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Background: Ankle braces aim to reduce lateral ankle sprains. Next to protection, factors influencing user compliance, such as
sports performance, motion restriction, and users’ perceptions, are relevant for user compliance and thus injury prevention. Novel
adaptive protection systems claim to change their mechanical behavior based on the intensity of motion (eg, the inversion veloc-
ity), unlike traditional passive concepts of ankle bracing.

Purpose: To compare the performance of a novel adaptive brace with 2 passive ankle braces while considering protection, sports
performance, freedom of motion, and subjective perception.

Study Design: Controlled laboratory study.

Methods: The authors analyzed 1 adaptive and 2 passive (one lace-up and one rigid brace) ankle braces, worn in a low-cut,
indoor sports shoe, which was also the no-brace reference condition. We performed material testing using an artificial ankle joint
system at high and low inversion velocities. Further, 20 male, young, healthy team sports athletes were analyzed using 3-dimen-
sional motion analysis in sports-related movements to address protection, sports performance, and active range of motion di-
mensions. Participants rated subjective comfort, stability, and restriction experienced when using the products.

Results: Subjective stability rating was not different between the adaptive and passive systems. The rigid brace was superior in
restricting peak inversion during the biomechanical testing compared with the passive braces. However, in the material test, the
adaptive brace increased its stiffness by approximately 400% during the fast compared with the slow inversion velocities, dem-
onstrating its adaptive behavior and similar stiffness values to passive braces. We identified minor differences in sports perfor-
mance tasks. The adaptive brace improved active ankle range of motion and subjective comfort and restriction ratings.

Conclusion: The adaptive brace offered similar protective effects in high-velocity inversion situations to those of the passive
braces while improving range of motion, comfort, and restriction rating during noninjurious motions.

Clinical Relevance: Protection systems are only effective when used. Compared with traditional passive ankle brace technolo-
gies, the novel adaptive brace might increase user compliance by improving comfort and freedom of movement while offering
similar protection in injurious situations.
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Ankle sprains are among the most common traumatic inversion angles >30° and peak ankle inversion velocities
injuries in athletes,® with the highest incidences observed >500 deg/s.™°

in indoor and court sports.* Ankle sprains represent 10% to Successful prevention of ankle injury and reinjury
28% of all sports-related injuries, and approximately includes neuromuscular training with passive protection
73% of competitive and recreational athletes experience systems (eg, ankle braces).'® Ankle brace design should
recurrent ankle sprains.®?? Data captured from ankle sprain protect the joint from excessive motions. However, clinical
injuries suggest that most ankle sprains occur at ankle experience suggests that poor comfort (caused, eg, by poor

fit, restricted motion, or pressure peaks due to rigid parts)
or a potential reduction of sports performance (eg, due to

restricted joint movement) might lead to noncompliance
7,13
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ankle protection technology (including ankle braces) in 4
domains:

(1) The protection domain (ie, reduction of peak ankle
inversion angles during sudden inversion or supination
motions): these motions can be induced on tilt plat-
forms or during change of direction tasks. However,
because of ethical restrictions, peak ankle angles
need to stay within physiological (ie, noninjurious)
ranges during biomechanical testing. Therefore, the
true protective potential of ankle protection technology
can only be estimated from these interventions and
should be supplemented by systematic material testing
using artificial ankle joints or cadaveric specimens.
This approach allows for systematic variation of load-
ing parameters (eg, angular velocities, ankle ranges
of motion). The passive nature of these tests is justified
by the lack of active muscular control of ankle inver-
sion motion typically reported in unexpected sudden
inversion motions.®

(2) The sports performance domain: it is unlikely that
competitive athletes will sacrifice their sports perfor-
mance to prevent injuries. Team sports performance
can be quantified for acceleration, change of direction,
or jumping tasks, which frequently occur during foot-
ball, basketball, or handball.

(3) Subjective comfort and stability rating: subjective per-
ception of the stabilizing effect of an ankle protection
technology with a high comfort rating would likely
increase user compliance.

(4) Freedom of movement during nonexcessive ankle
ranges of motion: reducing the physiological degrees
of freedom of the ankle joint would likely reduce com-
fort perception and sports performance.

Optimizing the trade-off between the 4 domains might
enhance the preventive effect of an ankle protection device.

Passive ankle protection systems, including ankle
braces, have frequently been assessed within the litera-
ture.>'” However, in most of these studies, the 4 men-
tioned domains have only partially been addressed.
Further, almost all studies considered passive ankle
braces. Recent advances have allowed for the creation of
an adaptive protection behavior of sports protection tech-
nologies. Although it was elegantly shown that an ankle
brace incorporating such an adaptive protection technology
protects the ankle against sudden inversion motions com-
pared with a placebo control condition,® an assessment of
adaptive ankle braces against traditional passive ankle
braces while considering the 4 domains of ankle protection
has not yet been performed.
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Therefore, the purpose of the present study was to eval-
uate the performance of a novel adaptive ankle brace com-
pared with traditional passive ankle brace concepts while
considering the highlighted domains of ankle protection
technology. We hypothesized that the adaptive ankle brace
would restrict movement less during slower, nonexcessive
ankle motions. Because of the adaptive stiffening of the
novel ankle brace during high angular velocities, we
hypothesized a similar protective effect of the adaptive
brace to those of the passive braces during sudden inver-
sion motions. Because of the greater freedom to move, we
further hypothesized an improved sports performance
and subjective comfort rating of athletes using the adap-
tive compared with the passive ankle braces.

METHODS

Participants

Twenty male, regional-level team sports (soccer, handball,
basketball) athletes (age, 24.3 = 3.4 years; height, 1.84 +
0.05 m; weight, 81.3 + 7.4 kg; 16 right-leg dominant, 4
left-leg dominant) participated in the study. Based on an
a priori power analysis, 20 participants was considered suf-
ficient to identify a difference of 4° in maximal inversion
angle between 2 conditions (alpha, .05; power, 0.8; SD,
6°Y). Participants were injury-free in the 12 months preced-
ing data collection and signed written informed consent
before their participation. Only 1 participant had under-
gone anterior cruciate ligament reconstruction surgery,
approximately 3 years before data collection. The other
participants had not undergone lower extremity surgery.
Four participants reported previous ankle sprain injuries
>12 months before data collection (ranging from 2 to 13
years before data collection; 2 participants sprained their
ankles on the left and 2 on the right side). All methods
used in the study had been approved by the research ethics
committee of the university.

Experimental Protocol

We analyzed 1 adaptive brace (Sportomedix Malleo Fast
Protect, with Betterguards adaptive technology) and 2 pas-
sive ankle braces (lace-up, Basko; rigid brace, T2 Active
Ankle). The Betterguards adaptive technology consists of
a semiflexible mini-piston embedded in an adaptor element
crossing the lateral side of the ankle, including a valve.
This valve allows fluid to pass within the piston while
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extending at physiological movement velocities. In critical
movement velocities, the valve closes within milliseconds
because of fluid dynamic drag forces and inhibits the fur-
ther extension of the mini-piston, resulting in a limited
range of motion. Participants wore all braces in the identi-
cal low-cut indoor sports shoe (Mizuno Wave Mirage 3),
which also served as the no-brace reference condition.

To address the 4 domains of effective ankle protection,
we developed a test battery of different motion tasks. Par-
ticipants wore the braces on both the left and the right
ankle joints during each task and brace condition. We cap-
tured joint kinematics with a 3-dimensional (3D) motion
capture system (200 Hz, 12 Miqus M3 cameras; Qualisys
AB) synchronized with ground-embedded force platforms.
We attached spherical retroreflective markers (diameter,
13 mm) to 38 bony landmarks.'*'%?! We attached foot
markers at the corresponding positions on the shoe. We fil-
tered all marker trajectories with a recursive, fourth-order
digital Butterworth filter (cutoff frequency, 10 Hz).'' A 3D
rigid body model of the pelvis and the lower extremities,
consisting of 9 rigid body segments (including a rearfoot
and a forefoot segment), was used to calculate 3D joint
angles at the hip, knee, and ankle joint.'®?° Specifically,
the ankle joint movement was defined as the movement
of the rearfoot segment relative to the shank segment.
Joint angles were extracted as Cardan angles from the
rotation matrix between rearfoot and shank segments
using a flexion-extension, inversion-eversion, internal-
external rotation sequence of rotation.

Protection Domain

To test the protective effects of the braces, we used a tilting
platform that induced a combination of tilt around an
antero-posterior (30° platform tilt) and mediolateral (10°
platform tilt) axis at an angular velocity of 440 deg/s unex-
pectedly.? Thus, the platform provoked sudden inversion
and plantarflexion motion of the ankle joint complex. While
the tilting was induced on the right foot, the left foot was
supported by 3 one-dimensional force sensors, measuring
vertical ground-reaction forces (GRF's). Using these force
measurements via real-time feedback, we controlled the
weight distribution between legs (80% on the tilted side).
We further controlled a relaxed standing position by real-
time monitoring surface electromyography (EMG) of the per-
oneus longus and tibialis anterior muscles using a wireless
EMG system (2000 Hz; Aktos; Myon AG).

For ethical reasons, we could not test the protective
capacity of the ankle braces at tilt angles >30° and very
high tilt velocities. Because ankle sprains occur more often
in these more extreme test scenarios,'® we developed
a mechanical test procedure with an artificial lower leg
and foot (Figure 1). In this artificial device, the lower leg
and foot are connected by a joint in which the axis is moti-
vated by the natural tilt of the human subtalar joint axis.
We performed mechanical testing at 33 = 11 deg/s and 415
+ 17 deg/s to simulate slow and fast ankle inversion
motions, respectively. Inversion movements up to 40° were
induced by a rope that pulled the lateral part of the foot
upward (into combined inversion and plantarflexion) (Figure
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1). We quantified the external joint moment by multiplying
the resultant force applied by the material testing machine
within the pulling rope with the respective moment arm to
the ankle joint center. Joint angles were measured using
an embedded electrogoniometer. All measurements were
sampled with a frequency of 2000 Hz. We subtracted the
joint moment that occurred due to the inherent friction
within the apparatus by performing a measurement without
any shoes or orthoses. From the measurements, we calcu-
lated mean (0°-40° inversion) stiffness as the change in
external joint moment divided by the change in joint angle
within the respective interval.

We further analyzed ankle joint kinematics during
a maximum effort 90° change of direction task. The partic-
ipants performed these cutting maneuvers from a 4-step
approach and were instructed to perform the task with max-
imal intensity. The final biomechanical task for analyzing
joint protection was repeated side-shuffle motions from the
left to the right leg. We instructed the participants to vary
the intensity of task execution within each of the 3 per-
formed trials. We quantified the mean horizontal GRF
applied within each ground contact. We then extracted
only those ground contacts in which the mean horizontal
GRF was within 70% to 90% of the maximum value
obtained in any ground contact in any brace condition.
With this approach, we could compare ankle joint kinemat-
ics between conditions for the same relative task intensity.

Sports Performance Domain

To compare the effects on sports performance between
brace conditions, participants performed a linear accelera-
tion task, a vertical countermovement jump (CMJ), a 90°
change of direction, and a single-leg side-hopping task
over a distance of 30 cm with maximum effort.

The linear acceleration task was performed from
a standing start position in front of a floor-mounted force
platform (2000 Hz, 0.9 X 0.6 m; AMTI).!® We analyzed
the GRF's of the first contact after the onset of the motion.
We divided the change in running velocity (achieved
through integrating the body mass—normalized horizontal
GRF component) by ground contact time to achieve the
mean horizontal acceleration as our performance criterion
during this task. For the CMJ, we quantified performance
via the achieved jump height. We did not find any statisti-
cally significant differences between brace conditions for
entry and exit center of mass velocity (estimated via the
velocity of the center of the pelvis), as well as for the cut-
ting angle. Therefore, we quantified performance during
the cutting task through the execution, that is, ground con-
tact time. The pelvis velocity was determined by numerical
differentiation of the horizontal components of the mid-
point of the pelvis segment (ie, the midpoint between the
4 pelvis markers). The actual change of direction angle
during the cutting task was determined using the angles
between the horizontal components of the velocity vectors
of the pelvis markers averaged over 5 data frames before
and after ground contact. Performance during the side-
hopping task was evaluated by the execution time needed
to perform 5 right-left single-leg jumps.
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Figure 1. Mechanical tests performed with the artificial ankle (representing the right lower leg and foot) on the different brace
conditions. Inversion is induced by pulling the rope connected to the lateral aspect of the foot upward. All braces were tested
with the same shoe as during the biomechanical testing. Results represent the mean of 3 trials per condition.

Subjective Comfort and Stability Perception Domain

We asked the participants for their subjective comfort and
stability rating of the analyzed braces on a 10-cm visual
analog scale (VAS). For comfort and stability ratings,
higher VAS values represent a more comfortable or more
stable condition, while for the rating of perceived restric-
tion, a higher value refers to less restriction.

Freedom of Motion Domain

We assessed ankle range of movement in the frontal plane
during a sitting, low-speed ankle inversion-eversion move-
ment. The participants were advised to follow a metronome
set to 20 beats per minute (0.33 Hz) and achieve maximal
active eversion and inversion excursions. The maximum

range of movement achieved in the frontal plane during
10 motion cycles quantified freedom of motion.

Statistical Analysis

We present all parameters as group means (and standard
deviations). We applied 1-factor (brace condition)
repeated-measures analysis of variance to identify the
ankle brace condition main effects for our parameters of
interest. In the case of a brace condition main effect, we
performed pairwise comparisons between brace conditions
using dependent-sample ¢ tests. Because of the explorative
nature of the study, we did not correct for multiple compar-
isons when analyzing differences between individual
braces. Furthermore, Cohen d effect sizes were calculated
to evaluate the strength of the observed effects for each
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brace compared with the no-brace condition, using the
equation

d= MBrace - MNuBrace (1)
(SDfuce * SR prace)
2
with Mp, ... and My, Brqce being the mean values of a brace
condition and the no-brace condition, respectively. SDg,4ce
and SDy, Brace are the standard deviations of a brace con-
dition and the no-brace condition, respectively. All analy-
ses were performed using MATLAB statistics and
machine learning toolbox (R2019b; The MathWorks Inc).
The significance level was set to an « level of 5% (P < .05).

RESULTS
Protection Domain

We observed significant main effects of the ankle brace con-
dition for all biomechanical parameters related to ankle
joint protection (Figure 2, A-C; see also Appendix Table
A1, available in the online version of this article). Post hoc
analyses revealed that the adaptive brace decreased peak
inversion during induced sudden inversion and plantarflex-
ion motions on the tilt platform (—4.0% to baseline; P = .056;
d = 0.40) less than the lace-up (-7.7% to baseline; P = .003;
d = 0.74) and rigid (-27.1%; P < .001; d = 2.52) braces (Fig-
ure 2A; see also Appendix Table Al, available online). The
difference to the lace-up brace was, on average, 1.0° (P =
.039; d = 0.37) (see Appendix Table Al, available online).

In the change of direction and side-shuffling tasks, the
rigid brace achieved significant reductions in peak inver-
sion compared with all other conditions (see Appendix
Table Al, available online). The adaptive brace or lace-up
brace did not result in significant reductions of peak inver-
sion in these neuromuscular controlled motion tasks.

Interestingly, the participants reached higher absolute
peak inversion angles during the preplanned change of
direction and side-shuffling tasks compared with the unex-
pected tilt platform inversion (Figure 2, B and C; see also
Appendix Table Al, available online).

The material testing with the artificial ankle joint at 2
different angular velocities revealed the adaptive behavior
of the adaptive brace. Although its stiffness remained rel-
atively low during the slow inversion motion (Figure 1;
see also Appendix Table Al, available online), its stiffness
increased comparable with those of the lace-up and rigid
braces, respectively, during the fast inversion motion (Fig-
ures 1 and 2D; see also Appendix Table Al, available
online).

Sports Performance Domain

We identified significant main effects of ankle brace condi-
tion for the parameters CMdJ height and ground contact
time during the change of direction task (Figure 2, E and
G; see also Appendix Table Al, available online). CMJ
heights were reduced for the lace-up (-3.8% to baseline;
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P = .006; d = 0.31) and rigid (-2.7% to baseline; P = .017,
d = 0.22) braces, while the difference for the adaptive brace
(=1.7% to baseline; P = .072; d = 0.13) compared with the
no-brace condition did not reach the level of significance
(Figure 2E; see also Appendix Table Al, available online).
We observed no significant main effect of ankle brace con-
ditions on linear acceleration performance (see Appendix
Table Al, available online).

Because we did not find any significant differences
between conditions regarding entry and exit velocity and
the actual angle of the change in direction (see Appendix
Table Al, available online), sports performance during
the cutting maneuver can be quantified via the execution
(ie, ground contact) time. Here, we found no significant
main effect of ankle brace conditions (Figure 2G; see also
Appendix Table Al, available online).

We could not identify significant differences in side-
hop execution times between brace conditions (Figure
2H; see also Appendix Table A1, available online).

Subjective Comfort and Stability Perception Domain

We observed significant main effects of ankle brace condi-
tion for all subjectively rated parameters (see Appendix
Table A1, available online). The participants rated better
comfort and reported that they felt less restricted when
wearing the adaptive brace compared with the 2 passive
braces (Figure 2, J and L; see also Appendix Table Al,
available online). Each of the braces improved the stability
rating of the participants, and there was no significant dif-
ference between products regarding the stability rating
(Figure 2K; see also Appendix Table Al, available online).

Freedom of Motion Domain

Compared with the no-brace baseline condition, the adap-
tive brace reduced the frontal plane ankle range of move-
ment less (-20.4%; P < .001; d = 1.06) than passive ankle
braces (lace-up: —45.8%; P < .001; d = 2.39; rigid brace:
—54.8%; P < .001; d = 3.57) (Figure 2I; see also Appendix
Table Al, available online).

DISCUSSION

The purpose of the present study was to evaluate the per-
formance of a novel adaptive ankle brace compared with
traditional passive ankle brace concepts while considering
different domains relevant to the user compliance of ankle
protection systems.

The results of the material testing at slow and high
inversion velocities confirmed the adaptivity of the adap-
tive brace system (Figure 1). We observed a 400% increase
in stiffness created during the fast simulated inversion
compared with the slow simulated inversion. The tradi-
tional brace concepts did not show this adaptive behavior
and showed similar results in the slow and fast supination
conditions. The adaptive brace achieved slightly higher
stiffness values than the traditional braces in the fast con-
dition. Further, the adaptive brace created higher resisting
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Figure 2. Summary of differences observed for key biomechanical parameters within the 4 domains of ankle sprain protection (A
to D: Protection dimension; E to H: Sports performance dimension; |: Freedom of movement dimension; J to L: Subjective Per-
ception dimension). Numeric data of these results are summarized in Appendix Table A1 (available online). Horizontal lines indi-
cate a statistically significant difference between 2 conditions (P < .05). Mean Lin., average linear; CMJ, countermovement jump;
RoM, range of motion; VAS, visual analog scale.
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moments for most of the range of motion covered during
the material test (Figure 1).

However, during the biomechanical testing, the adaptive
brace limited peak ankle inversion less than did the rigid
brace, with peak inversion values similar to those of the
lace-up brace within the different sports-specific motions
analyzed. The rigid brace reduced peak inversion most sub-
stantially during these movements, with reductions
between 5.3° and 7.2° compared with the no-brace baseline.

The contradiction between material and biomechanical
test results might be resolved when considering the inver-
sion velocities in the different testing situations. Figure 3
highlights the mean peak inversion velocities observed
during our material and biomechanical testing in relation
to data from individuals who have experienced an ankle
inversion injury, summarized in a recent review article.”
However, when comparing the peak inversion velocities
observed during our material and biomechanical testing,
the different methods of measuring ankle inversion need
to be considered. During the biomechanical testing, in
order not to destroy the integrity of the heel cap and ankle
braces, we had to place the markers on the heel cap of our
baseline shoe. However, this approach is known to overes-
timate rearfoot motion up to 2.3-fold, on average.'? On the
other hand, inversion was measured directly using an elec-
trogoniometer integrated into the artificial ankle joint dur-
ing the material testing. This situation represents the
direct measurement of foot motion within a shoe/orthotic
condition. To compare the peak inversion velocities
between the different test situations, we have considered
the potential overestimation during the material test, as
shown in Figure 3.

When considering these adjustments, the mean inver-
sion velocities observed for the sports-specific task in this
study were lower than the velocities observed during the
fast material testing situation. Furthermore, by comparing
the measured inversion velocities against inversion veloci-
ties reported in the literature for actual injury situations
(Figure 3),'° it is apparent that the material testing more
closely resembles the real ankle strain injury mechanism
than the biomechanical testing with real participants.
Therefore, it may be concluded that the novel adaptive
ankle brace provides a similar or slightly better protection
against inversion-related ankle injuries in situations that
resemble high injury risk.

The comparison of peak inversion velocities between
testing conditions further highlights the need for material
testing using artificial ankle joints or cadaveric prepara-
tions to understand the effects of adaptive technologies
that change their behavior based on the intensity of move-
ment. Using such methodological approaches allows for the
testing of protection technologies in situations that have
been shown to cause injuries. Overall, it appears that the
adaptive ankle brace offers a similar amount of protection
under high-risk, high—inversion velocity conditions.

Next to protecting against excessive ankle inversion,
users of ankle protection systems still want to perform
well in their respective sports when wearing a protection
system. Sports performance was evaluated in the current
study during sports-relevant motions. In these tasks, we
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Figure 3. Comparison of peak inversion velocities. Black
crosses indicate individual data of ankle injuries that have
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measurements during the material testing did not consider
the overestimation of rearfoot motion due to marker place-
ment on the heel cap of the shoe, we further estimated
a comparable peak inversion velocity for the material testing
based on the overestimation factor determined by
Reinschmidt et al'? (factor, 2.3).

observed no significant main effects of orthotic conditions
except for CMdJ. Here, the adaptive brace did not show
a significant difference from the baseline condition
(=1.7%), while the lace-up and rigid braces showed signifi-
cantly lower CMdJ heights (-3.8% and —2.7%, respectively,
compared with baseline) than the adaptive brace. Overall,
we concluded that differences between adaptive and pas-
sive ankle braces regarding sports performance are likely
minor. However, future studies should evaluate these
orthotic conditions in more realistic game/sports situations
to strengthen the ecological validity of the test scenario.

When considering the freedom of movement during
slower motions with low injury risk, the adaptive brace
outperformed the passive brace conditions in this study.
Active range of motion values were increased by 46% and
76% for the adaptive brace compared with the lace-up
and rigid brace conditions, respectively. This result
matched the subjective perception of feeling restricted.
Here, the adaptive brace was subjectively rated as restrict-
ing the motion of the ankle joint clearly less than the pas-
sive brace conditions.

Furthermore, the participants rated the adaptive brace
as more comfortable. Interestingly, the participants rated
the adaptive product as providing a similar amount of sta-
bility to the passive braces. This subjective stability rating
seems to be more in line with the findings from the mate-
rial testing than the findings from the biomechanical test-
ing of the protective effects of the products.
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Whether the findings of the present study translate to
better user compliance in real sports situations should be
investigated in future prospective studies addressing
injury incidences and compliance aspects. With neuromus-
cular training interventions and other technological inter-
ventions, for example, reducing lateral shoe traction,’
adaptive ankle protection might reduce ankle injury prev-
alence by offering protection with less restriction and bet-
ter comfort for the users.

Limitations

The findings of this study do not come without limitations.
We included only male participants to improve the homo-
geneity of the participant sample. However, future studies
must validate these findings for female participants. Fur-
thermore, we mainly tested participants with no injuries
(ie, healthy, intact ligaments). Athletes with a history of
ankle injury or present injury (ie, those with functional
or structural instability) may respond differently to these
braces. In addition, we only tested the right leg of our par-
ticipants, which was the dominant leg for most of them.
Future studies need to verify our findings for the nondom-
inant leg. Finally, the biomechanical tests performed in
this study were performed in nonfatigued conditions.
Because fatigue can alter the injury risk profile for lateral
ankle injuries,® its effects should be better integrated into
future studies assessing ankle protection technologies.

CONCLUSION

Overall, we found that the novel adaptive ankle brace
offers similar protective effects in high-velocity inversion
situations to those of passive protection technologies, while
affecting sports performance-related tasks very little. At
the same time, the adaptive brace improved active ankle
range of motion, as well as subjective comfort and restric-
tion ratings compared with the passive braces.

REFERENCES

1. Agres AN, Chrysanthou M, Raffalt PC. The effect of ankle bracing on
kinematics in simulated sprain and drop landings: a double-blind,
placebo-controlled study. Am J Sports Med. 2019;47(6):1480-1487.
doi:10.1177/0363546519837695

2. Briggemann GP, Willwacher S, Fantini Pagani CH. Evaluation der
biomechanischen Wirksamkeit eines neuen Orthesenkonzepts zur
Therapie von Sprunggelenkverletzungen. Sports Orthop Traumatol.
2009;25(3):223-230. doi:10.1016/j.orthtr.2009.08.005

3. Dizon JMR, Reyes JJB. A systematic review on the effectiveness of
external ankle supports in the prevention of inversion ankle sprains
among elite and recreational players. J Sci Med Sport.
2010;13(3):309-317. doi:10.1016/j.jsams.2009.05.002

4. Doherty C, Delahunt E, Caulfield B, Hertel J, Ryan J, Bleakley C. The
incidence and prevalence of ankle sprain injury: a systematic review
and meta-analysis of prospective epidemiological studies. Sports
Med. 2014;44(1):123-140. doi:10.1007/s40279-013-0102-5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

The American Journal of Sports Medicine

. Fong DTP, Hong Y, Chan LK, Yung PSH, Chan KM. A systematic

review on ankle injury and ankle sprain in sports. Sports Med.
2007;37(1):73-94. doi:10.2165/00007256-200737010-00006

. Garrick JG, Requa RK. The epidemiology of foot and ankle injuries in

sports. Clin Sports Med.
5919(20)30956-X

1988;7(1):29-36. doi:10.1016/S0278-

. Gross MT, Liu HY. The role of ankle bracing for prevention of ankle

sprain injuries. J Orthop Sports Phys Ther. 2003;33(10):572-577.
doi:10.2519/jospt.2003.33.10.572

. Karlsson J, Peterson L, Andreasson G, Hogfors C. The unstable

ankle: a combined EMG and biomechanical modeling study. J App/
Biomech. 1992;8(2):129-144. doi:10.1123/ijsb.8.2.129

. Lysdal FG, Bandholm T, Tolstrup JS, et al. Does the Spraino low-

friction shoe patch prevent lateral ankle sprain injury in indoor sports?
A pilot randomised controlled trial with 510 participants with previous
ankle injuries. Br J Sports Med. 2021;55(2):92-98. doi:10.1136/
bjsports-2019-101767

Lysdal FG, Wang Y, Delahunt E, et al. What have we learnt from
quantitative case reports of acute lateral ankle sprains injuries and
episodes of “‘giving-way”’ of the ankle joint, and what shall we further
investigate? Sports Biomech. 2022;21(4):359-379. doi:10.1080/
14763141.2022.2035801

Mai P, Willwacher S. Effects of low-pass filter combinations on lower
extremity joint moments in distance running. J Biomech.
2019;95:109311. doi:10.1016/j.jbiomech.2019.08.005

Reinschmidt C, Stacoff A, Stussi E. Heel movement within a court
shoe. Med Sci Sports Exerc. 1992;24(12):1390-1395.

Rosenbaum D, Kamps N, Bosch K, Thorwesten L, Vélker K, Eils E.
The influence of external ankle braces on subjective and objective
parameters of performance in a sports-related agility course. Knee
Surg Sports Traumatol Arthrosc. 2005;13(5):419-425. doi:10.1007/
s00167-004-0584-7

Sanno M, Epro G, Brliggemann GP, Willwacher S. Running into
fatigue: the effects of footwear on kinematics, kinetics, and energet-
ics. Med Sci Sports Exerc. 2021;53(6):1217-1227. doi:10.1249/
MSS.0000000000002576

Sanno M, Willwacher S, Epro G, Briiggemann GP. Positive work con-
tribution shifts from distal to proximal joints during a prolonged run.
Med Sci Sports Exerc. 2018;50(12):2507-2517. doi:10.1249/
MSS.0000000000001707

Verhagen EA, Bay K. Optimising ankle sprain prevention: a critical
review and practical appraisal of the literature. Br J Sports Med.
2010;44(15):1082-1088. doi:10.1136/bjsm.2010.076406

Verhagen EA, van Mechelen W, de Vente W. The effect of preventive
measures on the incidence of ankle sprains. Clin J Sport Med.
2000;10(4):291-296. doi:10.1097/00042752-200010000-00012
Verschueren J, Tassignon B, De Pauw K, et al. Does acute fatigue
negatively affect intrinsic risk factors of the lower extremity injury
risk profile? A systematic and critical review. Sports Med.
2020;50(4):767-784. doi:10.1007/s40279-019-01235-1

Willwacher S, Kurz M, Menne C, Schrodter E, Briggemann GP. Bio-
mechanical response to altered footwear longitudinal bending stiff-
ness in the early acceleration phase of sprinting. Footwear Sci.
2016;8(2):99-108. doi:10.1080/19424280.2016.1144653

Willwacher S, Regniet L, Fischer KM, Oberlander KD, Briiggemann
GP. The effect of shoes, surface conditions and sex on leg geometry
at touchdown in habitually shod runners. Footwear Sci.
2014;6(3):129-138. doi:10.1080/19424280.2014.896952

Willwacher S, Sanno M, Brliggemann GP. Fatigue matters: an
intense 10 km run alters frontal and transverse plane joint kinematics
in competitive and recreational adult runners. Gait Posture.
2020;76:277-283. doi:10.1016/j.gaitpost.2019.11.016

Yeung MS, Chan KM, So CH, Yuan WY. An epidemiological survey
on ankle sprain. Br J Sports Med. 1994;28(2):112-116. doi:10.1136/
bjsm.28.2.112

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journals-permissions



