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Abstract


North American Thoroughbred racing is conducted on three types of surfaces—dirt, turf, and synthetic. The tracks are oval, and races are run counterclockwise. The loading on right and left limbs is expected to differ as a function of turn radius, banking, surface, and gait asymmetry. Hind limbs and forelimbs also have different functions related to propulsion and turning, respectively. This study uses the Equine Injury Database for race starts from 1 January 2009 through 31 December 2014, to compare injury rates across participating North American racetracks. The data are limited to catastrophic injuries in which horses died or were euthanized due to a fracture within 72 h of the start of the race. Overall injury rates were lower on turf and synthetic surfaces and the pattern of limb injuries in left vs. right and fore vs. hind limbs were different. Regardless of surface, forelimbs were more likely to fracture. Dirt surfaces showed higher rates of forelimb injuries compared to other surfaces, hind limbs were more likely to experience a fatal fracture on turf than on dirt. The left fore and right hind limbs were more likely to experience a fatal fracture but only on dirt surfaces.
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1. Introduction


In North America, Thoroughbred races are run counterclockwise on oval tracks with a perimeter ranging from 1200 to 2000 m. There is considerable variability across the country with regard to racetrack design and geometry, the nature of the track surface, the length of the races and the proportion of race time spent traveling straight vs. turning. All of these factors contribute to the risk of injury and risk of injury, both fatal and non-fatal, but the variability across tracks makes it difficult to determine the relative importance of the different variables. This study addresses the effects of surface type and turn radius on the relative risk of fractures in the left and right, fore- and hind limbs.



Thoroughbred racetracks are surfaced with one of three types of surface materials known as turf, dirt and synthetic. Dirt surfaces typically contain 80–95% sand and 5–20% clay and silt [1,2]. Synthetic surfaces are a combination of well-sorted quartz sand (sand with primarily quartz minerals and with a narrow distribution of grain sizes), fiber, and wax [3]. Turf surfaces have been less comprehensively characterized but may be either cool weather species such as bluegrass or fescue or in warmer climates bermudagrass, grown on native soil or a sand turf profile.



Races are run over a range of distances from “sprints races” run around one half of the oval to “route races” that are typically run around the entire oval. However, race distance and the amount of time spent negotiating the turns are only loosely related. At some tracks, horses can race 1600 m with only one turn of 180 degrees, whereas at most tracks races longer than 1400 m are run around the full oval with two 180 degree turns.



The radius of the turns and the amount of banking through the turns are not standardized. Turns are typically banked by 2–6% and the straights have a 1–2% crossfall (gradient or slope across the track toward the inside rail) to facilitate drainage. Drainage is primarily horizontal on dirt tracks. Some synthetic tracks do not have any crossfall in the straights since water is able to drain vertically. Most North American turf courses are oval tracks located inside a dirt or synthetic oval. Therefore, the turn radius is smaller for turf tracks and generally lies within a smaller range than for dirt tracks. Synthetic tracks are more expensive to install than dirt or turf, so most are located at larger racetracks where the turn radius tends to be larger with less variation between tracks. At the other end of the spectrum, a majority of smaller racetracks have a single surface which is usually dirt and, in the absence of an inner turf track, the turn radius can be as small as 50 m which is advantageous because the track occupies less space.



Thoroughbreds race at a gallop, which is an inherently asymmetrical gait implying unequal forces and kinematics in the trailing and leading limbs [4]. While the vertical loading is similar in fore- and hind limbs, the hind limbs provide the primary tractive effort [5]. Turning imposes additional asymmetrical forces on the limbs on the inside and outside of the turn [6]. Thoroughbreds negotiate the counterclockwise turns on the left lead to maintain balance [7] and change to the right lead in the straightaways [8] to reduce muscular fatigue. The combination of an asymmetrical gait and always racing counterclockwise suggests that the frequency of injuries may differ between the left and right limbs. However current evidence is inconclusive regarding the frequency of left and right limb injuries [9,10].



Horses turn by generating an inwardly-directed centripetal force that is mathematically explained as the product of horse mass and velocity squared divided by turn radius [6]. Since radius of curvature of the turns influences the amount of force that must be generated at the ground, the variation observed in turn radii, particularly dirt surfaces, affects limb loading. To be successful, racehorses must lean into the turn so their center of mass is inward of the position of their hooves on the ground (Figure 1). This assists in developing the necessary centripetal force to negotiate the turn, balances the moments that tend to rotate the horse outwards, and aligns the resultant force vector more closely with the long axis of the limb [11]. The importance of proper track design in reducing peak limb loading and injuries is well known in Standardbred horses [12,13], but these results should be applied to Thoroughbred racing with caution because of the fundamental differences between the inherently symmetrical trotting gait of the Standardbred horse and the asymmetrical gallop of the Thoroughbred. The fact that Thoroughbreds in North America always race counterclockwise, lean to the left in the turns, and have an asymmetrical gait contribute to the unequal load distribution between contralateral limbs, which would be expected to create an unequal distribution of injuries in the left and right limbs.



Studies related to the dynamics of turning at a gallop [14] have shown that horses slow their speed for a turn due to either the inability to produce sufficient force or having insufficient frictional resistance at the hoof–shoe–surface interface. A limb’s ability to generate force during the stance phase is thought to limit turning performance in humans [15,16], since the sum of the vertical, turning and propulsive forces cannot exceed the maximal force that the musculoskeletal system is capable of producing (Fresultant in Figure 1). However, the potential also exists for inadequate surface traction to limit an animal’s turning speed, particularly on smaller radius turns or if the banking is insufficient. When the horse and rider lean inwards and shift their combined center of mass toward the inside of the turn, the surface must be able to support the angulated hoof with the resulting transverse loading (Ftransverse in Figure 1). Deformable surfaces such as fiber sand require a smaller frictional force to make the turn compared to a non-deformable surface, such as asphalt [17]. All three types of racing surfaces are somewhat deformable with synthetic showing the lowest deformation but comparable to fiber sand. Consequently, turning mechanics and limb loading are also dependent on surface characteristics. Thus, the relationship between turn radius, surface type and the rate of injuries in each of the horse’s limbs provides insight into the etiology of musculoskeletal disease and the potential value of design modifications to reduce injuries.



At the Welfare and Safety of the Racehorse Summit in 2008, the Equine Injury Database (EID) was established. The focus of this database is equine fatalities occurring during a race or resulting in euthanasia within 72 h because of race-related injuries as reported by veterinary officials. Prior to the inception of the EID, rates of fatalities in North American flat racing were reported to range from 1.1 and 1.8 per 1000 starts [18,19,20]. The EID data have provided a systematic way of looking at overall injury rates and can also partition out musculoskeletal injury rates. This offers the possibility of investigating the roles of a wide range of race- and horse-related factors [21]. Although physical properties of the track, including turn geometry and banking, have been cited as important factors in the etiology of injuries [9,22,23], epidemiological studies describing the risks of specific aspects of racetrack design for Thoroughbred racing are lacking.



The aims of this study were to use the EID data to investigate differences in the prevalence of catastrophic musculoskeletal injuries in the left and right limbs in relation to surface type and turn radius. This information has the potential to make racing safer for horses and jockeys by providing direction for the development of new surface materials and adaptations in track design.




2. Materials and Methods


The present research uses the EID and Equibase data to seek associations between fatal limb fractures and factors related to the horse, the race and the track for the years 2009 through 2014. Since the EID data are used, fatalities are defined as events occurring on the racetrack which result in death or euthanasia within 72 h of the race [21]. The causes of death are broadly divided into fractures, soft tissue injuries and sudden deaths. The findings described here are limited to fractures involving one or more limbs that resulted in death or euthanasia within 72 h of the race. Equine fatalities that are related to racing accidents are also excluded. Accidents incur injuries which are primarily a consequence of an external event such as clipped heals, interference from other horses, or trauma as opposed to a musculoskeletal failure such as sesamoid bone or metacapral fracture..



Commercial measurement tools were used with satellite data to measure the radius of each of the tracks (Google Earth, Mountain View, CA, USA). Synthetic tracks had only a small range of radii (120–160 m). Turf tracks had a larger range of radii (50–160 m) but only about 15% of starts occurred on tracks with a radius greater than 130 m. Moreover, when races are held on turf tracks the position of the inside rail is moved between race days causing the radius of the turns to change by as much as 10 m. Only the dirt tracks had a sufficiently large and well-distributed range in track radii (50–195 m) for inclusion in the analysis of the effects of turning radius. Using the distribution of turn radii, the dirt tracks were divided into approximate quartiles with about 25% (±3%) of the total number of horse starts in each category. On race day turf and dirt tracks were classified as good or off based on the subjective evaluation included in the Equibase data.



The denominator unit of analysis was EID tracked race starts in North America during the years 2009–2014. The incidence and relative risk of fatal limb fractures in association with horse, race, and track characteristics, together with corresponding 95% confidence limits and p-values, were calculated using SAS v9.6 (SAS Institute, Inc., Cary, NC, USA). The numbers of fatal limb injuries per race were low, consequently Poisson regression, a generalized linear method with a link function, was used to calculate relative risk ratio by multiple covariates. The selected reference categories were typically the categories with the lowest expected incidence rate. Respective associations of fatality by risk factor were initially assessed using univariate analyses. Analyses of limb injury rates were stratified by track surface and track turning radius.




3. Results


From 2009 to 2014 the EID included 2,356,427 race starts, 75.4% of which were run on dirt, 13.2% on turf and 11.4% on synthetic surfaces. There were 3954 race-related fatalities associated with fractures of one or more limbs. The number of fractures, fatality rate and risk ratios for factors related to horse, race conditions and track/surface are shown in Table 1, Table 2 and Table 3, respectively.



Characteristics related to the horse (Table 1) that were significantly associated with fracture risk were gender, with males having a higher injury rate than mares and stallions having a higher rate than geldings. Age was also significant with a lower injury rate for horses less than 3 years old compared to 4 and 5-year-old horses. Carrying a higher weight also reduced the fracture risk. With regard to race conditions (Table 2), races run over >1408 m (seven furlongs) had lower risk than those run over shorter distances. Races in which the purse was >USD 8000–USD 30,000 had a higher risk of fracture compared to those with lower and higher purses. Sex restricted races had a lower risk than those without sex restriction. Year of race, field size and post position were not associated with risk of fatal fracture.



All track-related factors listed in Table 3 influenced fracture risk. There was a significantly higher risk ratio for fatal limb facture if the last timed workout was performed on dirt or if the stretch distance in the race was longer than 477 m. The effect of turn radius (dirt tracks only) was evaluated using >126–129 m (third quartile) as the reference. Tracks with turn radii in the second (>114–126 m) and fourth quartiles (>129 m) had significantly higher overall rates of fatal limb fractures than those in the reference third quartile.



A number of horses fractured multiple limbs, so the total number of cases is not equal to the sum of the reported fractures per limb. The total number of fractures per limb or multiple limbs are separated by track radius for the dirt tracks in Table 4. Compared with track radii in the range of >126–129 m, there was a significantly greater risk of right forelimb fractures for the two shorter turn radius categories (first and second quartiles), while right hind and multiple limb fractures had significantly higher risk ratios for turn radii > 129 m. When the data were separated by limb, it became clear that the right forelimb was at higher risk of fracture on tighter turn radii (<126 m) whereas the right hind limb appeared more susceptible to fractures on larger turn radii (>129 m).



With regard to surface type, risk ratio was lower for synthetic and turf surfaces compared with dirt (Table 3). Data for track condition showed that risk ratio for dirt tracks did not differ between ratings of good or off but both of these had higher risk ratios than good turf, off turf and synthetic.



When the risk of fracturing a specific limb alone or in combination with another limb(s) is broken down by surface type (Table 5), there is a clear pattern in the forelimbs with a higher risk of fracture on dirt for the left or right forelimb alone or in combination with another limb. The values for either left or right forelimb show the lowest risk of fracture on synthetic followed by turf and dirt.



Although the overall incidence of fracture in the hind limbs is much lower than in the forelimbs, the pattern on the different types of surfaces is less clear. The risk of fatal fracture of the left hind limb only is lower on dirt than on turf, while for the left hind limb in combination with other limbs the risk is lower on dirt than synthetic. For the right hind alone or in combination with other limbs, there were no significant differences in risk ratio due to surface type. The risk of fatal fracture in either left or right hind limb is higher on turf than dirt while the risk ratio for multiple limb fractures is higher on synthetic than dirt.



Comparisons between contralateral limb pairs (Table 6) show that the risk ratio for fatal fracture is higher in the left than the right forelimb on each surface individually and on all surfaces combined. In the hind limbs, the risk is greater for the right than the left hind limb on each surface individually and on all surfaces combined.



With regard to the ipsilateral limb pairs, risk ratio for the left fore is higher than for the left hind and risk ratio for the right hind is higher than for the right fore on each track individually and on all tracks combined (Table 6).




4. Discussion


This study has evaluated the risk of fatal fracture during Thoroughbred races on North American tracks based on the EID over a 6-year period with a focus on the influence of factors related to the horse, the conditions of the race, and the surface and geometry of the track. More specifically, we compare risk ratios for fatal fractures in the left and right, fore- and hind limbs in relation to turn radii and surface materials. In the forelimbs, the findings clearly show that the greatest risk of fracture of the left or right forelimb alone or in combination with another limb is on dirt, followed by turf and then synthetic. In the hind limbs the results are less clear cut. The left hind, either alone or in combination with another limb, has the highest risk ratio for fatal fracture on dirt. The right hind, although it has an overall higher incidence of fracture than the left hind, shows no difference in risk ratio due to surface type. Comparisons between contralateral and ipsilateral pairs of limbs show clearly that the left fore and right hind limbs are at greater risk.



The results for fatal limb fractures presented here are consistent with prior work on the influence of horse- and race-related risk factors in North American racing [21,24]. However, different results have been presented for international racing [25] that may be related to differences in the geometry of the racecourses, the direction of racing, and the focus on shorter race meets held on turf surfaces.



Consistent with previously published statistics [21] dirt tracks had a significantly higher rate of injury than both turf tracks (p < 0.001) and synthetic tracks (p < 0.001). For the time period 2009–2014 in North America, the greatest number of race starts (75.4%) were on dirt. Turf racing represented 13.2% of race starts with the percentage increasing over the last decade [26]. The type of surface on which the last timed workout was significant with a higher risk of fatal fracture if the last workout was performed on dirt. Due to the limited availability of turf surfaces for timed works in North America, the workout surface is primarily a comparison of dirt and synthetic. Track condition was not significant with very few races on off-turf in North America and no significance to off-dirt tracks compared to good dirt. Finally, the higher injury rate on tracks with a front stretch distance longer than 475 m may be related to fatigue in the final stages of the race [27].



4.1. Horse and Race Level Variables


Other authors have used the EID to analyze the effects of a large number of horse and race factors on risk of fatality over a 5-year period (2009–2013) [24] and on fatalities specifically related to limb fractures for a 6-year period (2009–2104) [21]. Since the data from those studies use the same database as the results presented here, similar results are expected when the same variables are explored. Some minor differences are evident between results reported here with the paper by Georgopoulos and Parkin [24] which looked at a five-year time period and included all injuries not just fatal fractures.



Gender-related differences in fracture risk are in general agreement with Georgopoulos and Parkin [21] who showed a higher odds ratio in stallions than mares and geldings combined. Our evaluation indicated, further, that geldings are at higher risk than mares. This is in agreement with the meta-analysis carried out by Hitchens et al. [25] and is likely to be related to androgenic effects. For example, Mukai et al. [28] reported that male Thoroughbreds have lower heart rates than females during canter work, suggesting that males have a higher aerobic capacity. The findings for weight carried in the race showed that higher weights reduced the risk of fatal limb fractures. This may seem counter-intuitive since the gravitational effects of carrying the weight of a rider increases peak vertical forces in all limbs at trot [29]. However, the use of weight as a handicapping tool is based on the assumption that galloping speed decreases with an increase in weight carried. This has the potential to reduce peak limb loading through lengthening stride and stance durations. Similarly, the lower risk ratio over longer race distances may be related to slower average speeds and the consequent decrease in peak limb loading.



Horse and race related risk factors in North American racing such as claiming rules and purse values differ from international racing jurisdictions [25]. Although not elaborated on here, these factors warrant further consideration.




4.2. Track Level Variables


In general, track-related analysis is limited by the absence of consistent data across racing jurisdictions and an absence of objective measurements of the surface. In this data set only, a general classification of surface type is possible. Differences in fatal fractures on turf, dirt or synthetic, were statistically significant and, as in prior work, the condition of the surface, good or off dirt, was not significant [21]. These results contrast with the meta-study analysis of international racing, which included the results from Georgopoulos and Parkin [21], that found no difference between dirt, turf or synthetic track surfaces, but showed higher risk with an off-track condition compared to a good track condition [25]. Because of the broader geographical considerations, the meta-study considered a larger proportion of turf surfaces and included more variable track geometry. In many cases outside of North America only one type of surface is available, usually a turf track. When this is the case, it is not an option to move racing to an adjoining dirt or synthetic surface when the turf track is classified as being off. Therefore, the only options are to run on the off track or cancel racing. When an alternative surface is available turf races are rarely run on an off-turf surface because the resulting damage interferes with the ability to run future turf races through the longer more heavily scheduled race meets. The absence of significant differences in catastrophic injury rates between turf and synthetic surfaces in the meta-study is also important. Biomechanical risk factors such as always turning left and the effect of different surfaces on the ability of the hind limbs to generate propulsion may be important to understanding the catastrophic injury rate in North American horse racing. A tighter turn radius would be expected to result in higher turning effort in the forelimbs which are responsible for generating most of the turning forces [6], together with the likelihood of differences between the trailing and leading limbs in an inherently asymmetrical gait. The type of surface affects the amount of traction available which impacts the manner in which both fore and hind limbs are able to balance previously described limits to traction and muscular effort [14].




4.3. Dirt Track Turn Radius


When horses race at a gallop, they normally lead with the inside fore and hind limbs through the turns to facilitate balance [11,30] then switch to the opposite (outside) lead on the straights to reduce fatigue associated with asymmetrical limb loading [7,8]. Laterality in animals is equivalent to handedness in people. In horses, laterality may affect neuromotor control of locomotion leading to a left–right difference in limb movements [31], though other authors reported limited evidence of any strong effect of laterality [32].



All North American dirt racetracks included in the EID race counterclockwise around turns of a known radius, which affords an opportunity to investigate the effects of turn radius on injury rates in specific limbs. In other countries where horses race around oval tracks, such as Latin America and Turkey, track geometry is much more variable than in North America and races are run in both clockwise and counter-clockwise directions which tends to balance the asymmetrical effects of turning in the left and right limbs. The consistency with which horses use the inside and outside leads on oval racetracks suggests turning is a factor in the frequency of fatal fractures in the left and right limbs in North American racing.



The fracture rate associated with different turn radii on dirt tracks (Table 4) indicated a significantly higher rate of fracture in the left (leading) forelimb for all three quartiles except in the tightest turn. The right (trailing) hind limb only shows a significantly higher rate of injury on the largest quartile of turns radii. The frequency of injuries to the left and right limbs may be affected both by the inherent asymmetry of the gallop gait as well as the role of the individual limbs in providing supporting, propulsive and turning forces. Self Davies et al. [5] find that during galloping on the straight, peak vertical force and vertical impulse do not differ between the two forelimbs. This finding suggests that the higher frequency of right vs. left forelimb injuries in horses racing on tight radius turns is an effect of turning per se. Tan and Wilson [14] showed that racing speed on turf surfaces is limited by maximal limb force production when negotiating larger radius turns while tighter turn radii (less than 30m) are traction limited. The traction limits would be related to the hoof surface interaction which would also be expected to be different based on the type of design used for the dirt track [33]. If galloping mechanics on tighter turns follow the same patterns seen in trotting and cantering on small circles, then although the vertical impulses between forelimbs are similar [17], the stance phase is shorter for the outside forelimb [17,34] and centripetal, propulsive and vertical forces are larger [34]. As such, higher forces and loading rates would be predicted for the outside forelimb on tighter turns at gallop, which could, in part, explain why the higher risk of fracture in the left forelimb is no longer significant on turns with the tightest quartile of radii, but was a significantly greater risk in the right forelimb for the two shorter turn radius categories compared to the reference.



On large radius turns where higher speeds are possible, speed in the turns may be limited by the ability to generate vertical ground reaction forces in each limb to support body weight [35]. When galloping on the straight, a higher speed is associated with higher peak vertical force and vertical impulse in both hind limbs, as they carry a greater proportion of body weight [5]. This effect is greater in the trailing hindlimb, which also contributes a larger proportion of propulsive impulse [5]. On tight turns at canter, similar inside to outside forelimb effects appear to be evident in the hindlimb [36]. So, on a larger turn, the right hindlimb may be at greater risk of fatal fractures, as the increased outside limb turning force requirements in addition to trailing limb vertical and propulsive force requirements when negotiating the turn at higher speeds may overload the limb. Turning speed was not considered in this analysis but would be a valuable addition to the knowledge of risk factors in racing and could influence track design in the future. In addition, banking was not evaluated as a factor in our study, which has an influence on turning mechanics [11] because reliable data on the banking of different tracks were not available. In general, the effect of turn radius appears to be small and whatever effect may exist results in differences between the hind limb and forelimb in a manner that may counterbalance the effect of higher loading due to tighter radii and more time spent in turning due to longer turns. In contrast, the effect of forelimb and hind limb function becomes more important when considering the effect of track surfaces.




4.4. Effect of Surface Material


The type of surface is important as a determinant of the horse’s ability to generate traction which is one of the factors that limits turning speed [14]. If sufficient traction is available, the maximum power produced by all of the limbs can be transferred to the ground. The shear strength of the surface determines the amount of grip and traction. It is higher on synthetic surfaces [1]. The adaptions of the forelimb for weight support and control of speed and direction distinguish it from the power generation adaption of the hind limbs [14]. The effect on forelimb and hindlimb injuries is evident in the significantly higher incidence of forelimb fractures regardless of surface (Table 5). However, the absence of significant left–right asymmetry in fracture rates for any surfaces except dirt may also provide insight into the availability of the traction required for turning on the different surfaces (Figure 1). Given the different functions and significantly lower likelihood of fatal fracture of the hind limbs, the relative risk of left and right limb fractures is considered separately for the forelimbs and hind limbs.



4.4.1. Forelimb


Significantly more fatal fractures occur in the forelimbs regardless of the type of surface. However, racing on either turf or synthetic surfaces reduces fatal forelimb fractures alone or in combination with other limbs. Since hoof accelerations and peak ground reaction forces are lower on synthetic and turf surfaces [37], it is reasonable to expect that the vertical response of the surface is important. At gallop, the shift in vertical force distribution to support body weight between fore and hindlimbs, which is reported to be 50:50 at 19 m per second, may be necessary to remain within limb force limits [5]. At higher race speeds, vertical impulses must be sufficiently high to support body weight, otherwise the horse must slow down to avoid injury. As stance times are increasingly shorter with increasing speed [38], vertical forces must be higher to produce the required impulse [5]. Another fore–hindlimb difference relates to the orientation of force vector, as the forelimbs predominantly provide braking, whilst the hindlimbs provide propulsion. During galloping the limbs must redirect the center of mass (COM) from downwards and forwards to upwards and forwards. For the trailing forelimb, the COM has a flatter trajectory during its collision with the surface. For the leading forelimb, the braking and vertical impulses are used to decelerate the COM and provide it with sufficient upward vertical velocity for the flight phase of the stride [39]. This requires a greater braking impulse, which has been found, but was not tested for significance [5]. Energy and forward momentum are lost during this collision, which must be replaced if speed is to be maintained and may contribute to the onset of fatigue.



Energy losses due to surface type are also important when considering fatigue. Greater energy expenditure may be required to maintain speed on some surfaces, which in the forelimb may fatigue the deep digital flexor muscle, compromising the suspensory system [27]. Although this has been indicated as a potential cause of superficial digital tendon rupture [27], compromised soft tissue support may also result in skeletal overload. Given that lead changes occur during races in order to reduce fatigue [7,8], documenting the number of lead changes during races could assist in determining whether fatigue effects are more prevalent on particular surface types. This could help to explain the higher incidence of left forelimb fractures, although knowing preferential leads in training may also be important. Overall, while general observations about the differences in surface response can be made, even the properties of the more consistent synthetic surfaces are influenced by temperature and maintenance [3].




4.4.2. Hind Limb


Only the rate of fatal left hind limb fractures is significantly different between surface types with risk ratios as high as 1.74 for the left hind limb on turf. A general trend exists toward higher fatal fracture rates for the hind limbs on both synthetic and turf surfaces, but the effect is only significant for the left hind limb. However, the left–right asymmetry of hind limb fractures is only significant on dirt with an increased incidence in the right hindlimb. The role of the hind limbs in providing tractive forces has been established [5,40]. A synthetic surface has higher shear strength [1] which supports higher craniocaudal loading. While comparable data are not available for turf, it is reasonable to assume that the shear strength of turf may be even higher than synthetic surfaces in which the fibers are randomly oriented. In contrast, the root system in turf is preferentially oriented in the vertical direction which increases the shear strength of the surface in the horizontal axis and this provides better traction during propulsion or turning while allowing the hoof to penetrate the surface.



The ability of turf to support higher craniocaudal loading is likely to be a primary factor in the higher incidence of hind limb fractures on this surface. The greater overall incidence on dirt in the right compared to the left hindlimb may relate to the increased loading on the outside hindlimb in the turn, as discussed previously.






5. Conclusions


This study has evaluated injury data for Thoroughbred horses racing on dirt, turf, and synthetic surfaces in relation to the risk of fatal limb fracture which was found to be lowest on a synthetic surface and highest on dirt. A small but in some cases significant contralateral limb effect exists for larger turn radii on the dirt surfaces with a higher risk ratio for the right hind and left forelimb. No significant difference in the fractures on the left and right side are evident for the tightest quartile of turn radii considered, turns with radii greater than 50 m and less than 114 m. Hind limb differences between the left and right are only significant for the largest quartile of radius. Banking in the turns may also be a factor as well as speed of the horse in the turns and should be considered in future studies.



Differences in injury rates by limb on different surfaces are potentially important. Fatal fractures in the hind limbs, while overall much less common than forelimb fractures, may be more common on surfaces with better traction. Understanding the risk of fracture in the right and left limbs on higher traction surfaces like turf and synthetic is a subject worthy of further investigation. With better understanding of limb loading on the different types of surfaces it may be possible to optimize the surfaces for balanced loading across all limbs. Based on the findings presented here, it is clear loading in the horizontal plane must be considered in addition to vertical loading in order to fully understand the interaction of the hoof and ground.
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Figure 1. Direction of the resultant ground reaction force (Fresultant). (A) With the horse’s body vertically oriented on a straight, level surface, the resultant force is vertically directed. (B) During turning the horse leans inward (in this case to the horse’s left) and shifts the center of mass toward the inside of the turn. This results in the generation of a transverse (centripetal) force directed toward the center of the turn which can assist in balancing the loading of the left and right limbs. 
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Table 1. Incidence of fatal limb fractures by horse-related factors in Thoroughbred racehorses competing in flat racing in the United States and Canada 2009–2014. The risk ratios are calculated by comparing the fatality proportions in the categories of each factor to the fatality proportion of the category marked as Ref (for reference category).
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	# Fatalities per # Starts
	Fatality Rate per 1000 Starts
	Risk Ratio
	95% CI
	p-Value





	All Starts
	3954/2,356,427
	1.678
	
	
	



	Gender of Horse
	
	
	
	
	



	Mare
	1574/1,024,002
	1.537
	Ref
	-----
	---



	Gelding
	1730/1,042,102
	1.660
	1.08
	1.01–1.16
	0.027



	Stallion
	650/290,323
	2.239
	1.46
	1.33–1.60
	<0.001



	Age in Years
	
	
	
	
	



	≤3
	1389/853,445
	1.628
	Ref
	-----
	---



	4–5
	1888/1,061,462
	1.779
	1.09
	1.02–1.17
	0.012



	≥6
	677/441,520
	1.533
	0.94
	0.86–1.03
	0.202



	Weight Carried
	
	
	
	
	



	≤52 kg
	445/206,207
	2.158
	Ref
	-----
	---



	>52–54 kg
	2114/1,288,614
	1.641
	0.76
	0.69–0.84
	<0.001



	>54–56 kg
	1373/836,163
	1.642
	0.76
	0.68–0.85
	<0.001



	>56kg
	22/25,443
	0.865
	0.40
	0.26–0.61
	<0.001










 





Table 2. Incidence of fatal limb fractures by race-related factors in Thoroughbred racehorses competing in flat racing in the United States and Canada 2009–2014. The risk ratios are calculated by comparing the fatality proportions in the categories of each factor to the fatality proportion of the category marked as Ref (for reference category).
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	# Fatalities per

# Starts
	Fatality Rate per 1000 Starts
	Risk Ratio
	95% CI
	p-Value





	All Starts
	3954/2,356,427
	1.678
	
	
	



	Year
	
	
	
	
	



	2009
	744/444,760
	1.673
	Ref
	-----
	---



	2010
	663/415,889
	1.594
	0.95
	0.86–1.06
	0.367



	2011
	685/399,058
	1.717
	1.03
	0.93–1.14
	0.626



	2012
	668/388,306
	1.720
	1.03
	0.93–1.14
	0.599



	2013
	634/366,211
	1.731
	1.03
	0.93–1.15
	0.525



	2014
	560/342,203
	1.636
	0.98
	0.88–1.09
	0.694



	Race Distance
	
	
	
	
	



	≤1408 m (7 Furlongs)
	2679/1,525,963
	1.756
	Ref
	-----
	---



	>1408 m (7 Furlongs)
	1275/830,464
	1.535
	0.87
	0.82–0.93
	<0.001



	Field Size
	
	
	
	
	



	2–6
	630/393,229
	1.602
	Ref
	-----
	---



	7–10
	2767/1,617,842
	1.710
	1.07
	0.98–1.16
	0.138



	11–20
	557/345,356
	1.613
	1.01
	0.90–1.13
	0.909



	Post Position
	
	
	
	
	



	1–2
	953/589,246
	1.617
	Ref
	-----
	---



	2–4
	994/588,755
	1.688
	1.04
	0.96–1.14
	0.343



	5–6
	947/562,653
	1.683
	1.04
	0.95–1.14
	0.385



	7–20
	1060/615,773
	1.721
	1.06
	0.98–1.16
	0.162



	Sex Restriction
	
	
	
	
	



	No
	2387/1,341,240
	1.780
	Ref
	-----
	---



	Yes
	1567/1,015,187
	1.544
	0.87
	0.81–0.92
	<0.001



	Purse
	
	
	
	
	



	≤USD 8000
	728/489,670
	1.487
	Ref
	-----
	---



	>USD 8000–$30,000
	2635/1,419,447
	1.856
	1.25
	1.15–1.36
	<0.001



	>USD 30,000
	591/447,310
	1.321
	0.89
	0.80–0.99
	0.033










 





Table 3. Incidence of fatal limb fractures by track-related factors in Thoroughbred racehorses competing in flat racing in the United States and Canada 2009–2014. The risk ratios are calculated by comparing the fatality proportions in the categories of each factor to the fatality proportion of the category marked as Ref (for reference category).
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	# Fatalities per

# Starts
	Fatality Rate per 1000 Starts
	Risk Ratio
	95% CI
	p-Value





	All Starts
	3954/2,356,427
	1.678
	
	
	



	Track Surface
	
	
	
	
	



	Synthetic
	310/269,686
	1.149
	0.64
	0.57–0.72
	<0.001



	Turf
	468/311,286
	1.503
	0.84
	0.76–0.93
	<0.001



	Dirt
	3176/1,775,455
	1.789
	Ref
	-----
	---



	Track Condition
	
	
	
	
	



	Good Dirt
	2770/1,560,919
	1.775
	Ref
	-----
	---



	Off Dirt
	356/190,699
	1.867
	1.05
	0.94–1.17
	0.368



	Good Turf
	455/296,737
	1.533
	0.86
	0.78–0.95
	0.004



	Off Turf
	13/14,549
	0.891
	0.50
	0.29–0.87
	0.013



	Synthetic
	360/293,523
	1.226
	0.69
	0.62–0.77
	<0.001



	Last Workout Surface
	
	
	
	
	



	Synthetic
	458/320,979
	1.427
	Ref
	-----
	---



	Turf
	26/18,237
	1.426
	0.99
	0.67–1.48
	0.996



	Dirt
	3469/2,015,706
	1.721
	1.21
	1.09–1.33
	<0.001



	Stretch Distance
	
	
	
	
	



	≤446 yds
	1271/761,434
	1.669
	Ref
	-----
	---



	>446–522 yds
	1914/1,174,972
	1.629
	0.98
	0.91–1.05
	0.500



	>522 yds
	769/420,021
	1.831
	1.10
	1.00–1.20
	0.043










 





Table 4. Fatal limb fractures for all limbs combined, for individual limbs and for multiple limbs by turn radius. Values for track radius are based on dirt tracks only.
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Track Radius–Dirt Tracks Only




	

	
>50–114 m

	
>114–126 m

	
>126–129 m

	
>129 m

	
Total






	
Number Horse Starts

(%)

	
471,126

(26.5)

	
497,847

(28.1)

	
396,371

(22.3)

	
409,136

(23.1)

	
1,775,455




	
All Fatalities

	

	

	

	

	




	
Number

	
835

	
924

	
652

	
763

	
3176




	
Incidence per 1000 race starts

	
1.772

	
1.856

	
1.645

	
1.865

	
1.789




	
Risk Ratio (p-value)

	
1.08 (0.153)

	
1.13 (0.018)

	
1.00

	
1.13 (0.019)

	




	
Left Fore

	

	

	

	

	




	
Number

	
397

	
507

	
355

	
392

	
1652




	
Incidence per 1000 Race Starts

	
0.844

	
1.019

	
0.896

	
0.959

	
0.930




	
Risk Ratio (p-value)

	
0.94 (0.405)

	
1.14 (0.063)

	
1.00

	
1.07 (0.356)

	




	
Right Fore

	

	

	

	

	




	
Number

	
411

	
426

	
293

	
323

	
1454




	
Incidence per 1000 Race Starts

	
0.873

	
0.857

	
0.740

	
0.790

	
0.819




	
Risk Ratio (p-value)

	
1.18 (0.030)

	
1.16 (0.05)

	
1.00

	
1.07 (0.414)

	




	
Left Hind

	

	

	

	

	




	
Number

	
36

	
38

	
18

	
26

	
118




	
Incidence per 1000 Race Starts

	
0.077

	
0.076

	
0.045

	
0.064

	
0.067




	
Risk Ratio (p-value)

	
1.68 (0.071)

	
1.68 (0.070)

	
1.00

	
1.40 (0.273)

	




	
Right Hind

	

	

	

	

	




	
Number

	
42

	
40

	
21

	
50

	
153




	
Incidence per 1000 Race Starts

	
0.089

	
0.080

	
0.053

	
0.122

	
0.086




	
Risk Ratio (p-value)

	
1.68 (0.514)

	
1.52 (0.122)

	
1.00

	
2.31 (0.001)

	




	
Multiple Limb Injuries

	

	

	

	

	




	
Number

	
70

	
83

	
51

	
34

	
238




	
Incidence per 1000 Race Starts

	
0.149

	
0.167

	
0.129

	
0.083

	
0.134




	
Risk Ratio (p-value)

	
1.15 (0.433)

	
1.30 (0.145)

	
1.00

	
0.65 (<0.048)

	




	
Comparison Left Fore to Right Fore




	
Left Fore Incidence

	
0.844

	
1.019

	
0.896

	
0.959

	
0.930




	
Right Fore Incidence

	
0.893

	
0.857

	
0.740

	
0.790

	
0.819




	
Risk Ratio (p-value)

	
0.96 (0.623)

	
1.19 (0.008)

	
1.21 (0.015)

	
1.21 (0.010)

	
1.14 (<0.001)




	
Comparison Left Hind to Right Hind




	
Left Hind Incidence

	
0.077

	
0.076

	
0.045

	
0.064

	
0.067




	
Right Hind Incidence

	
0.089

	
0.080

	
0.053

	
0.122

	
0.086




	
Risk Ratio (p-value)

	
0.86 (0.497)

	
0.95 (0.821)

	
0.86 (0.631)

	
0.52 (0.007)

	
0.77 (0.034)











 





Table 5. Fatal limb fractures for single or multiple limbs by track surface. The Risk Ratios (RISK RATIO) are calculated by comparing the fatal limb fracture proportions to the fatal limb fracture proportions on dirt track surfaces.
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Track Surface

	




	

	
Synthetic

	
Turf

	
Dirt

	
Total






	
Number Horse Starts (%)

	
269,527 (11.4)

	
311,043 (13.2)

	
1,773,931 (75.3)

	
2,354,501




	
Left Fore

	

	

	

	




	
Number

	
151

	
225

	
1652

	
2028




	
Incidence per 1000 Starts

	
0.560

	
0.723

	
0.931

	
0.861




	
Risk Ratio (p-value)

	
0.60 (<0.001)

	
0.77 (<0.001)

	
1.00

	




	
Only Left Fore

	

	

	

	




	
Number

	
124

	
197

	
1492

	
1813




	
Incidence per 1000 Starts

	
0.460

	
0.633

	
0.841

	
0.769




	
Risk Ratio (p-value)

	
0.55 (<0.001)

	
0.75 (<0.001)

	
1.00

	




	
Right Fore

	

	

	

	




	
Number

	
145

	
211

	
1454

	
1810




	
Incidence

	
0.538

	
0.678

	
0.820

	
0.768




	
Risk Ratio (p-value)

	
0.66 (<0.001)

	
0.83 (0.010)

	
1.00

	




	
Only Right Fore

	

	

	

	




	
Number

	
119

	
183

	
1301

	
1603




	
Incidence

	
0.442

	
0.588

	
0.734

	
0.680




	
Risk Ratio (p-value)

	
0.60 (<0.001)

	
0.80 (0.005)

	
1.00

	




	
Either Left or Right Fore

	

	

	

	




	
Number

	
504

	
682

	
4374

	
5560




	
Incidence

	
1.869

	
2.191

	
2.464

	
2.361




	
Risk Ratio (p-value)

	
0.76 (<0.001)

	
0.89 (0.004)

	
1.00

	




	
Left Hind

	

	

	

	




	
Number

	
23

	
36

	
118

	
177




	
Incidence

	
0.085

	
0.116

	
0.067

	
0.075




	
Risk Ratio (p-value)

	
1.28 (0.0275)

	
1.74 (0.004)

	
1.00

	




	
Only Left Hind

	

	

	

	




	
Number

	
13

	
26

	
86

	
125




	
Incidence

	
0.048

	
0.084

	
0.049

	
0.053




	
Risk Ratio (p-value)

	
0.99 (0.985)

	
1.72 (0.015)

	
1.00

	




	
Right Hind

	

	

	

	




	
Number

	
28

	
35

	
153

	
216




	
Incidence

	
0.104

	
0.113

	
0.086

	
0.092




	
Risk Ratio (p-value)

	
1.20 (0.366)

	
1.30 (0.157)

	
1.00

	




	
Only Right Hind

	

	

	

	




	
Number

	
19

	
26

	
124

	
169




	
Incidence

	
0.071

	
0.084

	
0.070

	
0.072




	
Risk Ratio (p-value)

	
1.01 (0.974)

	
1.19 (0.409)

	
1.00

	




	
Either Left or Right Hind

	

	

	

	




	
Number

	
57

	
91

	
318

	
466




	
Incidence

	
0.212

	
0.293

	
0.179

	
0.198




	
Risk Ratio (p-value)

	
1.18 (0.252)

	
1.63 (<0.001)

	
1.00

	




	
Multiple Limb Injuries

	

	

	

	




	
Number

	
50

	
51

	
238

	
339




	
Incidence

	
0.186

	
0.164

	
0.134

	
0.144




	
Risk Ratio (p-value)

	
1.38 (<0.037)

	
1.22 (0.194)

	
1.00

	











 





Table 6. Incidence of fatal limb fractures in each limb and comparison of risk ratios for contralateral and lateral limb pairs.
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Track Surface

	




	

	
Synthetic

	
Turf

	
Dirt

	
Total






	
Left Fore Incidence per 1000 Starts

	
0.460

	
0.633

	
0.841

	
0.769




	
Right Fore Incidence per 1000 Starts

	
0.442

	
0.588

	
0.734

	
0.680




	
Risk Ratio (p-value)

	
1.04 (0.749)

	
1.08 (0.473)

	
1.15 (<0.001)

	
1.13 (<0.001)




	

	

	

	

	




	
Left Hind Incidence per 1000 Starts

	
0.048

	
0.084

	
0.049

	
0.053




	
Right Hind Incidence per 1000 Starts

	
0.071

	
0.084

	
0.070

	
0.072




	
Risk Ratio (p-value)

	
0.68 (0.292)

	
1.00 (0.999)

	
0.69 (0.009)

	
0.74 (0.011)




	

	

	

	

	




	
Left Fore Incidence per 1000 Starts

	
0.460

	
0.633

	
0.841

	
0.769




	
Left Hind Incidence per 1000 Starts

	
0.048

	
0.084

	
0.049

	
0.053




	
Risk Ratio (p-value)

	
5.39 (<0.001)

	
7.57 (<0.001)

	
17.34 (<0.001)

	
14.49 (<0.001)




	

	

	

	

	




	
Right Fore Incidence per 1000 Starts

	
0.442

	
0.588

	
0.734

	
0.680




	
Right Hind Incidence per 1000 Starts

	
0.071

	
0.084

	
0.070

	
0.072




	
Risk Ratio (p-value)

	
6.26 (<0.001)

	
7.03 (<0.001)

	
10.49 (<0.001)

	
9.48 (<0.001)
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