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Background: It is estimated that nearly 2 million individuals sprain their ankle each year in the US. A majority of
these are recurrent injuries, which often results in chronic ankle instability. To better understand the cause of
Gait instability, previous research has looked at the coupling or coordination between leg and foot motion during
Segment coupling locomotion.

Research Question: Determine the coupling between the tibia and the calcaneus during the stance phase of
walking in those without a history of ankle instability compared to those with either moderate or severe in-
stability.

Methods: Fifty-four individuals between the age of 18-30 years (15 males; 39 females) participated in this study.
Each participant’s history of ankle sprains and score on the Cumberland Ankle Instability survey was used to
assign them to either a no, moderate or severe instability group. Electromagnetic sensors attached to the tibia
and calcaneus recorded three-dimensional movement of their tibia and calcaneus during the stance phase of
barefoot over ground walking. The kinematic data was referenced to the subject’s standing position and time
normalized to each subject’s stance phase duration. The relative phase (RP) angle and RP variability between
tibia internal/external rotation and calcaneal inversion/eversion motion was then calculated. A one-way ana-
lysis of variance test was used to determine if significant differences existed between the three groups of subjects
on mean RP angle or variability. An alpha level of .05 was used to determine statistical significance.

Results: A significant increase in RP angle and variability was found during the mid-stance phase of walking for
those with severe ankle joint instability compared to those with moderate or no instability. Significance. The
observed decreased coordination and increased coupling variability observed for those with severe ankle in-
stability suggests either residual ligamentous damage, inadequate sensorimotor control, or both.

1. Introduction The coordination, or coupling between tibio-calcaneal motion has

been investigated by several authors using a variety of methods. A

The ankle joint is among the most common body regions injured
during athletics and physical activity. In the USA, it is estimated that
close to 2 million individuals sustain an ankle sprain each year [1].
About 59% of individuals with an acute ankle sprain develop chronic
instability (CAI) [2]. CAI is described as a feeling of the ankle “giving
way” and feelings of acute ankle joint instability, which is secondary to
reduced intrinsic support from a history of multiple ankle sprains [3].

During walking, internal and external rotation of the leg is accom-
panied by inversion and eversion of the calcaneus. This relationship is
referred to as “talocrural coupling” [4]. Since talocrural coupling is
dependent upon the integrity of the ligaments supporting the ankle,
their injury could result in decreased coordination between the tibia
and calcaneus and resultant feelings of instability [4,5].
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common analysis technique used to investigate this coordination is
vector coding (VC) [6,7]. This technique involves using an angle-angle
diagram of the two segments and determining the orientation relative
to the horizontal of the vector difference between two points [8].
Using VC, Herb and associates showed that those with CAI had
greater relative frontal plane movement of the calcaneus compared
with transverse movement of the shank during early and late swing
phase of walking [6]. In addition, they found that those with CAI had
less variability during late stance and early swing phase. They attrib-
uted the reduced variability to less adaptability to constraints by the
sensor sensorimotor system. Lilley and associates used the VC technique
to investigate the coordination between sagittal plane movement of the
knee and frontal plane movement of the ankle [7]. They reported
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increased coupling variability from 51 to 66% and from 81 to 88% of
the gait cycle in those with CAIL They speculated that the increased
variability may be related to instances of instability and long-term joint
degeneration.

Another analysis technique looking at inter-segment coordination is
continuous relative phase (CRP) analysis [9]. Since receptors exist that
control both the position and velocity of a segment, CRP analysis has
been advocated because it contains both temporal and spatial in-
formation, yielding a more detailed analysis of movement behavior
[10,11]. CRP also provides a continuous measure of segmental co-
ordination throughout the activity of interest. A CRP angle of 0° in-
dicates that the movement of the two segments are perfectly in-phase,
while an angle of 180° indicates that the two segments are perfectly out-
of-phase [12,13]. Using CRP analysis, Drews and colleagues studied the
coupling between transverse plane rotation of the shank and frontal
plane movement of the rearfoot in seven individuals with and seven
without CAI [12]. They reported that those with CAI had significantly
greater CRP values from 94 to 97% of the gait cycle compared to the
control group, indicating that the two segments were more out-of-
phase.

Understanding the magnitude and variability of kinematic coupling
between the tibia and the calcaneus may help to explain the perceived
instability and subsequent degeneration that is frequently seen fol-
lowing repeated ankle sprains. Unfortunately, previous studies have
reported conflicting results and have not always looked at the same
planes of movement. A further limitation of past research is that the
magnitude of ankle instability has not been studied. Individuals with
mild symptoms of ankle instability may be similar to uninjured in-
dividuals [14]. As such, looking at the magnitude of instability may
demonstrate changes in inter-limb coordination that would otherwise
not be evident. The purpose of the current study was to investigate
tibial rotation and rearfoot eversion/inversion coupling during walking
using CRP in those without ankle instability compared to those with
either moderate or severe instability. It was theorized that those with
severe instability would demonstrate less coordination between the
tibia and calcaneus during walking compared to those with either no or
moderate instability.

2. Methods
2.1. Subjects

A total of 54 subjects between the age of 18-30 years (15 males; 39
females) were recruited from a university community and were ex-
cluded from participation if they had a current injury to their lower
extremities or had a history of injury, disease, or condition, with the
exception of ankle sprains, that could possibly alter their foot posture,
gait, or mobility. Those who met the inclusion criteria were then asked
about their history of ankle sprains, including frequency, severity and
whether they had any signs or symptoms of ankle instability. Eighty
percent of the subjects in this study were physically active at least three
days per week and none of them reported that their activity was limited
by signs or symptoms of ankle instability. The Cumberland Ankle
Instability (CAIT) [15] survey was used to assess the presence and
magnitude of ankle instability. Subjects were then assigned to one of
three different groups based on this information. Group 1 (CONTROL)
consisted of individuals with a history of less than 2 ankle sprains and a
CAIT score of > 25 [16]. Group 2 (MODAI) consisted of individuals
with a history of 2 or more ankle sprains and a CAIT score of <25,
but > 19. Group 3 (SEVAI) consisted of individuals with a history of 2
or more ankle sprains and a CAIT score <19. Prior to initiation of data
collection, participants provided written informed consent. The study
was approved by Northern Arizona University's institutional review
board.
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Fig. 1. Photograph of subject standing in the reference position (facing positive
Y axis) with electromagnetic sensors attached.

2.2. Data collection

Motion of the shank and rearfoot of each subject was measured
using an electromagnetic system based upon the Fastrak tracking device
(Polhemus, Colchester, Vermont). The electromagnetic transmitter was
positioned at the midway point of a 6-m raised walkway and 34-cm
from its supporting surface. The walkway was raised 44.5-cm from the
floor to avoid any possible distortion of the electromagnetic fields
caused by metal reinforcement in the laboratory's concrete floor. The
sensors measured 2.8 X 2.3-cm and weighed 17-g. The signals from
each sensor were input to a digital signal processor that computed the
sensor's position and orientation relative to the transmitter, which is
sufficient for analyzing the stance phase of walking [17]. Within this
range, it has an accuracy of 0.8 mm and 0.15° RMS [18].

Two electromagnetic sensors were used to collect the angular or-
ientation of the shank and rearfoot. The sensors were attached to the
posterior aspect of the calcaneus and to the anteriomedial tibia, ap-
proximately one-third of the distance from the subject's tibial tubercle
(see Fig. 1). These locations were selected to minimize movement be-
tween the skin and sensor and to define the anatomical segments being
analyzed. The sensors were attached using two-sided adhesive tape.
Prior to collecting data, the segment endpoints of the shank and foot
were defined by digitizing the medial and lateral joint lines of the knee,
the medial and lateral malleoli and the tip of the second toe.

The sensors were connected to a computer by means of a 30-foot
cable. An AMTI (Advanced Mechanical Technology, Inc., Watertown,
MA) force plate positioned flush within the walkway and adjacent to
the electromagnetic transmitter was used to record the initiation (onset
of vertical force) and cessation (return to baseline) of the subject's
stance phase. Joint coordinate angles were determined using a Cardan
angle system (X’Y”Z” sequence). Dorsiflexion/plantar flexion corre-
sponded to rotation of the calcaneus about the lab's x-axis relative to
the tibia. Inversion/eversion was rotation of the calcaneus about the
lab's y-axis relative to the tibia. Finally, internal/external rotation was
rotation of the tibia about the lab's z-axis relative to the calcaneus.

2.3. Procedure

After signing the informed consent, each subject's age, height,
weight and foot posture index was recorded. Foot posture was assessed
by the same individual (MWC) using the Foot Posture Index (FPI) [19],
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which has been shown to have high intra-rater reliability and moderate
inter-rater reliability [20]. Since the FPI is predictive of dynamic
rearfoot motion [21], it was used to help ensure that foot posture was
not significantly different between the three groups. The subject's limb
with the greatest symptoms of instability was selected for analysis.

Subjects walked barefoot across the walkway and force plate for a
minimum of 5 trials at their self-selected speed. Subjects were mon-
itored during each trial and if they did not make complete contact with
the force plate or they appeared to “target” the force plate, the trial was
repeated.

2.4. Data processing

The sensor and vertical ground reaction force data were collected at
240 Hz and filtered with a 6 Hz low-pass, zero lag digital filter using The
Motion Monitor software (Innovative Sports Training, Inc, Chicago, IL).
All motion data was referenced to when the subject was standing with
their feet shoulder width apart, the feet parallel to each other and fa-
cing along the positive y axis (See Fig. 1). The kinematic data were then
time normalized to each subject's stance phase duration.

2.5. Continuous relative phase technique

Using proprietary MatLab version 17b scripts (MathWorks, Natick,
MA), the continuous relative phase angle (CRP) between the shank (z)
and rearfoot (y) was calculated as the difference in the phase angles of
the two segments. The phase angles were determined from the position
vs. velocity (x vs. x”) phase-planes. From the resulting phase-planes, the
phase angle at each point (¢(t)) was calculated relative to the right
horizontal using the following equations described by previous in-
vestigators [9,10,22]. Prior to calculating the phase angles, the phase
planes were normalized [9]. The continuous relative phase was then
calculated by subtracting the two phase angles. In addition to de-
termining the CRP angles between the two segments, the between-trial
coupling variability of those phase angles at each point during the
motion was calculated.

2.6. Statistical analysis

The stance phase was divided into 4 periods, similar to that pro-
posed by Ferber et al. [23]. PERIODS 1, 2, 3 and 4 were defined as from
0-20% (loading response), 20-50% (mid-stance), 50-80% (terminal
stance), and 80-100% (push-off), respectively. In addition to de-
scriptive statistics, a one-way analysis of variance (ANOVA) was used to
determine if statistically significant differences existed between the
three groups of subjects relative to their mean CRP angle or mean CRP
angle variability in each of the functional periods as well as the entire
stance phase. If the ANOVA was statistically significant, a bonferroni
post hoc correction was used to determine which conditions were sig-
nificantly different. All statistical tests were performed using SPSS
v24.0 (IBM Corp.) with a 5% level of statistical significance of 5%.

3. Results

The demographic information for subjects is shown in Table 1. The

Table 1
Demographic information for the subjects in the study.
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Table 2
Mean continuous relative phase angles and continuous relative phase angle
variability for each group during each functional period of the stance phase.

Period Control MODAI SEVAI F value
Continuous relative phase angle

1 43.2 (27.2) 33.2 (32.0) 50.9 (25.9) 1.16
2 38.6 (19.9) 28.6 (23.9) 51.2" (22.0) 3.18%
3 44.7 (19.3) 33.5(21.2) 44.0 (17.3) 1.60
4 63.3 (25.5) 48.2 (29.9) 76.0 (34.5) 2.80
Total 46.3(16.2) 34.9 (24.2) 53.9 (17.1) 3.17%
Continuous relative phase angle variability

1 14.7 (8.0) 11.2 (8.8) 17.3 (10.6) 1.47
2 10.2 (5.7) 7.9 (5.49) 21.0"€ (20.4) 5.65"
3 8.12 (4.4) 6.2 (3.3) 10.2 (5.3) 2.38
4 7.8 (4.0) 6.4 (3.7) 10.7° (5.1) 3.18
Total 10.0 (3.8) 7.7 (4.6) 15.0> (9.5) 5.21%

Values in parentheses are standard deviations.
@ Overall significance; p < 0.05.
Y Different from MODAL p < 0.05.
¢ Different from control; p < 0.05.

subjects in this study tended to be young females with an average FPI of
2.7, which is considered to be within the range of normal foot posture
[24]. There was no statistical difference (p > .05) between the three
groups on any of the demographic variables including the FPI.

Fig. 3 shows the kinematic movement of the shank and rearfoot for
each group. The results of the ANOVA test on mean CRP angle during
walking showed it was statistically increased (p = .05) for the entire
stance phase as well as during period 2 (p = .05) (see Table 2). Post hoc
analysis for total stance phase and period 2 showed that mean CRP
angle for SEVAI individuals was significantly increased (p = .047 and
p = .045 respectively) compared to those in the MODAI group, but not
the CONTROL group. The observed kinematic differences between the
three groups during period 2 show that although the tibia in the SEVAI
group continues to internally rotate similar to that in the MODAI and
CONTROL groups, the rearfoot begins inverting sooner, thus resulting
in the significantly increased CRP angle between the two segments (see
Fig. 2a and Table 2). No statistical difference was found between those
in the CONTROL, MODAI and SEVAI groups for periods 1, 3 or 4.
Table 3 shows the effect sizes for each comparison made for mean CRP
angle. As is seen, for those means that were found to be statistically
significant, the effect size ranged from 1.03 to 1.06, which is considered
“Large” [25].

The results of the ANOVA test on mean CRP angle variability
showed that it was statistically different (p = .0087) for the entire
stance phase as well as during period 2 (p = .0061) and period 4
(p = .0497) (see Fig. 2b and Table 2). Post hoc analysis showed that
mean CRP angle variability for those in the SEVAI group during period
2 was significantly increased compared to those in the MODAI
(p = .009) and CONTROL (p = .013) groups. There was no statistical
difference seen between the MODAI and CONTROL group. With respect
to period 4, the SEVAI group was significantly greater (p = .05) than
the MODAI group, but not the CONTROL group (see Fig. 2b). For the
entire stance phase, the SEVAI group was significantly greater than the
MODAI group (p = .008) and the CONTROL group (p = .045). In ad-
dition, there was no statistical significance between the MODAI and

Group N Male (%) Age (yrs) Height (cm) Weight (kg) FPI CAIT Number of sprains
Control 31 35.5 23.9 (2.3) 169.7 (7.8) 73.5 (16.7) 2.4 (2.9 29.1 (1.49) 6 (1.1)

MODAI 13 7.7 22.3 (3.0) 172.4 (8.4) 67.6 (12.7) 3.9 (4.9 22.4 (1.7) 3.9 (2.2)

SEVAI 10 30.0 24.6 (1.8) 171.3 (8.6) 72.5 (11.8) 2.0 (2.8) 15.9 (3.2) 7.2 (5.2)

Total 54 27.8 23.6 (2.5) 170.6 (8.0) 71.9 (15.0) 2.7 (3.3) 25.1 (5.5) 2.6 (3.6)

Values in parentheses are standard deviations.
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Table 3
Magnitude of CRP angles and CRP variability effect sizes for comparison and
each functional period of the gait cycle.

CRP angle CRP variability
Period 1

MODAI SEVAI MODAI SEVAI
Control .355 273 Control 403 .300
MODAI - .628 MODAI - .703
Period 2

MODAI SEVAI MODAI SEVAI
Control .470 .592 Control 231 1.08"
MODAI - 1.06" MODAI - 1.317
Period 3

MODAI SEVAI MODAI SEVAI
Control .576 .036 Control 443 .480
MODAI - .540 MODAI - 924
Period 4

MODAI SEVAI MODAI SEVAI
Control .532 .448 Control 339 .703
MODAI - .981 MODAI - 1.04°
Total

MODAI SEVAI MODAI SEVAI
Control .615 410 Control 925 1.85"
MODAI - 1.03% MODAI - .925%

@ Post-hoc significance; p < 0.05.

CONTROL groups. Table 3 shows the effect sizes for each comparison
made for mean CRP angle variability. As is seen, for those means that
were found to be statistically significant, the effect size ranged from
.925 to 1.85, which is considered to be “Very Large” [25].

4. Discussion

The purpose of this study was to investigate tibia rotation and cal-
caneal eversion/inversion coupling during walking in those without
ankle instability compared to those with either moderate or severe in-
stability. The results indicate that during the mid-stance phase of
walking, tibial rotation and calcaneal eversion are significantly out of
phase with each other (increased CRP angle) during mid-stance for
those with severe CAL Previous studies have shown decreased co-
ordination during stance, but not during mid-stance. Using the vector
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coding analysis technique, Herb, et al. demonstrated decreased co-
ordination during the late and early swing phase [6]. Using the CRP
analysis technique, Drewes et al. [12] demonstrated decreased co-
ordination only during the late swing phase of walking. These differ-
ences may be related to Herb et al. [26] using the VC analysis technique
rather than CRP. Further Research comparing the two techniques is
therefore warranted. In addition, it is possible that Herb et al. [26] and
Drewes et al. [12] may have studied individuals with less instability
than those in the current study. In the case of Drewes et al. [12] a
relatively small sample size (n = 7) may have also contributed to the
difference in results. It is recommended that future research should
either study only those with symptoms of severe ankle instability or
subdivide subjects based on the severity of their symptoms.

During the loading response of walking, the internally rotating tibia
coincides with subtalar joint eversion, adduction and plantar flexion of
the talus [4]. During this time, talar movement is assisted by the in-
creasing tension in the deltoid ligament, pulling it further into adduc-
tion and plantarflexion. This motion of the talus and its relatively tight
fit within the ankle mortise works in concert with the subtalar joint
configuration to evert the calcaneus. As the foot begins to unload
during mid-stance and into terminal stance, the tibia begins to ex-
ternally rotate. The external rotation of the tibia thus places increasing
tension on the anterior tibiofibular ligament, causing the talus to move
into abduction and dorsiflexion with subsequent calcaneal inversion. A
disruption of the soft tissue about the ankle including the anterior ta-
lofibular or distal tibiofibular ligaments [27,28] could result in excess
joint movement, allowing inversion rather than eversion of the calca-
neus. Such altered movement during mid-stance for those with severe
ankle instability was shown in the present study (see Fig. 3). As such,
the extent of instability following an ankle sprain appears to be related
to the degree of decreased coordination between the tibia and calca-
neus. As always, further research regarding this is warranted.

With respect to coupling variability, previous research has reported
decreased variability for those with CAI [6]. This is consistent with
those in the current study with moderate instability, but not severe
instability. Dynamic systems theory considers movement variability to
reflect sensorimotor health and the capacity to explore a variety of
strategies in order to accomplish a particular task [29,30]. It is sug-
gested that the decreased coupling variability in those with CAI is an
indication of less adaptability and a protective mechanism against
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subsequent injury [7]. The reduced coupling variability in the current
study for those with moderate instability could be such a manifestation
of this attempt to restrict movement variability and thus prevent injury
or reduce symptoms of instability. For those in our study with severe
ankle instability, the increased coupling variability might be an in-
dication of their attempt to use a variety of movement strategies in an
attempt to reduce their symptoms of instability. On the other hand, the
increased variability may simply be the result of a loss in the structural
integrity of the ankle and the inability to adequately restrict un-
coordinated movement, thus producing symptoms of “giving way”.
Future research should certainly explore the possible role that each of
these two mechanisms may play in chronic instability following ankle
sprains.

The limitations of the present study include the measurement of
only walking as well as only analyzing the stance phase. Despite this,
the authors do not feel that this is a significant limitation since all
subjects reported having some degree of instability during walking and
that such symptoms would be most likely reported during a closed-
chained movement such as the stance phase. Admittedly, the study is
limited by the relatively small number of individuals with moderate or
severe ankle instability. The calculated effect sizes, however, indicate
that the observed changes were real, regardless of the number of sub-
jects tested. Finally, the activity of the muscles about the ankle were not
recorded in this study, which may have provided insights as to the
nature and cause of the observed decreased coordination between the
tibia and calcaneus as well as the increased coupling variability. Future
research should include such analysis.

5. Conclusion

Individuals with a history of multiple ankle sprains and symptoms of
severe ankle instability show decreased coordination between the tibia
and calcaneus during the mid-stance phase of walking. In addition,
coordination variability was significantly increased during the mid-
stance and push-off phases. This increased variability may indicate the
inability to successfully restrict segmental movement in order to
minimize symptoms or prevent subsequent injury.
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