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S U M M A R Y  

In two separate studies, implanted carbon fibers were 
used to treat tendinitis of the digital flexor tendon in 
Thoroughbred racehorses. In the first study, in 28 horses 
that were salvage cases, 57% (P < 0.05) healed sufficiently 
to be able to return to competitive racing after receiving 
carbon fibers. In the second study, 19 horses received 
carbon fibers within 30 days of injury, and 74% returned to 
racing compared with 23 % of the 26 horses in a historical 
control group (P < 0.05). The results indicated that use of 
carbon fibers was an effective treatment for equine digital 
flexor tendinitis in both chronic and subacute injuries. 
Histological studies showed that the carbon fibers were 
biocompatible and suggested that the mechanism of their 
action involved induction of fibrous tissue or increased 
vascularization. 

I N T R O D U C T I O N  

Digital flexor tendinitis is a particularly debilitating 
injury in the athletic horse because the large physical forces 
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transmitted by the tendons during racing and the possible 
loss of tendon elasticity frequently result in re-injury. 
Various attempts have been made to augment normal 
healing, including thermocautery, tendon-splitting, au- 
tologous-tissue grafting, check ligament desmotomy, and 
synthetic prostheses, but none of these procedures has been 
shown in a controlled study to be superior to conservative 
therapy. 

Implanted carbon fibers have been studied in both 
strained and transacted tendons in horses. In the latter 
cases, the carbon fibers were woven through the tendon and 
secured using sutures and knots, with generally poor re- 
suits. 1,2,3,4 The results were more promising when the 
carbon fibers were implanted without fixation in strained, 
but intact, tendons, s,6,7 In 40 horses in which a bundle of 
40,000 carbon fibers was implanted in a surgically-created 
T-shaped bed in the tendon, 6 returned to racing, 3 failed, 
and 31 were in training. 5 In 7 horses (5 salvage cases) in 
which bundles of 5,000 carbon fibers were passed through 
the tendon using a cannula, 3 returned to previous use, and 
4 were in training. 6 In 34 horses in which bundles of 40,000 
carbon fibers were introduced percutaneously using a 
curved needle, the success rate was 21%. 7 

Based on the studies involving strained tendons and 
on our studies of the tissue reaction to carbon fibers of 
known purity and composition in animals and hu- 
mans,a.9.10.11,12,13 it appeared that carbon fibers might be 
useful for treating tendinitis of the digital flexor tendons in 
racehorses. The results of two clinical studies designed to 
test this hypothesis are reported here. In addition, histo- 
logical studies were performed in a separate group of 
horses to examine the biocompatibility of carbon fibers 
and their ability to induce connective-tissue growth and 
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increased vascularization. Preliminary results of the clini- 
cal study were reported previously. 14 

M E T H O D S  

Two separate studies were conducted. In the first, 28 
injured Thoroughbred racehorses that failed treatment for 
tendinitis consisting of rest and drugs, and were therefore 
unable to return to competitive racing, received carbon 
fibers in the injured tendons. The average elapsed time 
between injury and the implant surgery was 11 months. In 
each instance, entry into the study was the alternative to 
retirement from competitive racing, and the horse was not 
accepted into the study unless the owner agreed to carry out 
the proposed plan for rehabilitation to the point where the 
horse either returned or failed to return to the racetrack. 
Horses with unilateral or bilateral injuries to the superficial 
digital flexor tendon (SDFT) or deep digital flexor tendon 
(DDFT) were included. Because there is no objective and 
quantifiable classification system for equine tendinitis, a 
standardized system was devised and implemented in 
which the degree of injury in each limb was classified as 
slight (+), moderate (++), or severe (+++), taking into 
consideration the extent of the lesion, pain, swelling, 
degree of lameness, amount of fibrosis and hard swelling, 
and soundness when walking and trotting. Generally, a 
slight injury corresponded to fiber disruption estimated to 
be less than 20% of the tendon cross-section when viewed 
with ultrasound; moderate and severe corresponded to 
injuries of 20-40% and >40%, respectively. However, it 
was the overall result of the clinical examination, and not 
any particular symptom or measurement that determined 
the assigned class. If the tendon lesion extended to within 
2 cm of the annular ligament, the horse was excluded from 
study; 3 horses were excluded on this basis. Since each 
horse had already failed a previous treatment, it was treated 
for statistical purposes as its own control. 

In the second study, 19 horses received carbon fibers 
within 30 days of injury; the study was restricted to unilat- 
eral injuries involving only one tendon. A randomized 
control group was not included because the successful 
return of a racehorse to the racetrack following injuries of 
the severity studied was felt by the individual owners to be 
unlikely, and they refused to participate in the study if not 
randomized to the carbon-fiber group. Consequently, a 
control group for the second study was chosen from horses 
that had been treated for tendinitis and that met the other 
entry criteria; the controls were contributed by one veteri- 
nary practice because of the availability of the medical 
records necessary to insure the choice of appropriate con- 
trois. Four control horses were treated concurrently with 
the carbon-fiber horses (because the owner refused car- 
bon-fiber treatment), and 22 were obtained from the medi- 
cal records from the immediately preceding five-year pe- 

riod. A consecutive series was formed consisting of Thor- 
oughbred racehorses with injuries comparable in severity 
to the horses that received carbon fibers. The historical and 
concurrently-treated controls were slowly prepared for 
racing similarly to the horses that received carbon fibers. 
The distribution of horses among the injury grades did not 
differ between the earbon-fiber and control groups, as 
determined using the X 2 test. 

The implant (CFS ®, Plastafil, Horizon, RSA) was 
approximately 1.5 mm in diameter and 20 em long, and 
consisted of 4 carbon-fiber bundles of 10,000 fibers each, 
lashed together at the ends using synthetic absorbable 
suture material. Each carbon fiber was about 8 Ixm in 
diameter and was composed of 92% carbon, 7% nitrogen, 
and trace amounts of oxygen. Neither epoxy nor any other 
potentially tissue-toxic substance was used during manu- 
facture of the fibers. Adhering broken fibers and debris 
produced during the manufacturing process were removed 
from the implant in an ultrasonic bath, and the implant was 
coated with gelatin/glycerol to facilitate handling during 
surgery. The surgical instruments used for placing the 
implant in the tendon are shown in Figure 1. The version of 
the CFS ® that was available at the time of this study could 
not reliably be detected by ultrasound. 

The surgical procedure, a modification of Littlewood's 
method, s was performed under general anesthesia with the 
horse in lateral recumbency. The area between the carpus 
and the pastern joint was shaved, and the limb was fixed in 
extension to obtain the correct angle for the introduction of 
the instruments. After preparing a sterile field, a stab 
wound was made through the skin to the center of the SDFT 
at about 10 cm distal to the tendon lesion; where necessary, 
the wound penetrated the SDFT to the center of the DDFT. 
A trocar and cannula were inserted through the incision up 
the center of the tendon to near the carpometacarpal joint; 
when the trocar was removed, the implant could be placed 
into the tendon through the cannula. The eannula was then 
removed, and the tendon sheath and skin were sutured. The 
entire procedure was completed in 5-10 minutes. A support 
bandage was applied immediately after surgery and changed 
every 3-4 days as needed. 

Figure 1, Surgical instruments for inserting carbon fibers in 
the digital flexor tendons (Plastafil, Horizon, RSA). From 
left to right: probe, cannula, implant (about 20 cm long ), 
introducer. 
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Table 1. Use of carbon fibers in racehorses that failed initial conservative treatment for tendinitis of the digital flexor tendons 
consisting of rest and drugs. SDFT, superficial digital flexor tendon. DDFT, deep digital flexor tendon. LF, RF, left and right 
forelimb, respectively. ~, t, treatment failure and success, respectively. The number of races successfully completed at the 
time of the last follow-up is shown in parentheses. Degree of injury: +, slight; ++, moderate; +++, severe. Statistical 
significance was determined using McNemar's test for repeated measures. 8 

PRIOR TREATMENT 
AGE INJURED DEGREE OF CARBON 

HORSE (years) LIMB TENDON INJURY Months Result FIBERS 

1 5 RF SDFT ++ 4 ~ t (17) 

2 4 LF SDFT ++ 5 ~ t (1) 

3 4 LF SDFT ++ 6 ~ t (2) 
4 5 LF SDFT ++ 6 ~ 

5 3 RF SDFT ++ 6 ~ t (5) 

6 4 LF SDFT +++ 6 ~ t (4) 
7 5 LF SDFT ++ 6 ~ 
8 3 LF SDFT ++ 7 ~ 
9 6 LF SDFT ++ 7 ~ 

10 3 RF SDFT +++ 9 ~ 

11 3 RF SDFT +++ 9 ~ t (t) 
12 3 RF SDFT ++ 9 ~ 

13 4 LF SDFT ++ 9 ~ t (8) 
14 6 RF SDFT ++ 12 ~ ~ (3) 

15 6 LF DDFT +++ 14 ~ t (32) 
16 5 LF SDFT +++ 19 ~ t (19) 

17 4 LF SDFT +++ 24 ~ t (7) 

18 3 RF SDFT ++ 6 ~ t (2) 
RF DDFT 

19 4 RF SDFT +++ 11 ~ 
RF DDFT 

20 5 LF SDFT +++ 18 ~ ~ (2) 

I.J: DDFT 

21 3 RF SDFT +++ 24 ~ t (5) 
RF DDFT 

22 4 RF SDFT +++ 13 ~ 
LF DDFT + 

23 2 LF SDFT + 4 ~ ~ (4) 

RF SDFT + 

24 4 LF SDFT +++ 6 ~ t (6) 
RF SDFT ++ 

25 5 LF SDFT +++ 19 ~ 
RF SDFT ++ 

26 3 LF SDFT ++ 20 ~ 

RF SDFT ++ 

27 4 LF SDFT +++ 6 ~ 

RF SDFT +++ 

LF DDFT 

28 6 LF SDFT +++ 24 ~ 

RF SDFT ++ 
LF DDFT 

Overall fractional success 0/28* 16/28* 
*P < 0.05 
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Table 2 .  Use of carbon fibers in racehorses as a treatment for tendinit is of the digital flexor tendons, compared with treatment 
consisting of rest and drugs (except for cases no. 12, 23, 26 which also included tendon-splitt ing, laser, and magnetic 
therapy, respectively). SDFT, superficial digital flexor tendon. DDFT, deep digital flexor tendon. ~, t ,  treatment failure and 
success, respectively. The number of races successful ly completed at the time of the last fol low-up is shown in parentheses. 
Degree of injury: +, slight; ++, moderate; +++, severe. The distributions of injury grade were not identical between the 2 
groups, but they did not differ significantly as determined by the X 2 test. The difference in results between the 2 groups was 
also evaluated using ;(2, and the groups differed significantly, as indicated. 

CONTROL CASES CARBON-FIBER CASES 
AGE TENDON AND AGE TENDON AND 

HORSE ~ears) DEGREE RESULT HORSE (years) DEGREE RESULT 

1 3 SDFT ++ t (3) 1 2 SDFT ++ 1' (11) 
2 8 SDFT +++ 1' (9) 2 3 SDFT + 
3 3 SDFT +++ ~ 3 3 SDFT ++ 1' (6) 
4 3 SDFT ++ f (1) 4 3 DDFT ++ 1̀ (2) 
5 5 SDFT +++ ~ 5 3 SOFT ++ 1̀ (2) 
6 3 SDFT +++ ~ 6 3 SDFT +++ 
7 3 SDFT ++ 1' (2) 7 3 SDFT ++ 1' (8) 
8 5 SDFT +++ ~ 8 2 SDFT ++ 1' (1) 
9 4 SDFT ++ ~ 9 5 SDFT +++ 1' (7) 

10 3 SDFT +++ ~ 10 2 SDFT ++ 
11 3 SDFT +++ , 11 3 SDFT +++ 1' (14) 
12 4 SDFT +++ J, 12 3 SDFT +++ 1' (11) 
13 5 SDFT ++ ~ 13 3 SDFT ++ 
14 4 SDFT +++ ~ 14 3 SDFT +++ 1' (5) 
15 3 SDFT +++ ~ 15 6 SDFT ++ 1' (4) 
16 4 SDFT +++ ~ 16 5 SDFT + 1' (6) 
17 4 SDFT +++ ~ 17 4 SDFT ++ 
18 4 SDFT +++ 1' (5) 18 4 SDFT ++ 1' (2) 
19 4 SDFT +++ ~ 19 2 SDFT +++ 1' (2) 
20 3 SDFT + 
21 8 SDFT ++ 
22 6 SDFT + 1' (2) 
23 4 SDFT + 
24 4 SDFT ++ 
25 5 SDFT +++ 
26 3 SDFT ++ 

Fractional success 6/26 Fractional success 14/19" *P < 0.05 

All horses received standard rehabilitation treatment is 
modified as follows. The horse was confined to a stall for 
6 weeks, to a small paddock for the next 6 weeks, and then 
pastured for 3-6 months where it was permitted unlimited 
exercise. Thereafter, the horse began a 3-6-month training 
period that involved running at progressively greater speeds 
until the horse reached its highest performance level; the 
control horses were trained similarly. If the horse com- 
pleted its training program and returned to the racetrack, 
and completed at least one race at any competitive level, it 
was regarded as a success: All other outcomes (including 
injury during the first race) were regarded as failures. 
Follow-up continued until the fate of each animal that 

received carbon fibers was determined. The horses that 
entered the study at its beginning and were treated success- 
fully had an opportunity to enter races during several 
racing seasons. 

To evaluate the tissue reaction to carbon fibers in 
comparison with the known reactions in other animals and 
in humans, implants were placed in the SDFT in 5 horses 
and recovered at 6, 14, 18, and 25 (2 horses) months after 
implantation. Special histological techniques were devel- 
oped to permit sectioning of the carbon fibers for visualiza- 
tion of the induced connective tissue .e,12,13 Briefly, speci- 
mens were embedded in epoxy, cut longitudinally at 0.75 
micrometers on an ultramicrotome using a diamond knife, 
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Figure 2. Representative longitudinal sections showing tissue induced inside carbon-fiber bundles implanted in the equine 
superficial digital flexor tendon; A, 6 months; B, 14 months. The individual carbon fibers (Sp.m in diameter) were shattered 
by the diamond knife, and some of the debris was displaced from its original bed. 

and stained with Toluidine 0/basic fuchsin. The method 
permits study of the induced tissue that occurred at known 
distances from the carbon surface (because the actual 
carbon-fiber bed can be directly observed). 

The effect of carbon fibers in the first study was 
evaluated by McNemar's test for repeated measures. 16 The 
data from the second study was evaluated using the X 2 test. 
The chosen significance level was P < 0.05 in both cases. 

RESULTS 

Study No. 1 
The results are shown in Table 1. Horses 1-17 each 

suffered a moderate or severe injury to one tendon (the 
SDFT in all but one case), were treated with rest and drugs 
for the indicated periods, but were unable to return to 
competitive racing. Following implantation of carbon fi- 
bers and the subsequent period of rehabilitation, 65% (11/ 
17) horses successfully completed one or more races. 
Horses 18-28 (Table 1) had sustained multiple tendon 
injuries. After receiving carbon fibers in each of the injured 
tendons, 45% (5/11) of the horses returned to racing. Thus, 
the overall success with carbon fibers in the salvage group 
was 57% (16/28) (P < 0.05). 

Study No. 2 
Carbon fibers were implanted within 30 days of an 

injury to one tendon (the SDFr in all but one case), with the 
result that 74% of the horses (14/19) returned to racing 
(Table 2). The success rate in the control group, which was 
comparable to the carbon-fiber group with regard to age, 
degree of injury, and extent of rehabilitation, was 23% (P 
< 0.05). 

Histological Studies 
In 5 horses implanted with carbon fibers in the SDFT 

and sacrificed 6-25 months thereafter, similar histologic 

features were seen in all cases. Tissue ingrowth occurred 
between individual carbon fibers and formed a matrix of 
collagen fibers, fibroblasts/fibrocytic cells, and thin-walled 
blood vessels; the amount of tissue ingrowth increased 
between 6-14 months postoperatively (Figure 2), but not 
thereafter. Macrophages were occasionally seen in perivas- 
eular locations, but eosinophils, foreign-body giant cells, 
and phagocytosis of carbon-fiber particles were not ob- 
served. 

D I S C U S S I O N  

Several factors must be considered in evaluating the 
usefulness of carbon fibers in the treatment of tendinitis in 
racehorses. In the first study (Table 1), each horse served 
as its own control because each had failed a previous 
treatment that consisted principally in an extended period 
of rest. A second similar treatment might have resulted in 
the successful return of some of the horses to the racetrack; 
consequently, the results (Table 1) tend to overestimate the 
efficacy of carbon fibers because they counted as successes 
both (1) horses that benefited from the implants and (2) 
horses that benefited solely from the concomitant rest 
period. Moreover, it is possible that some of the horses 
would have been successes if they had received a different 
initial treatment; for example, Bramlage reported that 79% 
of horses that received radial check ligament desmotomy 
returned to racing, lr However, the success rate for initial 
treatment of tendinitis of the digital flexor tendons in 
racehorses is generally low (about 23% in our study, Table 
2, Control cases), and the success rate for a group of horses 
that received a second control treatment would probably be 
still lower. It is, therefore, unlikely that an appreciable 
percentage of the horses would have returned to racing if 
they had been treated a second time with rest and drugs, but 
without carbon fibers. 

In the second study (Table 2), the control cases were 

Volume 14, Number 7, 1994 375 



drawn from only one of the 3 veterinary practices that 
contributed the carbon-fiber cases (because of the avail- 
ability of necessary historical documentation); this raises 
the issue of the comparability of the two groups. The 
control and carbon-fiber cases were similar with respect to 
age, degree of injury, and extent of post-injury rehabilita- 
tion. In addition, an analysis of the success/failure ratios 
using carbon fibers in each of the 3 practices disclosed no 
significant differences among the practices, suggesting 
that it is unlikely that there would have been significant 
differences between practices involving conservatively 
managed horses. These considerations indicated that the 
control group was a reasonable basis for comparison. 

Either the implant itself or the tunnel created by the 
cannula could sometimes be resolved in the longitudinal 
plane immediately using ultrasound. Thereafter, as tissue 
grew into the fiber bundle, the implant became anechoic. 
Thus, ultrasound was generally not useful for documenta- 
tion of the position of the implant in relation to the lesion. 
Although the goal of the surgical procedure was to traverse 
the lesion with the implant, it was possible that some 
lesions were peripheral to the implant or extended more 
distally than the implant (the implant entered the tendon a 
minimum of 2 cm below the estimated distal margin of the 
lesion). Both factors biased against carbon fibers because 
any clinical failure would have been attributed to the lack 
of efficacy of the implant rather than to its mispositioning. 
Thus, the absence of documentation of position tended to 
produce error in the direction of concluding that carbon 
fibers were not efficacious (type 2 statistical error). 

The scale for assessment of injury may have resulted 
in classification of some horses that would not have been 
uniform among all equine practitioners. Nevertheless, since 
it was applied consistently throughout both studies, dis- 
agreement concerning the classification of individual horses 
would not be expected to have a material impact on the 
evaluation of the usefulness of carbon fibers. 

Some horses had never raced prior to injury, and 
consequently, had not established a level of performance; 
in other cases, follow-up ended before individual horses' 
ultimate performance levels were established. Conse- 
quently, it was not possible to directly assess level of 
performance in relation to treatment with carbon fibers. 

Despite the uncertainties, it is reasonable to conclude 
that the observed success rate in the horses that received the 
implant was greater than would otherwise have occurred, 
and was due to the carbon fibers and not simply to the 
concomitant rehabilitation procedures followed in the study. 
But since sham surgical procedures were not performed 
(insertion of the cannula but no implant), the quantum of 
the effect attributable to the surgical procedure, if any, is 
unknown. In the future, use of a severity rating scale such 
as that developed by Genovese et al. is for quantitating 
lesions of the SDFT using ultrasound might permit more 
effective use of carbon fibers, particularly if the implant 

can be modified to increase its echogenicity. 
The enhanced ability of the horses that received car- 

bon fibers to return to competitive racing could not have 
been derived from the mechanical strength of the carbon 
fibers because the implant was not sutured or otherwise 
affixed to the host tendon. Previous studies involving use 
of carbon fibers in the gastrocnemius tendons in rabbits, 9,12 
cranialcruciateligament in goats, 1°abdominal-wall muscles 
in rats 10 and anterior cruciate ligaments in humans s showed 
that the biological response to the type of carbon fibers 
used here was growth of a connective-tissue matrix that 
was well supplied with blood vessels, and the tissue re- 
sponse in horses was similar (Figure 2). Although most 
studies of tissue response to carbon fibers have similarly 
reported excellent biocompatibility, 21.22.z~,24'2s,~ adverse 
histological changes have also been reported. 27,2s There 
have been no reports of adverse tissue changes involving 
the animal or human use of carbon fibers having the purity 
of those used in this study. 

The mechanism of action of the carbon fibers could 
have involved the induced connective tissue that occurred 
as a result of the implant. The induced tissue, which was 
longitudinally oriented and traversed the region of the 
lesion, may have functioned as an internal stent thereby 
adding mechanical strength at the site of the defect. Alter- 
natively, the mechanism of action might have involved the 
increased vascularization that occurred in response to the 
carbon fibers. The blood supply of the equine superficial 
digital flexor tendon is primarily intratendinous, and its 
middle third is least well vascularized. ~ The increased 
vascularization induced by the implant may have favorably 
altered the amount or quality of the repair tissue at the site 
of the lesion. 
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