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Abstract : Based on clinical observations, il is suspected that the bone-tendon origin is the sile where partial failure, leading to
pathophysiological changes in the humeral epicondyle after repetitive loading, is initiated. Mechanical properties and failure patierns of the
common extensor and flexor tendons of the humeral epicondyle under static and repetitive loading have not been well documented. Our
goal was to determine mechanical properties of failure strength and strain changes, to correlate strain changes and the number of cyclic
repetitions, and to identify the failure patlern of bone-tendon specimens of common extensor and flexor tendons of the humeral epicon-
dyle.

Mechanical properties of human cadaver bone-tendon specimens of the common extensor and flexor tendons of the humeral epicondyle
were tested under two different loading rates. No statistically significant difference in ultimate tensile strength was found between male
and female specimens or between slow (10 mm/sec) and fast elongation (100 mm/sec) rates. However, a statistically significant differ-
ence In ultimate tensile strengih between the common extensor (1199.0 N/cm® + 388.8) and flexor (1922.0 N/ecm? + 764.4) tendons
was found (p<0.05).

When loads of 25%, 33%, and 41% of the ultimate tensile strength of their contralateral sides were applied, the number of cycles re-
quired to reach 24% strain change for the common extensor and flexor tendons were approximately 8,893, 1,907, and 410, respectively.
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The relationship between cycles and loads was correlated (R*=0.46)
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Histological observation showed that complete or partial failure after tensile or cyclic loadings occurred at the transitional zone, which

is the uncalcified fibrocartilage zone between tendon and bone of the humeral epicondyle. Sequential histological sections revealed that fail-

ure initiated at the upper, medial aspect of the extensor carpi radialis brevis tendon origin.

Biomechanical and histological data obtained in this study indicated that the uncalcified fibrocartilage zone ai the bone-tendon origin of

the common extensor and flexor tendons is the weak anatomical structure of the humeral epicondyle.

Key words | Humeral epicondyle, Bone-tendon Origin, Ultimate Tensile Strength, Complete or Partial Failure

INTRODUCTION

Cumulative trauma disorders of the upper extremity, in-
cluding tendinitis, tenosynovitis, carpal tunnel syndrome and
epicondylitis, are leading causes of lost-time and workers’
compensation claims in the industrialized world[3,11,24,32].

Epicondylitis of the elbow, which involves pathologic
alteration in the bone-tendon origin or musculotendinous
junction at the lateral or medial epicondyle is a cumulative
trauma disorder{ 18,25]. A consensus based on clinical and
surgical evidence suspects microtear, microfailure or partial
failure at the bone-tendon origin or musculotendinous junc-
tion, most often within the origin of the extensor carpi radi-
alis brevis, as an initiator of epicondylitis[7,8,12,13,18,21,
25-27].

The general morphology of the attachment zones of ten-
dons, ligaments, and related structures are well known at
the many anatomical sites[2,6,37], however, little informa-
tion is available for the common extensor and flexor ten-
dons of the humeral epicondyle. According to Benjamin et
al.{2], since histological parameters, such as the amount of
calcified and uncalcified fibrocartilage at the bone-tendon
junctions, vary between tendons and from one part of a
tendon to another, the morphological information is impor-
tant.

Many studies have been conducted to determine biome-
chanical properties, such as stress-relaxation, failure strain,
modulus, stiffness, and strain energy density of soft tissue
[4,5,9,14,16,17,19,20,22,23,28-30,33,35,36,38 ). The medial col-
lateral ligament[5,20,23,35], anterior cruciate ligament[5,9,
20,22,23,28,33,36,38], and patellar tendon[5,14,16,17,19,22]
are the most frequently studied anatomical sites because of
their importance and high incidence of injury. However,
very little information is available about the hiomechanical
properties of bone-tendon specimens of the common exten-
sor and flexor tendons of the humeral epicondyle.

A standardized method of tensile testing for soft tissues
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of humans and experimental animals has not yet been es-
tablished and remains a challenge, primarily because they
have very complicated structure and it s difficult to evalu-
ate mechanically[ 36]. Furthermore, results, even from speci-
mens at the same anatomical site, are very difficult to com-
pare each other because of differences in the orientation
and direction of the applied tensile load, strain rate, and
etc.

The objectives of this study were 1) to determine ultimate
tensile strength (UTS) of common extensor and flexor ten-
dons under different loading rates, 2)to investigate strain
changes in the common extensor and flexor tendons under
cyclic loading with different loads magnitudes, and 3) to
histologically evaluate the failure pattern at the bone-ten-
don junction of the humeral epicondyle, histologically.

MATERIAL AND METHODS

1. Experimental Apparatus

The custom testing fixture was designed and attached to
an electro-hydraulic materials testing system (MTS). This
device permitted a human cadaver elbow to be placed n
45°, 90°, or 135° of flexion (Fig. 1). This device further
allowed tensile force applied across the elbow joint to be di-
rected at any angle with respect to the humerus in the
sagittal plane. The direction of applied load could thus be
adjusted along the anatomical direction of the common ex-
tensor and flexor tendons of the humerus.

Anatomical direction of the tendons was determined by
the origin and insertion site of the tendon. Accurate
adjustment of the direction of force applied with respect to
the humerus in all three linear axes was made to ensure
proper bone-tendon test specimen alignment. The elbow po-
sition tested in this study was 45° in flexion. A 10-15 cm
long section of the humerus was inserted into a thick-
walled cylinder (electrical conduit 4 cm in diameter) with
multiple K-wires(3.2mm in diameter), then secured with
bone cement (polymethylemethacrylate).
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Fig. 1. Schematic diagram of the custom-designed experimental
apparatus attached to the MTS machine
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Fig. 2. The normalized ultimate tensile strength of common ex-
tensor and flexor tendons under two different loading rates:
slow (10mm/sec) and fast (100mm/sec). The ultimate tensie
strength was divided by the mean value of common extensor
tendon (slow loading rate case) for normalization

2. Specimen Preparation

Fresh frozen human cadaver elbows were obtained and
wrapped in saline soaked gauze, double wrapped in plastic
bags and stored at -15C. Prior to testing, a specimen was
removed from the walk-in freezer and thoroughly thawed
at room temperature. Anterior-posterior and lateral roent-
genograms excluded specimens with any bony abnormality.
All excessive muscle and soft tissue around the elbow joint
were dissected from the upper extremity, leaving only the
common and flexor tendons intact. The joint capsule was
left intact to maintain anatomical and physiological joint

movement. Approximately 4-5cm of the common extensor
and flexor tendons distally from the origin remained after
dissection. A custom-designed grip device Held the tendon
1.5cm distal to its origin at the humeral epicondyle. This
clamping device had serrated teeth that grasped the tendon,
which was covered by a thin silicon tube, with minimal
stress concentration and little damage to the gripped area.
The clamp device was placed into the test fixture attached
to the MTS machine with the distal part of the tendon at
the selected angle of flexion. The loading fixture was ori-
ented such that the direction of loading was along the ana-
tomical position of elbow flexion used in this study. Speci-
mens were kept moist with saline throughout preparation
and testing.

3. Experimental Procedure

Three different tests were performed. Firstly, a tensile
test was perfomed to measure the ultimate tensile strength
of the bone-tendon fspecimen'of' the common extensor and
flexor tendons under two different loading rates. In the sec-
ond test, specimens were loaded cyclically with different
load magnitudes to determine the number of cycles required
to reach 25% strain change. We assumed that the 25%
strain change was sufficient enough to damage the tissue
so shat microfailure and microdamage would be detectable
from histological section. Lastly, specimens were also exam-
ined histologically to identify failure patterns at the bone-
tendon junction.

Each bone-tendon specimen was preconditioned prior to
mechanical testing. A pre-conditioning triangular wave
form at a frequency of 2Hz was applied through the digital
function generator to the hydraulic actuator using load con-
trol as feedback. By controlling the wave form amplitude,
we kept a peak load of 10N applied to the specimen for
360 cycles (3 minutes). After pre-conditioning, a minimal
tare load of 10N was applied as pre-loading to remove
slack from the specimen.

Load and displacement were monitored with a precali-
brated load cell and linear variable displacement transducer
(LVDT), respectively. Resolution of the LVDT was approxi-
mately 0.025mm. Data from the load cell and the LVDT
were collected simultaneously and sent to the data acqui-
sition system through LabTech Notebook data acquisition
software (Laboratory Technologies corporation, MA). Data
sampling rate was 100Hz

Tensile Testing . Twenty—four pairs of fresh cadaveric
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human elbows (12 pairs of male and 12 pairs of female)

were tested. Average age of the specimens was 72.2+9.4
for males and 80.7+10.4 for females. Twenty-four common
extensor and twenty-four flexor tendon specimens for each
gender were obtained and equally divided into two groups.
These two groups were loaded at different loading rates.
Ultimate tensile strength of the bone-tendon specimens
was measured at loading rates of 100mm/sec (fast rate)
and 10mm/sec (slow rate) using the MTS machine. The
mechanical failure pattern and site were observed histologi-
cally. Cross—sectional area of the bone-tendon specimens of
the common extensor and flexor tendons at 1.5cm distal
from the origin, where the grip device held the specimen,
was measured by the area micrometer technique[10] using
0.1 Mpa compression for measurement before testing.
Number of cycles versus strain changes: Nine pairs of
common extensor and eight pairs of common flexor tendons
from nine pairs of fresh cadaveric human elbows were ob-

tained to determine the number of cycles required to reach
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Fig. 3. A:Fross, B:Histological abservation (H-E staining. x50)
of the failure site of the bone-tendon specimen of common ex-
tensor tendon after tensile load testing with 100mm/sec (UCF:
Uncelcified fibrocartiage, CF:Calicified fibrocartiage, B:Bore, T:
Tendon, TM:Tide mark)
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Fig. 4. The number of cydes for common extensor and flexor
and flexor tendon specimens required to reach 25% strain
change as load magnitude increased to 25, 33, and 41% UTS.
UTS was obtained from contralateral side used as a control

25% strain change. Specimens were divided into three
groups consisting of 6, 5, and 6 pairs of specimens. Each
group was loaded cyclically (2Hz) with load magnitudes of
25%, 33% and 41% of UTS. Ultimate tensile strength was
obtained from the contralateral side of each pair.

After specimens were preconditioned and preloaded, initial
specimen length was monitored and measured when the
load cell (500Lbs) attached to the MTS machine reached
the pre-determined load magnitude (for example: 25% or
33% or 41% of UTS ) under displacement control. Load
and displacement were monitored simultaneously with a
load cell and linear variable displacement transducer
(LVDT), respectively. To avoid creep behavior during dis-
placement control, specimens were loaded at 0.25 Hz. Based
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on the initial length of the specimen, displacement required
to reach target strain changes (%) was precalculated as
follows:

e !

l _ c Ei

S T

s

Where 1. is the required displacement under cyclic load
over time to reach a target strain change 25%, ¢. is target
strain change (%) under cyclic load with 25, 33, 41% of
UTS, and | is a initial length required to reach a pre-de-
termined load, such as 25, 33, 41% of UTS, under displace-
ment control. After the required displacement was calculat-

ed, specimens were cyclically loaded until the required dis-
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Fig. 5. Histological observation of A:Normal, B:Partial fallure { x
25), and cimagnified partill falue site (x100) at the
bone-tendon junction of the common extensor tendon of humer-
al epecondyle (Masson-trichrome staining). (TM:tide mark, B;
bone, T:tendon, PF:partial failure, MC:magnified ares, L:lateral,
M :medial, UCf:uncalcified fibrocartilage, CF:calcified fibrocartilage)

R T v oo
Fig. 6. Three-dimensional schematic diagram for histological sec-
tion shown in Figure 5B demonstrates th location of the failure
site and its faillure propagation pattern

placement was achieved under load control. After specimens

reached target strain, the MTS machine was stopped manu-
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Table 1. Ultimate tensile strength for common extensor and flexor tendons

Extensor (N/cm?) Flexor (N/cm?)
Slow Fasl Slow Fast ﬁ{
Male(n=12) 7?163.4t365 888.0+195.8 1816.4 £914.7 2107.5+703.3
Famale(n=12) 1234.5%+412 937.0+171.9 2027.5+£614.1 1776.6 £394.8
| Average(n=24) 119854388 9125+1830 19215+764.0 1941545480 |
Tabie 2. The measured cross-sectional area of common extensor
and flexor tendons RESULTS
Male (n=24) Female (n=24)
Extensor Flexor Extensor Flexor Tensile testing : Tables 1 and 2 show the biomechanical
Mean 0.7394 0.6555 0.5958 0.4936 data for ultimate tensile strength as well as the cross-sec-
L *SD. 0.1656 01287 0.1355 0.1280 tional area of tendon measured by area micrometer tech-

Table 3. Average values of width, thickness, and cross-sectional
area of one extensor and flexor tendon

* Extensor
Width (em) | Thickness (cm){ *CSA (cm?)
Mean 2.942 0.255 0.7474
*S.D. 0.108 0.020 0.0400
Flexor
| Mean 2.576 0.170 0.4376
*S.D. 0.124 0.012 0.0210

ally. Simultaneously, the number of cycles was recorded by
a window counter. Histological observations were made
after the specimen had reached 25% strain change.
Histological Observation of Failure Pattern : Tested speci-
mens were saved carefully and harvested for biopsy to ex-
amine the failure (or damage) pattern at the bone-tendon
origin histologically. Each bone-tendon unit was marked for
proximal-distal orientation and fixed in neutral buffered for-
malin. All specimens were decalcified with nitric acid, em-
bedded in paraffin wax and cut on a microtome at 8um
thickness after freezing the bed. Paraffin sections were
stained with hematoxylineosin and Masson-trichrome.
Statistical Analysis: Data were analyzed using a two-
way analysis of variance (ANOVA) to determine any sta-
tistically significant difference in ultimate tensile strength
due to gender (male versus female), loading conditions
(fast versus slow), and tendon specimens (flexor versus ex-
tensor). Significance was set at p<0.05. A power analysis
using JMP™ software was performed to establish the cred:-

bility of a data set within a given sample size.
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nique before testing. The values of ultimate tensile strength
were 1198.5+388 N/cm® and 912.5+183 N/cm?® for exten-
sor and 1921.5+764 N/cm® and 1941.5+548 N/cm’ for
flexor tendon under slow and fast loading rates, respectively.
Ultimate tensile strength was normalized with the mean
value of ultimate tensile strength of the extensor tendon
specimens (slow loading rate case) for a better comparison
(Fig. 2).

Ten consecutive measurements were made to obtain the
width and thickness of the bone-tendon specimens with an
area micrometer technique, which showed high repeatability
(Table 3). The cross-sectional area of prepared tendon was
wide and thin, similar to flat sheets, 2-3mm in thickness
and 25-30mm in width, while the bone-tendon origin was
auricular shaped. Average cross-sectional areas for extensor
and flexor tendons were 0.74 c¢cm? and 0.66 cm’® for male
specimens and 0.60 cm’ and 0.49 cm? for female specimens.

After tensile testing, two different modes of failure of
the common extensor and flexor tendons were observed.
Forty-six specimens under microscopic and histological ex-
amination showed bone-tendon origin failure without bony
fragments or with minimally sized bony fragments, two
specimens showed avulsion of bone at the bone-tendon ori-
gin. These examinations revealed that the failure site oc-
curred mostly at the bone-tendon origin around the
uncalcified fibrocartilage zone (Fig. 3).

The Number of Cycles versus Strain Changes : We found
a correlation between 25% strain change and the number
of cycles when load magnitudes were 25, 33, and 41% of
UTS (Fig. 4). The number of cycles required to reach 25%
strain change for common extensor and flexor specimens
were approximately 8,853, 1,907 and 410 when 25, 33, and
41% of UTS were applied, respectively.
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Failure Patterns . Histological observation of the bone-
tendon specimens after cyclic and tensile loading in our
study revealed that failure initiated at the upper and medial
aspect of the extensor carpi radialis brevis from its origin
and led to complete failure (Fig. 5). This complete failure
propagated from the medial to the lateral aspect of the ex-
tensor carpi radialis brevis and simultaneously from the
upper lo the lower aspect of the extensor carpi radialis
brevis toward the tendinous origin of the extensor digi-
torum communis and minimal part of the extensor carpt ul-

naris (Fig. 6).
DISCUSSION

Qur study was designed to 1) measure ultimate tensile
strength of common extensor and flexor tendons of human
humeral epicondyle, 2) correlate the number of cycles with
strain change, and 3) identify fallure patterns of specimens
histologically after cyclic and tensile loadings

Statistical analysis showed no significant differences in ul-
timate tensile strength between slow and fast loading rates
or between male and female specimens (P<0.05). This bio-
mechanical data are compatible with clinical findings which
showed that male and female prevalence rates of epicondy-
litis appear equal[15]. Mechanical failure strength was not
loading rate sensitive, which coincides with results from
other studies[31]. However, statistically significant differenc-
es in ultimate tensile strength between the common flexor
tendons specimens were found (p<0.05). The common flex-
or tendons had 83% greater ultimate tensile strength than
the common extensor tendons.

Failure from accumulated repetitive load can be explamed
by the “fatigue failure” phenomenon[1]. The more repeti-
tions applied, the more strain changes will occur, thus lead-
ing from damage to failure. Additionally, the occurrence of
damage seems proportional to the sum of energy absorbed;
the more force applied, the fewer number of cycles required
to create damage. We atiempted to evaluate the threshold
of failure by correlating strain change with the number of
¢ycles. The correlation coefficient was R?*=0.46; its power
analyses showed strong power (power=0.87).

Specimens had higher incidence of failure at the bone-
tendon origin(96%) than avulsion(4%) under tensile test-
ing. No midsubstance failure was observed regardless of dif-
ferences in loading rates. Viscoelastic material properties
change[:i?] rapidly at the bone-tendon junction zone, which

2 whEalE Al F#4 Tendond} 3] 844 4 399

is divided into four zones: tendon, uncalcified fibrocartilage,
calcified fibrocartilage and lamellar bone[2,7,13,37]. The
exact fallure site in our specimens occurred around the
uncalcified fibrocartilage zone (Fig. 3). This result agreed
with our hypothesis and previous clinical observations[ 26,27,
34] that the weakest point in the bone-tendon unit of the
lateral epicondyle is the transitional zone between bone and
tendon.

The extensor carpi radialis brevis origin is often cited by
researchers[ 7,8,25-27] as the primary site of abnormalities.
This abnormal process may originate in either the extensor
digitorum communis or extensor carpii radialis brevis ten-
don[18]. Nirschl and Pettrone[27] and Warhold et al.[34]
observed during gross examination that the origins of the
extensor carpi radialis brevis usually appear as grayish, im-
mature scar tissue, which looks shiny, edematous, and fria-
ble at surgery. Soft-tissue calcification or bony exostoses
are often seen later in the process of epicondylitis. They as-
sumed that this calcification resulted from partial detach-
ment of the tendon from its origin at the lateral epicondyle.
Histologic evaluation of this tissue characteristically demon-
strates an invasion of fibroblasts and granulation tissue, de-
scribed as “angiofibroblastic hyperplasia” by Nirschl and
Pettrone[ 27].

Histological findings from our study represent only me-
chanical failure patterns, which may not be the same as ab-
normalities observed clinically later in the process of
epicondylitis, which usually involves pathophysiological
change after trauma. Qur study showed that the mechanical
failure pattern can be initiated as the result of partial fail-
ure at the bone-tendon origin (especially, the uncalcified
fibrocartilage zone) of the common extensor or flexor ten-
don of the humeral epicondyle.

Seventy-five percent of patients experience symptoms of
lateral epicondylitis in their dominant arm[18]. However,
we lacked information about the cadaveric specimens, and
thus could not determine differences in ultimate tensile
strength and strain response between dominant or non-
dominant arms. Also, we revealed that two different load-
ing rates used in this study may be limited to draw our
results of UTS. Epicondylitis is reported to have a high inci-
dence in the 40 to 50 year old age group[27], when its in-
cidence is four times greater than at any other age[7].
Since there was limited availability of cadaver specimens,
we were not able to address the effects of age (mid-40s),

which has most prevalence in epicondylites, on the biome-

J. of KOSOMBE : Vol. 19, No. 4, 1998
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chanical properties.

This study was limited to biomechanical laboratory test-

ing, which did not address clinical aspects of the etiology of

epicondylitis. However, biomechanical data obtained in this

study will be useful as we work toward an understanding

of the etiology of epicondylitis. In the future, animal models

should be developed to approach this problem more clinical-

ly.
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