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SUMMARY

[ bwo separate studjes, implanted carbon fibers were
used to treat teadinitis of the digial flexor tendon in
Thoroughbred racehorses. In the first study, in 28 horses
that were salvage cases, 7% (P < 0.05) healed sufficiently
to be able 1o return to competitive racing afier receiving
carban fibers. la 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 digatal
flexor tendinitis im both chroaic and subacute 10junes.
Histelogical studies showed that the carbon fibers were
biocompatible and suggested that the mechanism of their
action involved induction of fibrows 1gsee of Bcreased
vascularization.

INTRODUCTION

Digital flexor tendinitis is a pamicularly debilitating
injury in the athletic horse because the large physical forces
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transmilted by the tendons duning racing and the possitle
loss of teadon elasticity frequently result in re-imjury.
Warious atlempds have been made to augment normal
healing, incleding thermocautery, fendon-splitting, au-
inlogous-tissue grafting, check ligament desmatomy, and
synihetic prostheses, but none of these procedures has been
shown in 3 controlled stedy 10 be superior to conservative
therapy.

Implanied carbon fibers have been siudied in both
sirained and transected tendons in horses. In the laiter
cases, the carbon fibers were woven through the tendon and
secured using sutures and knods, with generally poor re-
sults.' 34 The resulis were more promising when ke
carbon fibers were implanted without fixation in sirained,
but intact, tendons. 387 1a 40 horses in which a bundle of
40,000 carbon fibers was implanted in a surgically-created
T-shaped bed in the tendon, & refumed to racing, 3 failed.
and 31 were in training.® In 7 horses (5 salvage cases) in
which bundles of 5,000 carbon fibers were passed through
the tendon using 4 cannula, 3 returned 1o previous use, and
4wereintraining.? 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 invelving strained rendons and
on our Yodies af the tissue reaction 10 carbon (thers of
known purity and compasition in animals and hu-
mans, M08 ganegred that carbon fibers might be
useful for treating tendinitis of the digital flexor tendons in
racehiorses. The results of iwa clinical studies designed 1o
test this hypothesis are reporied here. In addition, hisio-
logical studies were performed in a separate group, of
korses to examine the biccompatibility of carbon fibers
and their ability 10 induce connective-tissue growth and
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inereased vascularization. Preliminary results of the clini-
cal study were reported previously. '

METHODS

Two separate sludies were conducted. In the first, 28
injused Tharoughbred racehorses that failed treatment for
tendinilis consisting of rest and drugs, and were therefore
wnable 16 felufa 0 competitive racing, received carban
fibers in the ajured 1endons. The average elapssd hime
befween injufy and 1the implant surgery 'was 11 months. In
each insfapce, enlty i6to the study was the alizrnative 19
retirement from competitive racing, and the horse was not
accepted into the study unless the ownér agreed (o 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 i3 0o objective and
gquantifiable classification system for equine tendinitis, &
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 wotting. Generally, a
slight injury corresponded to fiber disruption estimated to
be 1255 than 20% of the tendon cross-section when viewed
with ultrasound: moderate and severe comesponded 1o
injuries of 20-40% and »40%, respectively. However, it
was the overall result of the clinkcal examination, and mot
any particular sympiom or measurement that determined
the assigned class. If the temdon lesion extended 1o within
I em of the annular ligament, the borse was excluded from
study; 3 horses were excluded on this basis. Since each
horss 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 restricied bo unilaz-
eral injuries involving only one tendon. A randomized
control group was mot included because the successful
return of & raceborse 1o the racetrack following injuries of
the severity studied was felt by the individual owners to be
unlikely, and they refused to panticipate in the study if not
randomized 1o the carbon-fiber group. Consequently, a
contral group for the second study was chosen from borses
fhat had beeq treated for 1eadinitis and that met the other
entry criteria; the controls were contributed by one veteri-
pary practice because of the availability of the medical
records pecessary to insure the choice of appropriate con-
trols. Four contro] horses were treated concurrenily with
the carbon-fiber horses (because the owner refused car-
bon-fiber treatment), and 22 were obrained from the medi-
cal records from the immediately preceding five-year pe.

arz

fiod. & consecutive SENES was formed consesling o Thor
oughbred racehories with iijunes comparable il Sévery
ko the horses ihat recesved carbon fibers. The histaocal and
concurrently-ireated controls were 5|._'-'.|.-|3. prepared [ar
racing similarly 10 the horses that received carbon fibers
The distribution of horses amang ihe injury grades did nor
differ bevween the carbon-fiber and conirel groups. as
determined using the x* test

The |:11;'.‘:|n| ;".'.'FS': Plaseafil, Harizon, BSA)} was
approximaiely 1.5 mm in diameter and 20 cm long. and
consisted of 4 carbon-fiber bundles of 10,000 fibers £ach
lashed 1ogeiher at the ends wsing synithetic absorbable
suture material. Each carbon fiber was abowt & pm
diameter and was composed of 92% carbon, 7% nirogen,
and trace amounts of oxygen. Meither epoxy nor any ather
potentially tissue-toxic substance was used during manu-
facture of the fibers. Adhering broken fibers and debris
praduced during the manufaciuring process were removed
from the implant in an ultrasonic bath, and the implant was
coated with gelatn/glyeeral to facilinate handling during
surgery. The sergical instruments used for placing the
implant in the tendon are shown in Figure 1. The version of
the CFS™® thai was available a1 the time of this study could
rot reliably be detected by ulirasound

The surgical procedure, 3 modification of Litlewood's
method, ¥ was performed under general anesthesia with the
horse in lateral recumbency. The area between the carpus
and the pastern jorat was shaved, and the limb was Nixed in
extension to obtain the correct angle for the introduction of
the instruments. Afier preparing a sterile field, a stab
wound was made through the skintothe center of the 5D7T
at abawl 10em disial tothe tendon Lesion; whers necessary,
the wound penetrated the SDFT 1o the center of the DDFT
A trocar and cannula were insered theough the incision up
the center of the tendon 1o near the carpometacarpal joint;
when the trocar was removed, the implant could be placed
inta the tendon through the cannula. The cannula was then
removed, and the tendon sheath and skin were sutured. The
entire procedure was completedin 3-10 minutes. A suppori
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 Sexsr tendons (Plastafil. Horizon, ASA). From
left to right: probe, cannula, implant (about 20 cm lang |
introducer
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Tatée 1. Use of carbon Foers in racenorses that failed sndfial conservative treatment far tgnainihs of the digial lgxor tenidans
cansisting of rest and drugs. SOFT, supedicial digital Rexor tendon. DOFT, deep digital flexss 1enden LE AF jaf and right
faredmby, respectively. |, I treatment faiure and success, res pectively. The number of races suctesshully completed atthe
time of the last follow-up i shawn in parentheses. Degree of injury: =, Sight +«, moderate: ses severs Statistical
signdficance was determined using Mchamar's test for repeatod measuras ¥

PRICH TREATMENT

AGE INJURED DEGREE OF CARBCN
HORSE Iyears| Lag TENDON IMIURY Moribs Riagult FiBESS
1 5 BF SOFT 44 i i EiET]
2 4 LE SDFET + -] & LA k]
3 i LF SOFT e [ il Ll il
& B LF S0FT +& -] 4 L]
5 3 RF Z0FT += E i 15
[ 4 LF 20FT tt B 4 ")
7 5 LF S0FT e & + i
a 3 LF SOFT o T } i
=) B LF SOFT i T 4 i
x| H | RE S0FT hd B it i
& 3 RF S0FT ww B 4 LN
12 3 RF S0FT s g i i
13 4 LE S0FT aw g i fim
14 8 RE S0FT s 12 4 i
15 8 LF DOFT paa 14 | = |
15 g LF SOFT +4s 5 | 13
17 d LF S0OFT +as 24 N ]
HF DOFT
14 4 BE SCFT rh " i 4
BE DoFT
2 5 LE SOFT e il k 12
LF ODFT
21 3 RAF SOFET $ad 24 & t (%
RF DODFT
22 4 RF SOFT T 13 b .
LF BOFT *
23 2 LF SOFT . i b b L]
RF SDFT ®
24 i LF S0FT sk & b B
. RF S0FT e
25 g LF S0ET Frey 12 I ]
RF S0FT ++
a8 3 LF SOFT e 20 k !
AF SOFT T
27 4 LF SDFT dad ] b ]
FAF SDFT LTS
LF DOFT
a6 L LF SOFT bad 24 i 4
HF SOFT -+
LF DOFT
Croarall Factional success V28" VR
. as
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Tabie 2, Use of carkion fibers in racehorses as a treatment for landinitis of the digdal llaxor tandons_ comparad with fraatimant
censisting of rest and drugs (except for cases no. 12, 23, 26 wheeh also included tendan-splitting, laser, and magnatic
narapy. respectively). SOFT, superficial digital flexor tendan. DDFT, deep digital flaxer tendan, | ¢ treatment falure and
success, respectively. The number of races successfully complated at Ihe time of the st fallow.up is shown n pareniheses
Dagree ol injury: +, slight; ««, moderate, =+, severs. The Jistribubons of wgury grade were asl identical babwesn the 2
groups, but they did not differ significantly as deftarmaned by the ¥ last. The diflerence in resulis betvesn the 2 aroups was
alse evaluated wsing +*, and the groups differed significantly, as indicated.

COMTRCL CASES
AGE TENDOH AND
HIORSE [yBAFE) DEGREE RESLLY
1 1 SOET 44 bl b
2 B SOFT 44 fiE)
3 3 SDFT +é+ i
& 3 SOFT &+ i)
5 £ SOFT 444 i
& 3 SLFET +es .
f 3 SDET +4 i
2 -] SOFT ++4 '
7| 4 SDFT ++ i
10 3 SDFT ##w 4
11 3 SOFT s#s !
12 4 SDFT +4+4 i
13 5 SOFT ++  }
14 i S0FT waw 4
15 | SOFT sas 4
18 4 S0FT 44+ !
g 4 SOFT ++s it
18 4 SOFT +++ 1=
18 L S0FT www 4
20 3 SOFT & i
21 B E0FT wa 1
22 B E0FT T3
23 4 Z0FT & il
24 a4 EOFT &+ 4
25 g SOFT &4+ 4
i5 3 EOFT &+ L

Fraciicnal success E/26

CARBON-FIBER CASES

AGE TENDOHN AMD
HORSE (years| DEGREE RAESULT
1 2 S0FET ++ F 11}
2 a SOFT + "
3 3 SOFT &= f &)
4 3 OOFT += P2l
5 B SDFT &+ P2y
@ b SOFT #44 i
7 k| SOFT =+ t
B 2 SOFT =+ i)
] 5 SOFT =++ L
10 2 SOFT aw F
11 . SDFT ses T {ha)
12 a S0OFT a4+ iy
13 3 SOFT e i
14 3 SOFT aws T s
15 [ SOFT &« * 4]
16 g SOFT « 1 &
17 4 SOFT &+ i
18 4 SOFT =» L
1§ F SOFT swi 143
Fractional success 14/10* *P < .05

All horses received standard rehabilitation ireatment"*
modified as follows. The horse was confined 1o a stall for
t weeks, 1o 8 small paddock for the next 6 weeks, and then
pastured for 3-6 months where it was permitied unlimited
exercise. Thereafier, the horse began a 3-6-month training
period that involved running at progressively greater speeds.
until the horse reached its highesd performance level; the
control horses were trained similarly. If the korse com-
pleted its training program and retumed 1o the racetrack,
and completed at least one race at any compeditive 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

AT4

received carbon fibers was determined. The horses that
entered the study atits Beginning and were treated success-
fully had an opportunily o enter races during several
FACING SEAS0NS,

To evaluale the tissue reaction 1o carbon fibers in
comparison with the known reactions in other animals and
in humans, implans were placed i the SDFT in 5 horses
and recovered at 6, 14, 18, and 25 (2 horses) months after
implantation, Special histological techniques were devel.
oped 10 permit sectioning of the carbon fikers for visualiza-
tion of the induced conmective lissue 81212 Briefly, speci-
mens were embedded in epoxy, cut longitudinally at 0.75
micromelers on an ultramicrotome using & diamond knife,
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Figure 2. Representative longitudinal sections showing tissue induced inside carban-fiber Bundlas implantad in the sswne
superficial digital flexcr tendon; A, 6 months. B, 14 manths. The individual carban fibers (Bum in diamater) were s matter g

oy the diamond kade, and same of the debris was displaced from its original bed

and stained with Toluidine 0%asie fuchsin, The method
permits study of the induced Hissue that occurred at kpown
distances from the carbon surface (because the actual
carbon-fiber bed ean be direcsly observed).

The effect of carbon fibers in the first study was
evaluated by McMNemar's fesd for repeated measures. " The
dara from the second study was evaluated using the ¥ test.
The chosen significance |eve] was P < 0.05 in both cases.

RESULTS

Study No, 1

The results are shown 1 Table 1, Horses 1-17 cach
suffered a moderate or severs injury to one tendon (the
SOFT in all but ope case), were treated with rest and drugs
for the indicared periods, but were smable o feturn 1o
compentive racing. Following implantation of carbon -
bers and the subsequent period of rehabilitation, 65% (11/
170 horses successfully comgpleied one or more races.
Harses IB-I8 (Table 1) had sustained multiple tendon
injuries. After receiving carbon fibers in cach of the injured
tendons, 43% (3/11) of the horses returned 1o racing. Thus,
the overall success with carbon fibers in the salvage group
was $T% (16,/28) (P < 0,05)

Study Mo, 2

Carbon fibers were implanted within 30 days of an
injury toone tendon (e SODFT in all but ane case), with the
result that 74% of the horses (14/19) retermed 1o racing
(Table 2). The success rate in the contral group, which was
comparable 1o the carbon-fiber group with regard to age,
degree of injury, and extent of rehabilitation, was 23% (P
< [.05),

Histalogical Studies
I 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 carben fibers and formed a matrix of
collagen fibers, fibroblases/ fibrocytic cells, and thin-walled
blood © zssels; the amount of tissue ingrowth increased
between 6-14 months postoperatively (Figure 2), but not
thereafier. Macrophages were occasionally seen in perivas-
culas locations, but eosinophils, foreign-body gianl cells
and phagocyiosis of carban-fiber panicles were not ob
served

DISCUSSION

>everal factors musa be considered in evaluating the
wsefulness of carban fibers in the treatment of tendinitis in
racchorses. In the firs! study {Table 13, each horse sepved
as iis own coatrol because cach 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 1o the racetrsek:
consequently, the results (Table 1) 1end fo0 overestimate the
efficacy of carbon fibers because they counted as successes
both (1) horses that benefited from the implans and (2
borses that benefiied solely from the concomitant ress
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 T9%
of horses that received radial check ligament desmotomy
teturned to racing."” However, the success rate for initial
treatment of tendinitis of the digital flexor tendons n
racehorses s generally low (about 23% in our study, Tab|e
Z, Control cases), and the success rate fora group of horses
that received a second control treatment would probably be
dill lower, It is, therefore, unlikely that an appreciable
percentage of the horses would have returned 1o racing if
they had been treated a second time with resd and drugs, bt
withoul carban fibers.

[ the second study (Table 2}, the control cases were

Wolume 14, NMumbar T, 1954
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drawn from only one of the 3 veterinary practices that
contributed the carbon-fiber cases (hecause of the avail.
ability of necessary historical documentation); this raises
the issue of the comparability of the two groups. The
controf and carbon-fiber cases were similar with respect to
age, degree of injury, and exient 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 borses. These considerations indicated that the
control group was & reasonable basis for comparison.

Either the implant itself or the tunnel created by the
cannufa 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 pasition of the implant in relation to the lesion.
Although the goal of the surgical procedure was 1o traverse
the lesion with the implant, it was possible that some
lesions were peripheral 1o the implant or extended maore
distally than the implant (the implant entered the tendon 2
minimum af 2 cm below the estimated distal margin of the
lesion). Both factors bissed against carbon flbers because
any clinical failuee would have been aitributed 1o the jack
of efficacy of the implant ratker than 1o its mispositioning.
Thus, the absence of documentation of position tended to
produce eror 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
uniferm among all equine practitioners. Nevertheless, since
it was applied consisiently throughout boih studies, dis-
agreement concerning the classification of individual horses
would mot 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 1o directly assess level of
performance in relation to treatment with carbon fibers.

Diespite the uncertainties, it is reasonable to conclude
that the observed success rate in the borses that received the
implant was greater than would otherwise have occurred,
and was due 1o the carbon fibers and not simply to the
concomitant rehabilitation procedures followed in the study.
But since sham surgical procedures were not performed
(inszrtion of the cannula but no implant), the quantum of
the effect attributable to the surgieal procedure, if any, is
unknown. In the future, use of a severity rating scale such
as that developed by Gepovese et al.' for quantitating
lesions of the SDFT using ultrasound might permit more
effective use of carbon fibers, panicularly if the implamt

can be modified to increase its echagenicity

The enhanced ability of the horses that received car-
bon fibers ro return 1o competilive racing could nol have
been denved from the mechanical sirength of the carbon
fibers because the implant was not sutured or others ise
affixed to the host tendon. Previous studies invalving use
of carbon fibers in the gastrocnemius tendons in rabbits, '
cranial cruciate ligament in goats. ' avdominal-wall muscles
inrats " and anlenor cruciate ligaments in humans® showed
that the biological response to the type of carbon fibers
used here was growth of a conmective-tissue matrix 1hat
was well supplied with blood vessels, and the tissue re-
sponse in horses was similar (Figure 2). Although meos:
studies of tissue response 1o carbon fibers have similarly
reported excellent biocompatibility " B EH 4o
histological changes have also been repored. 7 There
have been no reports of adverse tissue changes invalving
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 coyld
have involved the induced connective tissue that occurred
a5 3 result of the implanl, 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 vasculanzation that occurred in response 1o the
carbon fibers. The blood supply of the equine superficial
digital flexor tendon is primarily intratendinous, and is
middle third is least well vascularized ™ The increased
vascularization induced by the implant may have favorahly
altered the amount or quality of the repair tissue at the site
of the lesion.
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