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Summary
Objective: Even though equine multi-limb 
tendinopathy models have been reported, it 
is unknown if fore- and hindlimb tendon 
healing behave similarly. The aim of this 
study was to compare the healing process of 
surgically induced superficial digital flexor 
tendon (SDFT) core lesions of fore- and hind-
limbs in horses. 
Methods: Tendon core lesions were surgi-
cally induced in the SDFT of both fore- and 
hindlimbs in eight horses. One randomly as-
signed forelimb and one randomly assigned 
hindlimb were injected with saline one and 
two weeks post-surgery. The healing process 
was monitored clinically and ultrasono-
graphically. After 24 weeks, the tendons 
were harvested and biochemical, biomechan-

ical and histological parameters were evalu-
ated. 
Results: Twenty-four weeks post-surgery, 
the forelimb SDFT lesions had a significantly 
higher colour Doppler ultrasound vasculariz-
ation score (p = 0.02) and glycosaminogly-
can concentration (p = 0.04) and a signifi-
cantly lower hydroxylysylpyridinoline content 
(p = 0.03). 
Clinical relevance: Our results indicate that 
fore- and hindlimb SDFT surgically induced 
lesions exhibit significant differences in sev-
eral important parameters of tendon healing 
24 weeks post-surgery. These differences cre-
ate significant challenges in using all four 
limbs and accurately interpreting the results 
that one might generate. Therefore these 
findings do not support the use of four-limb 
models for study of tendon injury until the 
reasons for these differences are much better 
understood.
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Introduction 
Tendon pathologies are among the most 
common musculoskeletal disorders in 
horses (1). Some tendons are more prone 
to injury than others and the superficial 
digital flexor tendon (SDFT) is one of the 
most commonly affected structures (1–4). 
Tendon lesion distribution varies between 
horses engaged in the different equestrian 
disciplines, but in general SDFT lesions af-
fect the forelimbs more often than the 
hindlimbs (1, 3, 4). Several studies have de-
termined that peak vertical force and the 
associated stresses on the internal struc-
tures of the distal portion of the limb are 
higher in the forelimbs, leading to the sug-
gestion that limb load distribution may 
play an important role in the development 
of musculoskeletal disorders in the horse 
(5-8). The authors of an in vivo study have 
proposed that biomechanical loading of 
tendons is involved in the initial enlarge-
ment of lesions (9). It is therefore conceiv-
able that the differences in the load dis-
tribution and kinematics between fore- and 
hindlimbs might elicit different responses 
to tendon lesions in terms of lesion devel-
opment, propagation and healing. 

Several experimental models of equine 
SDFT tendinopathy have been developed; 
these are aimed at gaining a better under-
standing of the tendon healing process 
through the study of the response to artifi-
cially created lesions (10–13). These mod-
els have also been used to determine the ef-
fect of different therapeutic approaches to 
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tendon healing and to evaluate the effect of 
diagnostic analgesia (14-16). The models 
have traditionally been used in forelimb 
SDFT, since, as previously mentioned, 
natural lesions more often affect them and 
because both forelimbs are subject to simi-
lar biomechanical loads. Recently, a quad-
rilateral equine SDFT lesion model was re-
ported in which lesions were induced in 
the SDFT of both fore- and hindlimbs and 
then randomly assigned to treatments 
using different therapeutic modalities (17). 
If fore- and hindlimb SDFT lesions have a 
similar healing pattern, it would make this 
model attractive for certain types of evalu-
ations. However, for studies investigating 
therapies that have the potential for cross-
over effects from one limb to another due 
to systemic effects or cell migration, this 
multi-limb model may not be a suitable 
choice. The recent use of multi-limb equine 
tendinopathy models calls for further in-
vestigation to determine if the healing of 
SDFT lesions in fore- and hindlimb are 
comparable.

The aim of this study was to compare 
the development (by ultrasonographic 
monitoring) as well as the outcome (based 
on biochemical, biomechanical and histo-
logical parameters) of standardized, surgi-
cally induced, SDFT core lesions of fore- 
and hindlimbs in horses. We hypothesized 
that there would be significant differences 
in the propagation and healing pattern be-
tween fore- and hindlimb SDFT lesions 
that would preclude direct comparison be-
tween fore- and hindlimbs when using this 
experimental model.

Materials and methods
This study was part of a larger research 
project in which the effect of an autologous 
platelet concentrate on tendon healing was 
compared to saline control (18). The pres-
ent study used data derived from saline-
treated fore- and hindlimb SDFT lesions 
only. 

Experimental animals

This study was approved by the Bioethical 
and Animal Welfare Committee, School of 
Veterinary Medicine, National University, 
Costa Rica. Eight 2.5– to six-year-old 
mixed breed horses (average weight of 434 
± 38 kg) were selected for this study. The 
animals were free of lameness and did not 
exhibit any clinical or ultrasonographic 
signs of acute or chronic injuries of the 
SDFT in any of the four limbs. The horses 
were housed in individual boxes, fed a 
maintenance ration of concentrate with 
hay and had free access to water. 

Lesion induction 

All surgical procedures were performed 
while the horses were under general anaes-
thesia. The horses were sedated with xy-
lazinea (1.1 mg/kg bodyweight [bwt] IV) 
and then anaesthetized using ketamine and 
midazolamb (2.2 mg/kg bwt IV). There-
after, the anaesthesia was maintained using 
an isofluranec based closed circuit. Core 
lesions in the SDFT of all fore- and hind-
limbs were created using an adaptation of a 
previously described surgical model (11). 
In brief, a linear array multi-frequency 
probed covered with a sterile palpation 
sleeve was used to identify the incision site, 
just proximal to the proximal recess of the 
digital flexor tendon sheath. A 1.5 cm skin 
incision was performed in the selected site 
using a No. 10 scalpel blade and then a stab 
incision was made through the paratendon 
with a No. 15 scalpel blade. Using ultraso-
nographic guidance, an inactivate dispos-

able sideways-cutting 3.5 mm motorized 
synovial resectore was introduced proxim-
ally using manual pressure into the core of 
the tendon over a length of 7 cm. Once in 
position, the synovial resector was acti-
vated and slowly removed in approxi-
mately 20 seconds while repeatedly rotat-
ing the handpiece 180° in clockwise and 
counterclockwise directions. The para-
 tendon and skin were closed using a simple 
interrupted suture pattern.

Postoperative care

The animals were treated with phenylbuta-
zonef (2.2 mg/kg bwt p.o. twice daily) and 
penicillin-streptomycing (1 ml/25 kg bwt 
IM once daily) one hour preoperatively 
and for three days postoperatively. More-
over, the horses were box-rested and the 
distal limbs were immobilized using a 
regularly changed Robert Jones bandage 
for three weeks. From week four onwards, a 
controlled exercise program was initiated 
(▶ Table 1). The vital parameters, weight 
bearing, presence of lameness at walk, local 
swelling and signs of sensitivity were moni-
tored daily throughout the study. At week 
24, the lameness was graded using the 
American Association of Equine Practi-
tioners lameness score (19). The tendon 
tenderness was classified as absent (no 
reaction), mild (focal sensitivity without 
limb withdrawal), moderate (focal sensitiv-
ity with slow limb withdrawal), and severe 
(focal sensitivity with fast limb withdrawal) 
depending on the reaction of the horse to 
palpation. 

Treatment protocol

Intra-lesional treatment was performed 
one and two weeks post-surgery. The ani-
mals were sedated using xylazinea (1.1 mg/
kg bwt IV), the limbs were aseptically pre-
pared and the injection site was desensi-
tized using 1 ml of subcutaneous lidocai-
neh. The limbs were left and right random-
ized by coin toss and each pair of forelimbs 

a Procin® Equus: Pisa Agroveterinarios, Hidalgo, 
Mexico

b Ketamid®: Holliday, San Isidro, Argentina
c Aerrane: Baxter International Inc, Deerfield, 

 Illinois, USA
d DP 3300 Vet: Mindray, Shenzhen, China

Table 1 Exercise regimen of the horses after 
quadrilateral lesion induction of the superficial 
digital flexor tendons.

Weeks post 
lesion  induction

1–3

4–6

7–10

11–14

15–20

21–22

23–24

Walk 
 (min/day)

-

10

20

30

40

35

30

Trot 
 (min/day)

-

-

-

-

-

5

10

e RazorcutTM Blade: Smith & Nephew, Andover, 
Massachusetts, USA

f Fenilbutazona: Lisan, San José, Costa Rica
g Pen-Strep: Norbrook, Newry, Ireland
h Lidocaína HCL 2%: Laboratorios Faryvet, Heredia, 

Costa Rica
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and hindlimbs were injected either with 2.5 
ml of an autologous platelet concentrate or 
2.5 ml of sterile saline. A clinician 
((AUTHOR INITIALS?)) blinded to the 
treatment used ultrasonographic guidance 
to place a 20 G x 38 mm needle into the 
core lesions. The injection was performed 
on the longitudinal plane in a plantaro-
proximal-dorsodistal direction aiming at 
the proximal aspect of the lesions.

Greyscale ultrasonographic 
 evaluation

A linear multi-frequency probe set at 10 
MHza ((what is superscript a here for?)) 
and a silicone standoff pad were used to 
perform the echographic follow-ups of the 
SDFT lesions at one, two, four, six, 10, 15 
and 24 weeks post-surgery. The limbs were 
divided into transverse and longitudinal 
zones as previously described and the dis-
tance distal to the accessory carpal bone or 
calcaneal tuberosity was recorded for each 
zone (20). Re-examinations of every zone 
in each pair of fore- and hindlimbs were 
performed at the same distances. A semi-
quantitative scoring system was used to 
grade the echogenicity and "bre alignment 
of the lesions (20). The lesion length (LL) 
was defined as the length from the most 
proximal to the most distal aspect of the 
lesion. The total tendon cross-sectional 
area (TT-CSA) was calculated summing 
the CSA of the SDFT in six different zones 
(1A to 3B). The total lesion cross-sectional 
area (TL-CSA), total echo-score (T-ES), 
and total fibre alignment score (T-FAS) of 
transverse zones containing a lesion were 
calculated for each tendon by summing the 
values of each parameters to get total valu-
es. The total lesion percentage (TL-%) was 
calculated as follows: (TL-CSA / TT-
CSA)*100 (20). A clinician blinded to 
treatment performed the data acquisition, 
measurements and scoring of the images 
(RJE). 

Intra-tendinous vascularization 
score

The intra-tendinous vascularization was 
scored using a previously described tech-
nique (21). Colour Doppler ultrasound 
scans were performed 24 weeks post-sur-

gery. The limbs were scanned in a flexed 
position to relax the tendinous structures 
and therefore avoid the collapse of intra-
tendinous vessels due to mechanical forces. 
The images were obtained using a multi-
frequency linear array probe seti at 10 MHz 
and a machine setting suitable for low flow 
vessel detection (VEL/6.2MHz; 0 Db; 1,099 
KHz PRF). The lesions were localized and 
scanned from lateral to medial on the 
longitudinal plane. The image sequences of 
each scan were stored and the frame with 
the highest vascularization was selected 
subjectively and then scored. Data acquisi-
tion and vascularization grading were per-
formed by a clinician blinded to treatment 
(RJE). 

Sample harvesting, handling and 
shipping

After 24 weeks the horses were humanely 
euthanatized. A combination of xylazinea 

(1.1 mg/kg bwt IV) and ketamine-midazol-
amb (2 mg/kg bwt IV) was used to induce a 
deep anaesthetic plane; thereafter a bolus 
of an oversaturated magnesium sulphate 
solution (1 g/kg bwt IV) was administered. 
The SDFT were harvested immediately 
after the euthanasia via sharp transection 
just distal to the accessory carpal bone or 
calcaneal tuberosity proximally and at the 
palmaro-plantarodistal aspect of the fet-
lock distally using a No. 20 scalpel blade. 
Once dissected, the tendons were divided 
into different sections as previously re-
ported (14). Briefly, a transverse 1 cm ten-
don slice was obtained 2 cm proximal to 
the scar of the synovial resector portal, 
which was still visible in all the cases. The 
core lesions were identified and a 4 mm 
punch directed longitudinally was used to 
harvest injured tissue only. These samples 
were divided in three sections that were 
lyophilized for 24 hours using a vacuum 
freeze-dryer and then used to perform the 
biochemical analysis. Proximal to the 
aforementioned slice, a 3 cm segment was 
harvested and divided through the centre 
of the lesion in two longitudinal sections. 
The half used for biomechanical tests was 
initially frozen at –80°C, then shipped to 
the laboratories using a dry shipperj at ap-

proximately –150°C and subsequently 
stored at –80°C until further processing. 
The other half used for histological evalu-
ation was fixed in four percent formalin for 
48 hours and placed in 96% ethanol for five 
days (14). These samples were then se-
quentially transferred through a series of 
solutions of increasing isopropyl alcohol 
concentration and then embedded in 
paraffin blocks. 

Glycosaminoglycans and DNA 
quantification

The tendon samples were papain digested 
(0.1 IU/mg of dry weight [dwt]) at 56°C for 
12 hours. A dilution of the papain digest of 
each tendon was used to perform the GAG 
and DNA assays. The quantification of the 
sulphated glycosaminoglycan was per-
formed using the 1,9-dimethylmethylene 
blue dye assay (22). Shark chondroitin 
sulphate was used as a standard (0–100 
μg/ml). After an incubation period, the 
plates were assessed on a microplate 
readerk. Total DNA was quantified by 
means of the reaction with fluorescent dyel 
(23). Salmon sperm DNA was used as a 
standard (0–20 μg/ml). The luminescence 
was measured using a fluorescence spec-
trometerm. In both cases the final results 
were expressed as μg/mg of dry weight ten-
don. 

Degraded collagen, total collagen, 
and cross links quantification

The tendon samples were processed with 
α-chymotrypsin to digest the degraded col-
lagen (24). Hydroxyproline concentrations 
in the supernatant (containing the de-
graded collagen) were determined after the 
reaction with chloramine T and dimethyl-
aminobenzaldehyde (25). Results were cal-
culated as previously described and ex-
pressed as a percentage of degraded col-
lagen (24). After the α-chymotrypsin di-
gest, the tendon explants (containing the 
intact collagen) were hydrolyzed at 110°C 

i Acuson AntaresTM: Siemens AG, Berlin, Germany

j MVE Vapor Shipper: Chart Industries, Ohio, USA
k VersaMax™: Molecular Devices, California, USA
l  Hoechst 33258: COMPANY NAME & LO-

CATION
m LS-50B: Perkin Elmer, Waltham, Massachusetts, 

USA
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for 24 hours. The samples were vacuum 
dried for 24 hours, diluted in ultrapure 
water and centrifuged at 13,000 g for 20 
minutes. The obtained supernatant was 
submitted to mass spectrometry, to deter-
mine the concentrations of hydroxyproline, 
hydroxylysylpyridinoline and lysylpyridi-
noline using a technique reported by Bosch 
and others (14). For calculation of the total 
collagen, the hydroxyproline content in the 
α-chymotrypsin digest supernatant was 
summed to the hydroxyproline of the ex-
plants measured with the mass spectro-
metry.

Pyrrole quantification

Pyrrole was quantified using a method 
adapted from a previously described tech-
nique (26). The freeze-dried tissues were 
minced, suspended in a pepsin/HCl sol-
ution and digested in a water bath at 45°C 
for 36 hours. Thereafter, the samples were 
centrifuged at 12,000 g for 15 minutes and 
200 μl of supernatant were mixed with 40 
μl of Ehrlich´s Reagent (4-dimethyamino-
benzaldehyde, perchloric acid and deio-
nized water) in a microplate. The samples 
were incubated at room temperature for 10 
min and the absorbance was measured at 
558 nm and 650 nm (non-related wave-
length) in a microplate readeri. The pyrrole 
concentrations were calculated by com-
parison with a standard curve prepared by 
mixing 200 μl of 1-methyl-pyrrole (0–20 
μmol/l) with 40 μl of Ehrlich´s Reagent. 
Results were expressed as mol per mol of 
collagen.

Biomechanical assessment

The biomechanical properties of the ten-
don samples were assessed using a modifi-
cation of the method reported by others 
(14). The samples were thawed at room 
temperature. Longitudinal segments with 
an approximate cross section of 4 mm2 and 
a length of 3 cm were cut from the core 
lesion of each tendon sample with a cutting 
device consisting of four disposable high 
profile microtome bladesn at distances of 2 
mm. A material testing machineo was used 
for failure testing. Sand paper was placed 
between the proximal and distal ends of the 
tendon sample and the clamps of the ma-
chine to decrease slippage. Once in posi-
tion, the depth and width of the midsection 
of each sample were measured with a 0.01 
mm resolution electronic caliper in a trans-
verse plane to calculate cross-sectional 
area. The selected segments were tensed 
and preconditioned at 1 Hz and three per-
cent strain for seven cycles and then tested 
to failure at a speed of 6 mm/min. The 
force at failure (Fmax) and the stress-strain 
curve were determined for every sample. In 
each case the ultimate tensile strength was 
calculated (Fmax/tendon cross-sectional 
area) and the elastic modulus deduced 
from the slope of the linear part of the 
curve (14)

Histology

Longitudinal 5 μm thick tendon sections 
were stained with Masson’s trichromep. 

Using this commercial histochemistry 
stain, the organized tendon collagen was 
stained red and disorganized collagen in 
the reparative tissue blue (10). Microphoto-
graphs of five consecutive fields of view (1x 
magnification) from different locations of 
each tendon samples were stored. At this 
magnification the complete thickness of 
the tendon section was observable in each 
microphotograph. An image manipulation 
softwareq was used to increase the contrast 
of the pictures. An image-processing pack-
ager was used to calculate the red/blue ratio 
of each histological section. Briefly, the im-
ages were assessed setting a threshold that 
allowed the isolation of the different 
stained areas in the histological section. 
Thereafter, the areas of interest (red / blue) 
were measured (27). The ratio between 
them was calculated per image and then 
the average red/blue ratio of the five images 
of each sample was calculated. The afore-
mentioned colour ratio reflects the ratio 
between organized and disorganized col-
lagen fibres. The evaluation of this par-
ameter allows an indirect measurement of 
the overall degree of damage present in the 
tendon and therefore is a useful indicator 
of differences on tendon healing. 

Statistical analysis

The data were analyzed using Excels and 
Graph Pad Prism 6t. The D'Agostino-Pear-
son test was used to determine the data dis-
tribution. A paired Student’s t-test was used 
to analyze the colour Doppler ultrasound 
vascularization score and the biochemical, 
biomechanical and histological parameters. 
After passing normality tests, the sono-
graphic measurements were evaluated with 
repeated measures two-way ANOVA fol-
lowed by a Bonferroni´s multiple compari-
son test. The sonographic scores showed a 
nonparametric distribution and therefore a 
Friedman test followed by Dunn´s multiple 
comparison test was applied. The signifi-

Figure 1 a) Surgically induced core lesion in a forelimb superficial digital flexor tendon (SDFT), 12 cm 
distal to the accessory carpal bone (zone 2B), four weeks post-surgery. b) Macroscopic view of a trans-
verse slice of the same tendon 24 weeks post-surgery.

n Feather: Safety Razor Co. Ltd., Osaka, Japan
o Testometric AX M250 – 2.5 kN: Testometric Com-

pany, Lancashire, UK

p Artisan: Dako, Glostrup, Denmark
q Gimp 2.8: GNU Project, Free Software Fundation, 

Massachusetts, USA
r Fiji / ImageJ: National Institute of Health, Mary-

land, USA
s Excel: Microsoft Corporation, Washington, USA
t GraphPad Prism: GraphPad Software, California, 

USA
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cance level was set at p ≤0.05. Results were 
reported as mean ± SD. 

Results
Clinical assessment 
All horses developed core lesions in their 
fore- and hindlimbs that resembled clinical 
and sonographic features of naturally oc-
curring SDFT injuries (▶ Figure 1). After 
lesion induction, horses were weight bear-
ing normally at the stance, were not lame at 
the walk and showed signs of moderate to 
severe tenderness at palpation of the SDFT. 
No post-surgical complications were noted. 
After 24 weeks, six horses were sound at 
trot. Twenty-three weeks after treatment 
two horses had a grade 2/5 lameness (one 
forelimb and one hindlimb) and were 
therefore hand-walked for 10 min per day 
until the end of the study, instead of being 
subjected to the regular exercise protocol. 
The horse with the forelimb lameness 
showed signs of mild tendon tenderness in 
the lame forelimb at week 24. The other 
horse showed no signs of SDFT tenderness 
or other obvious reason that could explain 
the lameness. 

Greyscale ultrasonographic 
 evaluation

Pre-treatment (week 1), the sonographic 
parameters (TL-CSA [p = 0.64], TT-CSA 
[p = 0.18], TL-% [p = 0.40], LL [p = 0.61], 
T-ES [p = 0.61] and T-FAS [p = 0.59]) did 
not differ significantly when comparing 
fore- and hindlimbs. Post-treatment, even 
though the TL-CSA and TL-% of the fore-
limbs were greater and hindlimb lesion 
length larger, the sonographic parameters 
were not significantly different at any time 
point (▶ Figure 2, ▶ Figure 3). 

Intra-tendinous vascularization 
scoring

The vascularization score (2.0 ± 1.3) for the 
forelimb SDFT was significantly higher 
than that of the hindlimbs (0.8 ± 1.1) 24 
weeks post-surgery (p = 0.02) (▶ Figure 4). 

Biochemical assessment 

Twenty-four weeks post lesion induction, 
the forelimb SDFT lesions had a signifi-
cantly higher glycosaminoglycan content 
(p = 0.04), whereas the hydroxylysylpyridi-
noline concentration in hindlimb SDFT 

lesions was significantly higher (p = 0.03). 
The DNA, total collagen, degraded col-
lagen, lysylpyridinoline and pyrrole were 
not significantly different (▶ Table 2). 

Figure 2 Greyscale ultrasonography measurements (mean ± SD) of saline-treated fore- and hindlimb 
surgically induced core lesions in the superficial digital flexor tendon followed-up over a 24-week peri-
od. A) Total lesion cross-sectional area (CSA), B) total tendon CSA, C) total lesion percentage, and D) 
lesion length.

Figure 3 Greyscale ultrasonography semi-quantitative scores (mean ± SD) of saline-treated fore- and 
hindlimb surgically induced core lesions in the superficial digital flexor tendon followed-up over a 
24-week period. A) Total echo score (T-ES) and B) fibre alignment score (FAS).
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Biomechanical assessment

There were no significant differences in the 
ultimate tensile strength (p = 0.53) or the 
elastic modulus (p = 0.27) when comparing 
the fore- and hindlimb SDFT. The data of 
three horses could not be compared since it 
was accidentally not stored in the system 
drive (▶ Table 2).

Histology

There was no significant difference be-
tween the fore- and hindlimb red (organ-

ized collagen)/blue (reparative tissue) ratio 
of the histological images stained with 
Masson’s trichrome (p = 0.55) (▶ Table 2). 

Discussion
This study showed that there were signifi-
cant differences in tendon healing between 
fore- and hindlimb surgically induced core 
lesions treated with saline during the pro-
liferative phase of healing. Twenty-four 
weeks after lesion induction, the vascular-
ization score, sulphated glycosaminoglycan 

and hydroxylysylpyridinoline content were 
significantly different.

Tendons are multi-unit hierarchical 
structures mainly composed of collagen 
molecules (28). The intra- and intermol-
ecular crosslinks are in part responsible for 
the physical properties of the tendinous 
collagen (29). Hydroxylysylpyridinoline is 
one of the major non-reducible collagen 
crosslinks found in the tendon (30). After 
tendon injury, the newly formed collagen 
within the lesion is less cross-linked than in 
normal tendons (31). During the remodell-
ing phase, more stable crosslinks are form-
ed resulting in repaired tissue with higher 
tensile strength and stiffness (32). In 
chronic tendinopathy, hydroxylysylpyridi-
noline is significantly increased when com-
pared to healthy tendon, resulting in per-
sistently high levels in the repaired tissue 
that affect the biomechanical properties of 
the tendon (33, 34). Glycosaminoglycans 
are polysaccharides that are usually coval-
ently attached to core protein forming 
macromolecules known as proteoglycans 
(35). In tendons, glycosaminoglycans are in 
part involved in the regulation of the col-
lagen fibrillogenesis, affecting fibril size 
and formation rate and contribute to the 
biomechanical and structural properties of 
the extracellular matrix (36, 37). The role 
of glycosaminoglycan accumulation after 
tendon damage is controversial. Previous 
studies in humans and horses indicate that 
degenerated tendon regions have higher 
concentrations of sulphated glycosaminog-
lycans (34, 38). Synthesis and accumulation 
of these molecules is usually correlated to 
an increased cellular metabolism within in-
jured areas in the tendon and a marked in-
crease of small collagen fibres, decreasing 
the mechanical properties of tendons and 
ligaments (38, 39). However, a recent study 
using blood products for the treatment of 
surgically induced core lesions interpreted 
the increase of intra-lesional sulphated gly-
cosaminoglycan concentration as a positive 
feature of tendon healing when compared 
to saline-treated tendons (14). In the pres-
ent study, 24 weeks after lesion induction, 
the hindlimb SDFT showed a significantly 
higher concentration of hydroxylysylpy-
ridinoline and significantly lower concen-
tration of sulphated glycosaminoglycans 
when compared to the forelimbs. The hy-

Figure 4 Vascularization of saline-treated fore- and hindlimb superficial digital flexor tendon (SDFT) 
lesions of the same horse 24 weeks after lesion induction detected with color Doppler ultrasound. Fore-
limb SDFT lesions (A) show a significantly higher vascularization score when compared to the hindlimb 
(B).

Table 2 Biochemical, biomechanical, and histological parameters (mean ± SD) of saline- treated fore- 
and hindlimb superficial digital flexor tendon lesions 24 weeks after lesion induction.

Parameters 

Biochemical

GAG – µg/mg dwt 

DNA – µg/mg dwt 

Total Collagen – mg/mg dwt 

Degraded Collagen – %

Pyrrole – mol/mol collagen 

HP – mol/mol collagen

LP – mol/mol collagen

Biomechanical

Ultimate Tensile Strength - MPa

Elastic Modulus - GPa

Histology

Masson´s Trichrome Red / Blue 
Ratio – Decimals

GAG: glycosaminoglycans; HP: hydroxylysylpyridinoline; LP: lysylpyridinoline; dwt: dry weight.
AUTHORS – the meaning of “Decimals” above is unclear.

Group

Hindlimbs (n = 8)

18.1 ± 7.7

3.5 ± 1.4

0.59 ± 0.1

0.75 ± 0.4

0.06 ± 0.02

0.68 ± 0.2

0.02 ± 0.006

Hindlimbs (n = 5)

18.3 ± 4.1

0.19 ± 0.04

Hindlimbs (n = 8)

0.12 ± 0.1

Forelimbs (n = 8)

37.2 ± 24.8

3.4 ± 0.7

0.63 ± 0.1

0.89 ± 0.6

0.05 ± 0.01

0.52 ± 0.1

0.02 ± 0.005

Forelimbs (n = 5)

15.2 ± 9.4

0.15 ± 0.07 

Forelimbs (n = 8)

0.16 ± 0.1

p-value

0.04

0.86

0.60

0.54

0.40

0.03

0.48

0.54

0.27

0.55
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droxylysylpyridinoline concentration in 
the hindlimb lesions was close to the values 
previously reported for normal SDFT. 
Nevertheless, the sulphated glycosaminog-
lycan content was higher when compared 
to the same values (24). Together, the afore-
mentioned findings suggest an ongoing 
healing process in both fore- and hindlimb 
SDFT. The less cross-linked tissue with 
higher concentration of sulphated glyco-
saminoglycans found in the forelimbs 
might be correlated to a relatively more im-
mature reparative tissue. 

As in other tissues, tendon lesions have 
an increased blood flow after acute injury, 
allowing cell recruitment and providing 
humoral mediators, growth factors and nu-
trients needed for adequate lesion healing 
(40). There is a general consensus that nor-
mal equine tendons have no detectable 
intra-tendinous blood flow when evaluated 
with colour or power Doppler ultrasound 
(21, 41). Persistent vascularization in tend-
inopathy has been interpreted as a sign of 
inadequate healing and incomplete repair 
(21, 41, 42). Recent preliminary studies in 
horses suggest that colour Doppler ultra-
sound could be a useful method for the dif-
ferentiation between a more fragile vascu-
lar granulation tissue and hypovascular 
scar tissues during the remodelling phase 
of healing (42). Twenty-four weeks after 
lesion induction, the forelimb SDFT lesions 
showed a significantly higher colour 
Doppler ultrasound vascularization score. 
Hence the lower vascular density present in 
the hindlimb SDFT, where five out of eight 
horses showed no visible vascularization, 
can be interpreted as a positive step to-
wards normalization of this parameter 
when compared to the forelimbs, and 
should theoretically be correlated to a more 
stable reparative tissue in the hindlimbs.

Interestingly, the significant differences 
in intra-tendinous vascularization, glyco-
saminoglycan, and hydroxylysylpyridino-
line content were not correlated to signifi-
cant differences in the ultimate tensile 
strength and elastic modulus when com-
paring fore- and hindlimbs. We believe that 
even though there were healing differences 
between fore- and hindlimb SDFT, the 
overall biomechanical characteristics of the 
tendons were not affected since other im-

portant biochemical parameters did not 
differ significantly. 

Equine multi-limb tendinopathy mod-
els have been recently introduced as an op-
tion to compare the effect of different 
therapeutical modalities between the dif-
ferent limbs of the same animal (17). No-
netheless, it is not clear if the healing of 
fore- and hindlimb tendon lesions behave 
similarly. If fore- and hindlimb SDFT 
lesions have similar healing patterns, then 
the possibility of comparing different treat-
ment modalities in the same animal would 
make this model attractive because of the 
decrease in animals needed and the in-
creased number of tendons for analysis. 
However, for studies investigating therapies 
that have the potential for crossover effects 
from one limb to another due to systemic 
effects or cell migration, this multi-limb 
model may not be a suitable choice. Critics 
of this multi-limb approach have also 
raised concerns over animal welfare issues 
based on the potential for horses to have 
increased risk of infection, increased pain, 
and the inability to shift their weight off an 
injured limb. While these issues are cer-
tainly of significant concern and were 
taken into consideration when developing 
this model, we found that with the man-
agement used in this study, the horses did 
not show signs of infection or overt pain, 
neither directly after lesion induction nor 
throughout the study. Nonetheless, one can 
argue that pain was subjectively assessed 
and also pain in all four limbs would pre-
clude them from exhibiting signs of dis-
comfort in a particular limb.

The intra-lesional injection of saline 
might have influenced the natural healing 
process causing more local inflammation 
and fibre disruption due to distention of 
the lesion. This might have affected the 
tendon healing and therefore the final 
properties of the injured tissues. However, 
it is a current common practice to inject 
different therapeutic modalities into the 
SDFT core lesions and therefore these re-
sults may reflect modern practice better 
than a lesion that is left untreated. More-
over, all tendons were treated in the same 
fashion and so would affect lesions in fore- 
and hindlimbs equally.

There are several limitations to this 
study. Even though this particular surgical 

tendinopathy model successfully created 
repeatable lesions emulating several fea-
tures of naturally occurring core lesions in 
the SDFT, it does not exactly replicate the 
chronic degenerative process that is believ-
ed to precede the majority of naturally oc-
curring injuries (10, 34). Also, a period of 
24 weeks is not long enough to evaluate the 
end-stage healing of the tendons, since the 
final maturation of tendon repair is usually 
reached after approximately one year (27). 
Several morphological parameters have 
been traditionally used to evaluate tendon 
healing by means of semi-quantitative 
scoring systems (14, 17). Aiming at objec-
tivizing the evaluation, an image-process-
ing package was used to analyze the histo-
logical sections of this study. Valuable in-
formation might have been lost due to the 
use of this technique alone. Even though 
the normal biochemical parameters of 
forelimb SDFT have been already pub-
lished, processing healthy regions of the 
tendons would have allowed a more accu-
rate comparison between the lesion site 
and the normal tissues (24). This is es-
pecially true for the hindlimb SDFT, where 
to the authors’ knowledge, there are no re-
ports of normal compositional parameters. 
Moreover, the low number of animals in-
cluded might have negatively affected the 
power of this study.

In conclusion, our results indicate that 
fore- and hindlimb SDFT surgically in-
duced lesions exhibit significant differences 
in several important parameters of tendon 
healing 24 weeks post-surgery. These dif-
ferences create significant challenges in 
using all four limbs and accurately inter-
preting the results that one might generate. 
Therefore these findings do not support 
the use of four-limb models for study of 
tendon injury, until the reasons for these 
differences are much better understood.
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