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Long-term Stress Distribution Patterns
Across the Ankle Joint in Soccer Players

A Computed Tomography Osteoabsorptiometry Study

Junki Shiota,* MD, Daisuke Momma,™ MD, PhD, Takayoshi Yamaguchi,® PhD,
and Norimasa lwasaki,” MD, PhD

Investigation performed at the Center for Sports Medicine, Hokkaido University Hospital,
Sapporo, Japan

Background: The distribution pattern of subchondral bone density is considered to accurately reflect the stress distribution over a
joint under long-term physiologic loading. The biomechanical characteristics of the surface of the ankle joint in soccer players can
be determined by measuring this distribution pattern under long-term loading.

Purpose: To evaluate the distribution of subchondral bone density across the ankle joint in soccer players and to determine the
effects of soccer activities, including kicking motion, on the ankle joint surface under long-term loading conditions by computed
tomography (CT) osteoabsorptiometry (CTOAM).

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: CT imaging data were obtained from both ankles of 10 soccer players (soccer group) and 10 nonathletic volunteers
(control group). The distribution patterns of subchondral bone density across the articular surface of the ankle joints were assessed
by CTOAM. Quantitative analysis was performed of the locations and percentages of high-density areas on the articular surface.

Results: Stress distribution patterns over the ankle joint differed between the soccer players and controls. In the soccer players,
the high-density areas were found in the anterior part of the distal tibia and proximal talus as well as the distal fibula. The per-
centages of high-density areas were greater in the soccer players compared with controls (P < .0001).

Conclusion: Stress distribution over the articular surface of the ankle joint was affected by soccer activities. A high stress con-
centration was seen in soccer players in the anterior part of the tibia and talus and in the fibula; such excessive stress may lead to
anterior impingement.
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Soccer is among the most popular sports in the world, with
more than 265 million young players,® and participation
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has increased worldwide over the past decade. Soccer
players frequently sustain severe injuries, such as frac-
tures and ligament injuries, and the majority of them
involve the lower extremities.”!° The ankle is the most
frequently injured site in the lower extremity of soccer
players.2! The ankle is exposed to many different types of
stresses, including repetitive motion, high-impact loading,
axial compression, torsional forces, and distraction.? Com-
bining these forces with varying degrees of varus and val-
gus and dorsiflexion predisposes the ankle to higher rates
of ligament and bone injury during soccer activities.
Repetitive mechanical stress acting on the ankle during
soccer activities is considered to be a cause of pathological
conditions. To date, several biomechanical and cadaveric
studies have examined ligament tension around the ankle
during soccer activities.'? It is believed that soccer
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activities probably alter the cumulative forces and stress
distributions acting on the ankle. However, because of the
difficulties®® in directly measuring these forces and stres-
ses, the abnormal stress distributions across the ankle joint
associated with soccer activities have not been confirmed.
To develop treatment and prevention strategies for the
pathological conditions mentioned above, it is necessary
to elucidate the biomechanical characteristics of the ankle
under the actual loading conditions of soccer activities.

The pattern of subchondral bone density reportedly
reflects the distribution of cumulative stresses acting on a
joint surface under actual loading conditions.'” Previous
studies have shown that computed tomography (CT)
osteoabsorptiometry (CTOAM) has potential for evaluating
cumulative stress distribution patterns in elbow joints.'*1¢
The theoretical background of this method is that subchon-
dral bone mineralization adapts functionally to repeated
and long-term changes in joint loading. These studies found
various stress distribution patterns in patients who were
asymptomatic overhead throwers. Presumably, the change
in subchondral bone density would be one way to indirectly
assess alterations in stress distribution in the joints of
asymptomatic soccer players and would reflect stress on
the tissues.

We speculated that soccer activities would produce
different patterns in the subchondral bone mineral density
of the ankle in soccer players compared with nonathletic
controls. Hence, using a modified CTOAM method,
we analyzed stress distribution patterns and controls
through the entire articular surface of the ankle in high-
level soccer players.”1%13 The purposes of this study were
to identify the distribution of subchondral bone density
across the ankle joint surface in 10 asymptomatic soccer
players on a highly competitive soccer team and 10 nonath-
letic volunteers and to assess alterations in the distribution
of subchondral bone density associated with soccer activi-
ties. Our hypothesis was that soccer activities produce a
different pattern of stress distribution in the subchondral
bone mineral density of the ankle joint in soccer players
compared with controls.

METHODS
Acquisition of CT Image Data

The present study was approved by an institutional review
board, and informed consent was obtained from all
patients. CT imaging data from both ankles of 10 male
volunteers (control group; age 19-25 years, mean age 22.9
years) and 10 male soccer players (soccer group; age 19-27
years, mean age 21.6 years) were collected for further anal-
ysis. All participants were volunteers without any ankle
symptoms or history of ankle disorders or trauma. The body
weight and height were measured. Ankle range of motion
was measured using a goniometer. The participants in the
control group were volunteers who had not played any
sports in daily life since junior high school, and the partici-
pants in the soccer group had been on a soccer team since
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junior high school. For the soccer group, the mean + SD
duration on the soccer team was 14.1 + 4.2 years.

CT Osteoabsorptiometry

The obtained CT imaging data were transferred to an
image analysis system (Revolution CT; GE Healthcare) for
further evaluation. A 3-dimensional bone model was cre-
ated from the transferred axial image data, and then
1 mm-interval sagittal views were reconstructed from the
multiplanar reconstruction model. For further evaluation,
a customized, originally developed software program was
used.’® On the sagittal images, the region of interest was
manually selected so that it included the entire subchon-
dral bone layer of the articular surface of the ankle joint in
all slices. After the region of interest was established, x-ray
beam attenuation in Hounsfield units (HU; a measurement
of density where water = 0 and compact bone = 1000) was
automatically measured at each coordinate point at 1-mm
intervals. The range of density in each ankle was divided
into 3 equal intervals, and the measured densities at each
coordinate point were mapped using a 3-grade color scale,
with red indicating the highest bone density. The measure-
ment and mapping were repeated in each slice, and by
stacking these data, we obtained a 2-dimensional mapping
image that projected the distribution of the subchondral
bone density.

Quantitative Analysis of the Mapping Images

Quantitative analysis of the mapping images focused on
the area and location of higher density areas at each artic-
ular surface. The high-density area (HDA) was defined as
the upper one-third of the entire range, from the minimum
to the maximum HU, in each individual ankle.” The prox-
imal ankle joint surface was divided into 5 parts as follows:
anterolateral part of the tibia (AL-Ti), anteromedial part
of the tibia (AM-Ti), posterolateral part of the tibia
(PL-Ti), posteromedial part of the tibia (PM-Ti), and the
fibula. The distal ankle joint surface was divided into the
following 4 parts: anterolateral part of the talus (AL-Ta),
anteromedial part of the talus (AM-Ta), posterolateral
part of the talus (PL-Ta), and posteromedial part of the
talus (PM-Ta) (Figure 1A).

The percentage of the HDA (%HDA) at each area of the
tibia, fibula, and talus was calculated and compared
between the 2 groups. The observer (J.S.) who measured
the bone mineral density was blinded regarding the group
to which each participant was assigned.

Statistical Analysis

Before analysis, intraobserver reproducibility of CTOAM
was calculated on the basis of 5 consecutive measure-
ments, and interobserver reliability was calculated using
the measurements of 2 orthopaedic surgeons (J.S., D.M.).
The interval between the measurements of %HDA for
intraobserver reproducibility was 1 week. The reliabilities
between the 2 observers and within each observer were
calculated according to the intraobserver, interobserver,
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Figure 1. Distribution of subchondral bone density across the articular surfaces of the ankle joint and divided area in the articular
surfaces of the ankle joint: (A) control group and (B) soccer group. AL-Ta, anterolateral part of the talus; AL-Ti, anterolateral part of
the tibia; AM-Ta, anteromedial part of the talus; AM-Ti, anteromedial part of the tibia; PL-Ta, posterolateral part of the talus; PL-Ti,
posterolateral part of the tibia; PM-Ta, posteromedial part of the talus; PM-Ti, posteromedial part of the tibia.

and residual variances estimated by an analysis of vari-
ance table that was based on Proc Mixed in SAS software
(SAS Institute).

Statistical comparisons of the data of the 2 groups were
performed by paired ¢ tests, and analysis of variance and
the Tukey protected least significant difference test were
used for comparisons among >3 areas. Differences were
considered significant when P values were <.05.

RESULTS

Demographic Characteristics, Intraobserver
Reliability, and Interobserver Reproducibility

Demographic characteristics of the participants are
shown in Table 1. No significant differences in age,
height, weight, or range of motion were found between
the 2 groups. The intraclass correlation coefficients for
intraobserver reliability and interobserver reproducibil-
ity were 0.87 (95% CI, 0.78-0.96) and 0.80 (95% CI, 0.68-
0.91), respectively. Drawing on previous results, we
considered that the intraobserver and interobserver
agreements during CTOAM analysis were acceptable in
the current study.

Analysis of the Control Group

In the control group, no apparent difference was seen in the
distribution pattern of subchondral bone density between
the dominant and nondominant sides (Table 2). The %HDA
was greater (P < .0001) in the AM-Ti than in other areas
(Figure 1A). No other significant differences were found
among the areas.

TABLE 1
Characteristics of the Study Group Participants®

Control Group  Soccer Group

(n =10) (n = 10) P Value
Age,y 22.9+2.2 21.6+2.2 2493
Dominance, n 10 (R) 10 (R)
0 (L) 0 (L)
Height, cm 170.8+5.9 173.0+ 5.6 4013
Weight, kg 589+4.4 61.6 +4.0 .1689
Range of motion,
deg
Dorsiflexion 9.0+88(R) 15.0+85([R) .1374 (R)
11.0+12.0(L) 14.0+8.4 (L) 5253 (L)
Plantarflexion 43.5+229(R) 53.0+10.1(R) .2446 (R)
43.0+24.2 (L) 53.5+10.6 (L) .2385 (L)
Eversion 17082 ([R) 125t4.2(R) 1419 (R)
13.0+£ 8.2 (L) 13.5 £4.7 (L) .8697 (L)
Inversion 295+83(R) 33.5+58(R) 2281 (R)
28.0 +6.7 (L) 30.5+8.3 (L) 47 (L)

“Data are presented as mean + SD unless otherwise noted.
L, left; R, right.

Analysis of the Soccer Group

In the soccer group, no apparent difference was seen in the
distribution pattern of subchondral bone density between
the dominant and nondominant sides (Table 2). The HDAs
were predominantly located in the AM-Ti, AL-Ti, AM-Ta,
AL-Ta, and fibula (Figure 1B). The %HDA was greater in
the AM-Ta than in other areas (P < .0001). The %HDAs
were greater in the AM-Ti, AL-Ta, and fibula than in the
PM-Ti, PL-Ti, PM-Ta, and PL-Ta (P < .0001). The %HDA
was greater in the AL-Ti than in the PL-Ti, PM-Ta, and
PL-Ta (P < .0001).
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TABLE 2
Comparisons Between the Control and Soccer Groups®
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Control Group

Soccer Group

P Value, Control vs Soccer

D ND P Value D ND P Value D ND

Tibia

AM 15.8+4.5 16.0 £ 4.2 .9080 18.7+4.1 19.6 £ 3.9 .6419 .1672 .0770

AL 6.7+2.3 6.2+2.1 .6683 144+29 14.7+2.6 .8797 <.0001 <.0001

PM 8.2+3.0 8.3+25 .9094 10.8+3.4 10.6 £ 2.5 .8940 .0977 .0710

PL 5.5+2.3 5.6+2.1 .9550 6.8+24 7.0+1.7 .8407 .2669 .1330
Talus

AM 7.1+£3.6 7.2+23 9556 29.9+5.1 29.7+5.9 .9276 <.0001 <.0001

AL 7.8+2.6 7.2+23 .6597 21.2+4.8 21.1+4.8 .9447 <.0001 <.0001

PM 54125 5.6+2.3 .8638 53+1.8 59+21 .4878 .9162 7495

PL 59+19 6.1+2.2 .8149 51+1.7 5.7+2.0 .5238 .3922 .6839
Fibula 6.9+25 6.8+29 .9508 18.0+54 174+55 8151 <.0001 <.0001

“Data are expressed as percentage of high-density area (%HDA) and presented as mean + SD. Boldface indicates statistically significant
P values (P < .05). AL, anterolateral; AM, anteromedial; D, dominant; ND, nondominant; PL, posterolateral;, PM, posteromedial.

Comparisons of %HDA Between the Groups

The %HDA was greater in the soccer group than in the
control group. All participants in the soccer group
showed HDA widely distributed in the AL-Ti, AM-Ta,
AL-Ta, and fibula compared with the control group. The
%HDAs in the AL-Ti, AM-Ta, AL-Ta, and fibula were
greater in the soccer group than in the control group
(P < .0001 for all) (Figure 2).

DISCUSSION

We found that the repetitive mechanical stress of soccer
activities affected the soccer players’ ankle joints.
Although several biomechanical studies have reported
on the stress distribution in the ankle joint,*%® it is
difficult to simulate the actual loading conditions of com-
plicated soccer activities by using cadaveric models. To
overcome this difficulty, the current study used CTOAM
to evaluate differences in stress distributions through
the ankle joint in soccer players. This study was novel
in that it clarifies the biomechanical characteristics over
articular surfaces of the ankle under long-term loading
conditions of soccer activities.

The theoretical background of our study methodology is
that subchondral bone mineralization adapts functionally
to repeated and long-term changes in the load on joints.!”
Therefore, elucidation of the mineralization pattern allows
investigators to predict the mechanical condition of the liv-
ing joints. The present analysis of the ankle joint articular
surface demonstrated that HDAs of subchondral bone were
located in the anterolateral tibia, anteromedial and ante-
rolateral talus, and fibula in soccer players. The results
indicate that repetitive soccer activities distribute exces-
sive stress through these 3 areas in soccer players.

We found that the percentages of HDAs of the ankle
joint, including the AL-Ti, AM-Ta, AL-Ta, and fibula, were
greater in the asymptomatic soccer players than in the
nonathletic volunteers. We also found similar percentages

of HDA distribution around the AM-Ti in both the soccer
players and nonathletic volunteers. Calhoun et al,? using
cadaveric ankle joints, demonstrated that as the foot was
moved into plantarflexion, dorsiflexion, inversion, or ever-
sion, the total contact area and the average high pressure
were altered. The current analysis demonstrated that an
HDA of subchondral bone across the articular surface of
the ankle joint was located in the AM-Ti in all partici-
pants. These results indicate that actual stress across the
articular surface of the ankle is located in the AM-Ti in
live humans. Additionally, the soccer group showed a sig-
nificant distribution of the HDA in the AL-Ti, AM-Ta, AL-
Ta, and fibula. These different high-density patterns
reflect the long-term stress distribution across the ankle
joint associated with soccer activities. The cumulative
forces of soccer activities thus affect the stress distribution
patterns.

Tol et al,2® using mobile sensors and high-speed video,
reported that ball impact was predominantly made with the
anteromedial aspect of the foot and ankle, with impact
between the ball and the base of the first metatarsal bone
in 89% of the kicking actions and between the ball and the
anterior part of the medial malleolus in 76%. Lees et al'?
reported that the impact force during an instep kick with
maximum force, for an ankle velocity of 25 m/s, was approx-
imately 2500 N. These data indicate that the contact
between the ball and the medial part of the ankle during
kicking motions leads to stress concentration in this part of
the ankle. The current analysis demonstrated that an HDA
of subchondral bone across the articular surface of the
ankle joint in the soccer group was located in the AM-Ta.
These findings in the soccer group may stem from the func-
tional adaptation of subchondral bone to the repeated
stress across this part of the ankle produced by long-term
soccer activities.

Regarding the present study, several considerations must
be kept in mind. First, the current analysis was not based on
direct measurement of mechanical stress through the ankle
joint. The results obtained were relative values rather than
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Figure 2. Comparison of the percentage of high-density area between the control and soccer groups for (A) the nondominant
side and (B) the dominant side. *P < .0001 vs the control group. AL, anterolateral; AM, anteromedial; PL, posterolateral;

PM, posteromedial.

absolute values. Second, the pattern of stress distribution
through living joints is mainly affected by applied loading
conditions and joint geometry. Although the present analy-
sis determined the effects of long-term loading conditions
generated by soccer activities on stress distribution through
the ankle, the influence of joint geometry was not consid-
ered. Further studies will need to be performed to clarify
the relationships between the distribution pattern of sub-
chondral bone density and the anatomic parameters of the
ankle joints of soccer players. Third, we did not perform an
a priori power analysis, and our study may have been
underpowered to detect statistical differences. Fourth, the
current study was not able to clarify direct relationships
between ankle injury and various predictive factors. A

prospective study with a sufficient number of participants
will be able to show the relationship between stress pat-
terns and ankle injuries.

In conclusion, the present analysis using CTOAM indicates
that the distribution pattern of mechanical stress through
the ankle in soccer players is affected by soccer activities.
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