BMD values observed after 
remobilization and exercise, which were lower in the cast-
immobilized limb than in the contralateral one in non-treated 
horses. It would also be very unlikely that remobilization and 
exercise, rather than cast immobilization, were responsible for 
the significant BMD decrease observed in the left forelimb of 
non-treated horses at the end of the experiment, especially if no 
further decrease was observed between cast removal and the end 
of experiment in their right forelimb. Finally, although 
tiludronic acid is thought to prevent bone resorption associated 
with immobilization, it seems also unlikely that it could induce 
such an important increase in BMD, in such a short time, in 
cast-immobilized limbs of healthy horses, and without con-
current effect on the contralateral limb. All together, these 
observations consolidate the assumption that BMD values 
measured at cast removal in left forelimbs of both groups were 
skewed to higher values, probably due to edema. 

The long-term decrease in BMD observed in both forelimbs 
of non-treated horses and in the contralateral limb of treated 
horses is thought to be directly related to immobilization. 
Decreased values of bone mineral content (BMC) assessed by 
single photon absorptiometry have been observed after eight 
weeks of cast immobilization, with a higher decrease in the 
cast-immobilized limb [15], and this would be consistent with 
the present study's observations if it is considered that values 
of BMD measured on the cast-immobilized limbs at cast 
removal were indeed skewed by edema, while values observed 
at the end of the experiment were accurate. This also would 
suggest that the BMD changes of the right limb may reflect 
the effect of stall rest only while BMD changes in the left limb 
would be indicative of the cumulative effects of stall rest and 
cast immobilization. A decrease in BMD was also evidenced 
by DEXA in subarticular regions of the distal portion of the 
MCIII of a cast-immobilized limb after 7 weeks of 
immobilization and 8 weeks of remobilization when compared 
to the contralateral limb [16], suggesting that 8 weeks of 
remobilization were not sufficient to restore bone density after 
cast immobilization and supporting the hypothesis of a long-
term negative effect of immobilization on BMD. In humans, 
restoration of bone mineral that has been lost because of a 
period of reduced weight bearing may be restored upon return 
to normal activity; however, the recovery may not be complete 
and/or may take longer than the time course of the original 
bone loss [24]. 

Lameness is a common observation after several weeks of 
immobilization and cast application in the horse but higher 
incidence of lameness was found in this study compared to the 
results reported by Harreveld and collaborators [25]. One 
possible explanation for this discrepancy could be that cast 
application on standing sedated horses in this study induced 
more dermal ulcerations compared to casts placed under general 
anesthesia. Although most of these lesions were superficial and 
easily treated by local care, the high incidence of this 
complication points out the difficulty of managing long-term 
casts in horses. Incidence and severity of sores were comparable  

between groups, while horses of T-group seemed to present 
decreased comfort on their casts when compared to horses of P-
group during the second month of immobilization. Never-
theless, the degree of weight bearing while casted was not 
consistently predictive of the lameness score at cast removal. 
The lack of systematic scoring of the lesions observed at cast 
renewal impairs further analysis of the association between 
sores and lameness in this study. 

Few data are available on the effects of training on bones of 
mature Standardbred horses. In a study, an 8-week lunging 
exercise program had no effect on ultrasound velocity or bone 
mineral content of MCIII [26]. Since exercise intensity was low 
in the present study and no contemporaneous control (rested) 
group of horses was available for comparison, interpretation of 
the results in terms of training effect is speculative and cannot 
be largely discussed. The only noticeable observation that could 
be related to a training effect was the rise in CTX-1 values in 
both groups during the training period, which is in accordance 
with a previous study evidencing higher values in trained foals 
than in controls during the first 2 months of training [27]. 

Tiludronate induced a rapid and significant decrease of about 
50% in mean CTX-1 values after each administration, while 
corresponding values in the P-group were largely increasing 
above baseline values. This suggests that CTX-1 is a rapid and 
sensitive marker of bone resorption rate and that it can be 
reliably used to follow-up a treatment with a bisphosphonate in 
the equine species, as it is already used in treated osteoporotic 
women [21,28]. In human medicine, intermittent administration 
of bisphosphonates, either cyclical oral etidronate and risedro-
nate, or intravenous ibandronate and pamidronate, •  for the 
treatment of post-menopausal osteoporosis, also induces a rapid 
decrease in resorption markers followed within a few weeks by 
a slow increase that usually does not reach the baseline value at 
the time of the following administration [29,30]. Since mean 
CTX-1 values in. the P- and T-groups remained similar from the 
time of cast removal to the end of the study, treatment may not 
have had further significant influence on overall bone resorption 
rate after remobilization. 

No treatment effect was observed on bone ALP, suggesting 
an absence of deleterious effect of tiludronate at this dosage on 
bone formation rate. This is in agreement with histomorphome-
trical observations in human paraplegic patients treated with 
tiludronate [31]. 

In the present study, the tiludronate treatment also prevented 
long-term bone loss in the cast-immobilized limb. As 
previously mentioned, edema of the left forelimb may have 
interfered with the accuracy of the DEXA measurements on 
Day 56, but as edema was present in both groups, the net 
difference in MCIII BMD between the T- and the P-group was 
still considered significant. In the contralateral limb, the 
treatment prevented the decrease in MCIII BMD observed in 
the P-group at cast removal but this effect did not persist up to 
the end of the study. This supports the hypothesis that 
tiludronate exerts its inhibitory action on osteoclasts mostly in 
those bones with the highest resorption rates [32]. 

Descriptive comparisons suggest some consistency between 
variations in biochemical markers of bone metabolism during 
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the immobilization period and the general evolution of MCIII 
BMD. In the P-group, the increase of CTX-1 and decrease of 
bone ALP suggest an overall negative balance, of bone turnover 
leading to a decreased BMD. In the T-group, the CTX-1 
decrease combined with the decrease in bone ALP suggests a 
slow-down of bone turnover preserving BMD. 

Metacarpal III SOS values did not change in any group, in 
any limb or at any time of the study, suggesting that in this 
model, training, immobilization and treatment did not affect the 
MCIII superficial cortex. This, in turn, suggests that the deeper 
layer of the cortical and/or the trabecular bone was the target for 
the remodeling processes, and that no deleterious effects of 
tiludronate could be observed on superficial cortical bone at the 
recommended dosage. Preservation of bone structure and 
integrity is important to maintain bone capacity to cope with 
mechanical stresses. Another explanation is that the lateral 
aspect of the MCIII was not the main site of remodeling in this 
model. This measurement site was chosen because it is the 
predilection location for bucked shins or dorsal metacarpal 
disease, a condition of fatigue failure and inadequacy of 
remodeling of MCIII in immature horses that undergo intense 
training. Incidence of the disease varies but affects up to 70% of 
young Thoroughbreds in training, which will have an increased 
risk of MCIII stress fracture within 6 to 12 months usually 
occurring on the dorsolateral aspect of the bone [33]. 

As BMD and mechanical strength are thought to be 
correlated [34], the prevention of MCIII BMD loss by 
tiludronate administration probably makes the metacarpal 
bone of treated horses more resistant to mechanical stresses 
during rehabilitation after immobilization than the metacarpal 
bone of non-treated horses. 

No definitive conclusion can be drawn on the effects of 
tiludronate on lameness after cast removal. Differentiation 
between pain originating from soft tissue or from bone is not 
possible in this study. Bisphosphonates have been reported to 
reduce pain associated with extensive bone resorption [35], but 
not with pain associated with soft tissue injuries. Despite this, 
some beneficial analgesic effect of tiludronate could explain 
why there were less severely lame horses at removal of the casts 
in the T-group. Moreover, tiludronate is thought to have some 
potential anti-inflammatory properties [36]. 

In conclusion, this study demonstrates that cast-immobi-
lization-induced osteopenia can be prevented by tiludronate 
administration, and that CTX-1 is an early and reliable bone 
biomarker to assess tiludronate treatment in horses. Preven-
tive administration of tiludronate could be of clinical interest 
in long-term immobilized horses, by allowing a shorter re-
habilitation time and a safer return to exercise after immo-
bilization due to preserved bone density and mechanical bone 
strength. 

Acknowledgments 

The authors wish to acknowledge the technical assistance of 
Ands Michon and Violaine Richard during the animal phase, as 
well as of Fabrice Aline for the biochemical biomarkers 
assessment. 

References 

Eastell R. Treatment of postmenopausal osteoporosis. N Engl J Med 
1998;338:736-46. 

[2] DiMeglio LA, Peacock M. Two-year clinical trial of oral alendrouate 
versus intravenous pamidronate in children with osteogenesis imperfecta. 

Bone Miner Res 2006;21:132-40. 
[3] Reginster JYL. Oral tiludronate: pharmacological properties and potential 

usefulness in Paget's disease of bone and osteoporosis, Bone 1992; 
13:351-4. 

[4] McGuigan NW, Cauvin B, Schramme MC, Pardoe CH, May SA, Wilson 
AM. A double-blind placebo-controlled trial of bisphosphonate in the 
treatment of navicular syndrome. Proceedings of the 39th British Equine 
Veterinary Association Congress, Equine Veterinary Journal Ltd. New-
market; 2000. p. 207. 

[5] Lepage OM, Francois RJ. Aspects microradiographique.s et en microscopie 
de fluorescence d'une exostose experimentale du metacarpien chez le 
poney Shetland et de son traitement par un bisphosphonate, I'AHPrBP 
(APD). Applications possibles an cheval d'arme. Ann Med Mil Belg 
1989;3:38-44. 

[6] Denoix IM, Thibaud D, Ricci° B. Tiludronate as a new therapeutic agent in 
the treatment of navicular disease: a double-blind placebo-controlled 
clinical trial. Equine Vet J 2003;35:407-13. 

[7] Rogers MI, Frith JC, Luckman SP, Coxon FP, Benford HL, Mlinkkonen J, 
et al. Molecular mechanisms of action of bisphosphonates. Bone 
1999;24:73S-9S. 

[8] Lepage OM, Carstanjen B, Uebelhart D. Non-invasive assessment of 
equine bone: an update. Vet J 2001;161:10-23. 

[9] Kellerhouse PL, Brown C, Newhall K, Judd K, Thompson D. Assessment 
of bone resorption marker assays in Thoroughbred horses. J Bone Miner 
Res 2000;15(Suppl 1):S526. 

[10] Varela A, Lepage OM, Doucet M, Marcoux M, Garnero P. Tiludronate 
chez Is cheval: Tolerance et effets a court terms sur le metabolisme osseux. 
Ann Med Vet 2002;146:123-30. 

[11] Jackson 13, Eastell R, Russel RG, Lanyon LE, Price IS. Measurement of 
bone specific alkaline phosphatase in horse: a comparison of two 
techniques. Res Vet Sci 1996;61:160-4. 

[12] Carstanjen B, Lepage OM, Detilleux 1, Duboeuf F, Amory H. Use of multi-
site quantitative ultrasonography for non invasive assessment of bone in 
horses. Am T Vet Res 2002;63:1464-9. 

[13] Dorurbedian M, Delguste C, Perona G, Lebecque P, Duboeuf F, Lepage 0, 
et al. Third metacarpal bone mineral density assessment in the standing 
horse by dual X-ray absorptiornetry. Vet Comp Orthop Traumatol 
2005;18:26-30. 

[14] Dreux C, Dermas PD. Les methodes de mesure de la densite minerale 
osseuse (DMO) et des marqueurs du remodelage osseux dans le depistage 
de Posteoporose. Bull Acad Natl Med 2001;185:1561-80. 

[15] Buckingham SHW, Jeffcott LB. Ostcopenic effects of forelimb immobi-
lisation in homes. Vet Rec 1991;128:370-3. 

[16] van Harreveld PD, Lillich JD, Kawcak CE, Turner AS, Norrdin RW. 
Effects of immobilization, followed by remobilisation on mineral density, 
histornorphometdc features, and formation of the bones of the metacarpo-
phalanges! joint in horses. Am 3 Vet Res 2002;63:276-81. 

[17] Stashak TS. Examination for lameness. In: Strobel( TS, editor. Adam's 
lameness in horses. 5th ed. Lippincott: Williams & Wilkins; 1998. p. 113-83. 

[18] Hannon R, Eastell R. Preanalytical variability of biochemical markers of 
bone turnover. Ostcoporos Int 2000;Suppl. 6:S30-44. 

[19] Hoffman R1\4, Lawrence LA, Kronfeld DS, Cooper WL, Sklan DJ, 
Dascanio JJ, et al. Dietary carbohydrates and fat influence radiographic 
bone mineral content of growing foals. J Anim Sci 1999;77:3330-8, 

[20] Price IS, Jackson B, Gray 1, Wright 1M, Harris PE, Russell RGG, et al. 
Serum levels of molecular markers in growing horses: the effects of age, 
season and orthopaedic disease, Orthopaedic Research Society, 43rd 
Annual Meeting; 1997. p. 587. 

[21] Delmas PD, Eastell R, Garnero P, Seibel MJ, Stepan J. The use of 
biochemical markers of bone turnover in osteoporosis. Osteoporos Int 
2000;Suppl. 6:S2—S17. 

[22] Zaninotto M, Bernardi D, Ujka F, Bonato P, Plebani M. A proposal for 

OR027642 

Case 1:08-cv-00627-LPS   Document 154-2    Filed 04/18/11   Page 8 of 9 PageID #: 1875



C. Delguste et al. / Bone 41 (2007) 414-421 	 421 

standardizing urine collections for bone resorption markers measurement 
I Clin Lab Anal 1998;12:145-9. 

[23] Nixon AJ. Equine fracture repair. 1st ed. Philadelphia: Saunders; 1996. 
[24] Giangregorio 	Blimkie CJR. Skeletal adaptations to alterations in 

weight-bearing activity: a comparison of models of disuse osteoporosis. 
Sports Med 2002;32:459-76 

[25] van Harreveld PD, Lillich JD, Kawcalt CE, Gaughan EM, McLaughlin 
RM, DeBowes RM. Clinical evaluation of the effects of immobilization 
followed by remobilisation and exercise on the metacarpophalangeal joint 
in horses. Am J Vet. Res 2002;63:282-8. 

[26] kffcott L, Buckingham SHW, McCartney RN. Non invasive measurement 
of bone quality in homes and changes associated with exercise. In: 
Gillespie JR, Robinson. NE, editors. Equine exercise physiology, vol. 2. 
Davis, CA: ICEEP; 1987. p. 615-30. 

[27] Billinghurst RC, Emma PAT, van Weeren PR, Knowlton MS, Mcllwraith 
CW. Significant exercise-related changes in the serum levels of two 
biomarkers of collagen metabolism in young horses. Osteoarthr Cartil 
2003;11:760-9, 

[28] Rosen RN, Moses AC, Garber 1, Iloputaife ID, Ross DS, Lee SL, et al. 
Serum CTX: a new marker of bone resorption that shows treatment effect 
more often than other markers because of low coefficient of variability and 
age changes with bisphosphonate therapy. Calcif Tissue Int 2000; 
66:100-3. 

[29] Meunier PJ, Confavreux E, Tupinon I, Hardouin C, Delmas PD.  

Prevention of early postmenopausal bone loss with cyclical etidronate 
therapy (a double blind, placebo controlled study and 1-year follow-tip). 
J Clin Endocrinol Metub 1997;82:2784-91. 

[30] Thiebaud D, Burckhardt P, Kriegbaum H, Huss H, Muldler H, Juthnan JR, 
et al. Three monthly intravenous injections of ibandronate in the treatment 
of postmenopausal osteoporosis. Am I Med 1997;103:298-307. 

[31] Chappard D, Mkaire F, Privet C, Berard 5, Mendoza-Sarrniento 
Tournebise. H, et al. Effects of tiludronate on bone loss in paraplegic 
patients. J Bone Miner Res 1995;10:112-8. 

[32] Barbier A, Emonts-Alt X, Breliere JC, Ethgen D. ht vitro and in vivo 
osseous pharmacological profile of tiludronate. Implications for osteo-
porosis treatment In Christiansen C, Overgaard K, editors. Osteoporosis. 
Copenhagen, Denmark: Osteopress ApS Publ.; 1990. p. 1127-30. 

[33] Nunamaker DM. Metacarpal stress fracture. In: Nixon. AJ, editor. Equine 
fracture repair. 1st ed. Philadelphia, USA: Saunders; 1996. p. 384. 

[34] Jackson BF, Goodship AE, Eastell R, Price 38. Evaluation of serum 
concentrations of biochemical markers of bone metabolism and insulin-
like growth factor I associated with treadmill exercise in young horses. Am 
J Vet Res 2003;64:1549-56. 

[35] Pereira 7, Mancini 1, Walker P. The role of biphosphonates in malignant 
pain: a review. J Pallier Care 1998;14:25-36. 

[36] Monkonnen 3, Simile 5, Rogers MJ. Effects of tiludronate and ibandronate 
on the secretion of proinflamrnatory cytokines and nitric oxide from 
macrophages in vitro. Life Sci 1998;62:PL95-PL102. 

OR027643 

Case 1:08-cv-00627-LPS   Document 154-2    Filed 04/18/11   Page 9 of 9 PageID #: 1876


