The Role of the Great Toe in Balance Performance
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ABSTRACT: The objective of this study was to evaluate great toe function in maintaining static and dynamic balance. Correlation among
great toe length, body height, and balance performance parameters were also investigated. Thirty females (aged 22.1 + 1.9 years) were tested
in two great toe conditions: unconstrained and constrained. Balance testing was done in the following order: (1) static balance, single-leg
stance with right or left foot, eyes open or closed; (2) static balance, stance with both feet, eyes open or closed; (3) dynamic balance, left/right or
forward/backward, rhythmic weight shifting; and (4) dynamic balance, target reaching test, eight targets within 90% limit of stability.
Significant differences were found in sway velocity between the two toe conditions with eyes open or closed in single-leg stance (p < 0.05). No
difference was found between the two conditions while standing with both feet. For rhythmic weight shifting, significant differences in sway
velocity were found in toe conditions and in weight-shifting directions (p < 0.05). As to target reaching, significance was only noted in
directional control scores. Great toe length was correlated with subject’s height (r =0.553, p < 0.05). Our results indicate that constraining
the great toe deteriorated the subjects’ single-leg stance performance and worsened the directional control ability during forward/backward
weight shifting. The importance of the great toe in balance may be taken into account in toe amputation or transfer in the future. © 2008
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 27:549-554, 2009
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Balance is vital for people to accomplish daily tasks.
Impairment in balance interferes with acquiring motor
skills, leading to deterioration in performance and a
higher incidence of falls. Identifying variables that
deleteriously affect balance may be important in
injury prevention. The base of support in standing
balance is usually referred to the plantar surface of the
foot. During locomotion, the foot serves as a propulsive
lever and shock absorber, constantly suffering
compressive, tensile, shearing, and rotatory forces.
Dysfunction of foot biomechanics by disease or injury
interferes with lower extremity biomechanics, posing
extra pressure on other joints.

The great toe seems to play an important role in the
function of the foot. In standing, the great toe exerts
more pressure than those of the five metatarsal heads
and the heel,! with a pressure twice that of the total
pressure of the other four toes.? During walking, as
the great toe passively dorsiflexes, the longitudinal
arch is raised, the rearfoot supinated, the leg
externally rotated, and the plantar aponeurosis
tensed.® This so-called windlass mechanism tenses
the plantar fascia, thus forming a rigid lever for push-
off. If the mechanism is altered, the timing and
effectiveness of push-off is affected. Therefore, great
toe disorders cause inevitable changes in static and
dynamic balance.

To our knowledge, none of the balance studies
directly evaluated the great toe influence on balance.
Tanaka et al.? tested subjects’ single-leg stance on a
moving platform and measured their sway responses
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and the peak pressure under the toes. Body sway was
better correlated with peak anteroposterior sway
than with lateral sway, and the peak pressure of the
great toe was significantly greater than the sum of the
peak values of the other four toes for both sides. The
same group also found great toe pressure in elderly
subjects was significantly greater than in younger
subjects.* Similar results were found by Ducic et al.>*¢
in a group of patients with peripheral neuropathy.

Significant changes in the plantar pressure distri-
bution were measured in standing and walking
within patients with great toe range of motion
deficits.”® However, the direct impact of the
great toe on balance parameters has not been
investigated.

Great toe amputation affects foot bone stress.
Barca et al.® found that patients who received micro-
surgical reconstruction of the thumb with great toe
transfer exhibited an overload of central and lateral
metatarsal bones. Thus, great toe amputation sig-
nificantly altered the weight distribution pattern
within the foot. This alteration would inevitably affect
a subject’s balance.

Due to the scant information regarding the role the
great toe in balance performance, our purpose was to
evaluate the function of the great toe in maintaining
static or dynamic balance. We hypothesized that
subjects with an unconstrained great toe would
perform better during single-leg stance in an eyes
open or eyes closed condition. For dynamic standing
tasks, we predicted constraint of the great toe would
deteriorate balance performance parameters. Rela-
tions among the length of great toe, body height, and
balance ability were also investigated.
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Table 1. Descriptive Statistics of the Subjects

Mean + SD Minimum Maximum
Age (years) 22.10+1.87 18.37 24.88
Height (cm) 161.11+4.78 152.00 170.00
Body weight (kg) 57.02+6.48 48.50 77.00
Great toe length (cm) 6.48 +0.45 5.60 7.50

MATERIALS AND METHODS

Thirty females, aged 18—24 years, volunteered for the study.
They were recruited from local universities, and their
informed consent was in accordance with institutional review
board procedures at Chang-Gung Memorial Hospital. Exclu-
sion criteria included: lower extremity diseases or injuries
within the past 6 months; any visual, hearing, proprioceptive,
or foot sensory impairment that would affect balance; or any
other balance disorders. Descriptive statistics are listed in
Table 1. Length of the big toe was measured from the first
metatarsal joint line to the most distal part of the phalange. All
subjects were right-leg dominant.

Subjects were tested in two great toe conditions: uncon-
strained or constrained. In the constrained condition, the
great toe was constrained in 30° dorsiflexion with a custom
splint to mimic the situation without a great toe (Fig. 1). In
the condition with two legs standing, both great toes were
constrained. In single-leg stance, only the stance leg was
constrained. Fifteen subjects performed the unconstrained

Figure 1. The great toe constraining splint: (a) lateral view;
(b) posterior view.
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toe condition first and the others the constrained toe
condition first. The order was randomly assigned.

Subjects rode a stationary bike for 3 min and
then performed designed lower extremity stretching exer-
cises. The following testing conditions were studied: (1)
static balance, single-leg stance with right/left foot, eyes
open and closed; (2) static balance, both feet, eyes open and
closed; (3) dynamic balance, rhythmic weight shifting, left/
right and forward/backward; and (4) dynamic balance,
target reaching test, eight targets within 90% limit of
stability (LOS). After testing, subjects sat and rested for
10 min, then performed the whole series again with
the second big toe condition.

Balance parameters were measured by a commercially
available balance machine (Smart Balance Master™ v5.0,
Neurocom Intl, Clackamas, OR). This system is constructed
with transducer-mounted force platforms for measuring
ground reaction forces, from which the center of pressure
and the sway angles were calculated. The sampling rate was
100 Hz. The programmed software also computes LOS, that
is, the greatest distance a person can lean away from the
base of support without changing the base, in accordance to
the subject’s body height. A computer screen with adjustable
height is mounted on the machine to display the sway
excursion to the subject. A cursor was displayed to represent
the subject’s center of pressure.

In static balance testing, the subject stood with her eyes
leveled with the computer screen. In single-leg stance, the
subject placed her foot in the middle of the force plate. For
the next condition, subjects stood with both feet shoulder
width apart (the actual width depended on the body height
of the subjects). Foot positioning was kept constant for each
subject across all trials. Data collection did not start until
the subject attained a stable condition, which was a couple
of seconds after foot placement. The recording time was 20 s.
Both conditions were tested with eyes open and then eyes
closed; the two were treated as independent testing
conditions. The sway velocity of the center of pressure was
recorded. Sway velocity was calculated by the averaged
movement velocity between the 5 and 95% movement
distance.

During dynamic testing, subjects performed movements
according to the programmed conditions. For rhythmic
weight shifting, subjects swayed front and back/left and
right within their 50% LOS. Each movement was tested
twice. The directional control (%) of the weight shifting
movement was calculated as follows:

M; — M,

Directional control (%) = M.

where Mi is the the amount of movement in the intended
direction and Me is the the amount of extraneous movement.

For the target reaching condition, nine squares were
displayed on the screen. The subject swayed in between the
center cursor and the rest of the eight representing the
front, right front, right, right back, back, left back, left, and
left front position of the subject’s 90% LOS, with a sequence
programmed in the computer (Fig. 2). Each subject
completed all eight directional moves, and the center of
pressure reaction time (RT), movement velocity (MVL), and
directional control (DCL) were recorded.
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Figure 2. Targetreachingtest. (a) The starting position. Subject
holds her center of pressure inside the center square. (b) The center
of pressure excursion curves of eight target positions.

Two-way analyses of variances were used with repeated
measures on the two independent variables: toe (uncon-
strained and constrained) and leg (left and right) for static
single-leg stance with eyes open or eyes closed; toe and
direction (left/right and forward/backward) for weight
shifting condition; toe and target (front, right front, right,
right back, back, left back, left, left front) for target reaching
test. A paired ¢-test of toe condition was used for static two-
leg stance with eyes open or closed. A pairwise comparison
was used when a significant interaction was found between
two independent variables. Significance level was set at
0.05. Pearson’s correlation coefficient was calculated for
correlations between great toe length and body height, great
toe length and balance parameters, and the body height and
balance parameters.

RESULTS

Effects of Great Toe on Static Balance

In single-leg standing, significant difference was seen in
sway velocity between the two toe conditions with eyes
open or closed (p < 0.05), but not between right and left
legs. No interactions were found between toe and leg
conditions with eyes open or closed. The sway velocities
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Figure 3. Significant difference was seen in sway velocity (deg/s)
during single-leg standing between the two toe conditions with both
eyes open and closed (*p < 0.05).

were smaller with the great toe unconstrained than
constrained (Fig. 3). However, sway velocity in static
standing with both feet did not show significant differ-
ences (p =0.29) between the two toe conditions (Fig. 4).

Effect of Great Toe on Dynamic Balance

For rhythmic weight shifting, significant differences
occurred both with toe conditions and in weight-shifting
directions (p <0.05). Subjects demonstrated better
directional control when the toe was unconstrained.
Their directional control was better in the left/right
than the forward/backward direction. A significant
interaction was found between toe condition and
weight-shifting direction. Forward/backward sway
direction was significantly different between toe con-
ditions (p < 0.05), but not the left/right (Fig. 5).

For target reaching, no significant differences
occurred in reaction time (p=0.69) or movement
velocity (p =0.17) in either constrained or uncon-
strained conditions. Significance was only noted in
directional control scores (*p <0.05). A significant
difference occurred between the two toe conditions in
directional control score in target position front, right
front, and left front (Fig. 6). Subjects demonstrated
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Figure 4. Sway velocity (degree/s) during two-leg stance
between the two toe conditions with both eyes open and closed.
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Figure 5. Directional control scores (%) during rhythmic weight
shifting between the two toe conditions in forward/backward and
left/right directions. Significant difference (*p < 0.05) was noticed
between the two toe conditions in forward/backward direction.

better directional control when the great toe was
unconstrained.

Correlation between Great Toe Length and Body Height/
Balance Performance

Great toe length was only correlated with subject’s body
height (r=0.553, p < 0.01).

Correlation between Body Height and
Balance Performance

No significant correlations were found between
the subject’s body height and any of the balance
parameters (p > 0.05).

DISCUSSION

Our results revealed the importance of the great toe in
standing balance. The constraint status of the great toe
made a significant difference in the subject’s sway
velocity during single-leg standing, but not in standing
with both feet, supporting our hypothesis that subjects
demonstrate better single-leg stance performance with
an unconstrained great toe. In standing, the body’s
center of gravity passes through the femoral greater
trochanter and falls in front of the ankle joint. The
gluteus maximus and the posterior shin muscles
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contract to hold the body in position. During single-leg
stance, the support base is relatively smaller. For the
body’s center of gravity to fall within the supported foot,
more muscles must assist this task. The gluteus medius
contracts to prevent the body from sideway leaning.
Foot muscles are also of great importance while stand-
ing in this condition. Menz et al.’* found that toe plantar
flexor muscles are significant predictors of balance and
functional ability. With a constrained great toe, the
functions of the great toe plantar flexors would be
limited.

In addition, the great toe serves as the insertion for
some of the foot extrinsic and intrinsic musculatures
and also the insertion of the arch-maintaining
structure—plantar aponeurosis. Malfunction of the
great toe would inevitably cause foot function deteri-
oration, interfering with balance performance espe-
cially in challenging conditions such as single-leg
stance.

The ability to stand with one leg is often used
to evaluate balance performance. Many studies report
no difference in single-leg balance between the left/
right and dominant/nondominant legs,'*~*2 consistent
with our findings.

Our study also showed directional control deficits
during forward/backward weight shifting in the con-
strained great toe condition, but not during left/right
weight shifting. Winter'* indicated that during quiet
standing, the forward/backward center of pressure
excursion was primarily controlled by the foot
plantar- and dorsiflexors, while the left/right center
excursion was mainly adjusted by hip abductors and
the foot invertors and evertors. The constrained great
toe condition in our study limited functional control of
the foot, not the hip; therefore, the forward/backward
weight-shifting performance might be deteriorated
more obviously. The amount of forward/backward
sway during single-leg stance is more obvious than
the amount of left/right sway,'® indicating that left/
right sway, which is controlled by larger hip abduc-
tors, is more stable than the forward/backward sway,
which is adjusted by foot dorsi and plantar flexors.

No significant difference was found in reaction time
and movement velocity in the target reaching test

Unconstrained
great toe

Constrained

v
great toe

Figure 6. Directional control scores (%) of
eight target positions for target reaching test.
Paired ¢-test revealed significant differences in
directional scores for target position front, right-
front, and left-front (*p < 0.05).
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regardless of the great toe condition. This might be
because the target reaching movement was mainly
generated by the large lower extremity muscles to
move the center of pressure, and the muscles in the
great toe are primarily for fine motor control. Similar
explanations apply to the movement velocity. Because
the center of pressure movement velocity is mainly
controlled by the contraction of large muscle groups,
the great toe condition has no great influence.

On the other hand, significant differences were
noticed in the directional control during target reach-
ing between the toe conditions. When the great toe
was constrained, subjects demonstrated worse direc-
tional control. The worse performances were front,
right front, and left front target positions. Limitation
of foot dorsi and plantar flexors would affect a
subject’s forward/backward sway performance. Con-
sidering plantar pressure distribution, the great toe
sustains about 1.7% of the total load carried by the foot
during regular stance.'® It is reasonable to infer,
therefore, that subjects with the great toe constrained
in a dorsiflexed position would encounter difficulties
while shifting forward—including the front, right
front, and left front target reaching tasks. Further
research with only one side of the great toe being
constrained is needed to test the specificity of the
great toe on to the target reaching direction. The
results of the target reaching test also follows Fitts’
Law of speed-accuracy tradeoff.!” The great toe
functions predominantly in controlling accuracy, not
speed.

The correlation between great toe length and the
subject’s body height shows that taller subjects have
longer great toes; however, the long great toes do not
positively or negatively affect their balance.

Different body characteristics would affect balance
differently; however, the exact mechanism is unclear.
Inconsistent results have been published regarding
this issue. We found no correlations between the
subject’s body height and balance parameters. Era'®
pointed out that as body height increases, postural
sway increases. In contrast, Davis et al.’® found that
older women who were short demonstrated poor
balance and were prone to falls. On the other hand,
Keionen et al.2? found no relationships between body
height and balance.

In conclusion, our study shows the importance of
the great toe in static and dynamic standing balance.
A constrained great toe interfered with balance
during single-leg stance and worsened the directional
control ability during forward/backward shifting.
Because the great toe flexors were restricted while
the toe was constrained, they could not participate
fully in balance adjustment. Diminished toe—floor
contact area due to constrained great toe might also
contribute to the balance deterioration. Constraint of
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the great toe not only limits first metatarsohalangeal
joint movement during balancing tasks, it also alters
the movement of the entire lower extremity kinetic
chain, including ankle, knee, and hip joint motion.
However, the impact on performance was mainly from
the constrained area, namely the great toe. The
limited function of the great toe and its interaction
with all other kinetic linkages resulted in balance
performance. Further research is needed to clarify
whether the balance deteriorations come from deficits
in the foot supporting surfaces, great toe flexor muscle
activities, or plantar surface sensory feedbacks. The
importance of the great toe in balance should be
considered in toe amputation or transfer. Individuals
with great toe amputation will be recruited for testing
for a more conclusive summary of the importance of
the great toe in human balance.

REFERENCES

1. Duckworth T, Betts RP, Franks CI, et al. 1982. The measure-
ment of pressures under the foot. Foot Ankle 3: 130-141.

2. Tanaka T, Hashimoto N, Nakata M, et al. 1996. Analysis of
toe pressures under the foot while dynamic standing on one
foot in healthy subjects. J Orthop Sports Phys Ther 23:188—
193.

3. Hicks JH. 1954. The mechanism of the foot. II. The plantar
aponeurosis and the arch. J Anat 88:25-30.

4. Tanaka T, Noriyasu S, Ino S, et al. 1996. Objective method to
determine the contribution of the great toe to standing
balance and preliminary observations of age-related effects.
IEEE Trans Rehabil Eng 4:84-90.

5. Ducic I, Short KW, Dellon AL, et al. 2004. Relationship
between loss of pedal sensibility, balance, and falls in patients
with peripheral neuropathy. Ann Plastic Surg 52: 535—-540.

6. Ducic I, Taylor NS, Dellon AL. 2006. Relationship between
peripheral nerve decompression and gain of pedal sensibility
and balance in patients with peripheral neuropathy. Ann
Plastic Surg 56:145-150.

7. Bryant A, Tinley P, Singer K. 1999. Plantar pressure
distribution in normal, hallux valgus and hallux limitus feet.
Foot 9:115-119.

8. Bryant A, Tinley P, Singer K. 2000. Radiographic measure-
ments and plantar pressure distribution in normal, hallux
valgus and hallux limitus feet. Foot 10:18-22.

9. Barca F, Santi A, Tartoni PL, et al. 1995. Gait analysis of the
donor foot in microsurgical reconstruction of the thumb. Foot
Ankle Int 16:201-206.

10. Menz HB, Morris ME, Lord SR. 2005. Foot and ankle
characteristics associated with impaired balance and func-
tional ability in older people. J. Gerontol 60:1546—1552.

11. Dietz V, Horstmann GA, Berger W. 1989. Significance of
proprioceptive mechanisms in the regulation of stance. Prog
Brain Res 80:419-423.

12. Goldie PA, Bach TM, Evans OM. 1989. Force platform
measures for evaluating postural control: Reliability and
validity. Arch Phys Med Rehabil 70:510-517.

13. Geurts ACH, Nienhuis B, Mulder TW. 1993. Intrasubject
variability of selected force-platform parameters in the
quantification of postural control. Arch Phys Med Rehabil
74:1144-1150.

14. Winter DA. 1991. The Biomechanics and motor control of
human gait: normal, elderly, and pathological. 2nd ed.
Ontario: Waterloo Biomechanics.

JOURNAL OF ORTHOPAEDIC RESEARCH APRIL 2009

85U017 SUOWILLIOD SAIEa.1D) 9|edljdde 8Ly Aq peukenof 9.2 sajoiue O ‘9Sn JO Sa|nJ 40} Aeuq178UlUQ AS|IAM UO (SUONIPUOD-PUE-SLLLIS)AL0D A8 | 1M Ale.d 1[eu1|UO//:SdNy) SUDNIPUDD pue SWis | 84} 89S *[£202/20/8T] Uo Ariqiauljuo A1 ‘19902 101/200T OT/1op/wod A3 |1m Arelqpul|uo//:sdiy Wwody pepeojumod ‘v ‘6002 X.2SrSST



554

15.

16.

17.

CHOU ET AL.

Tanaka T, Hashimoto N, Takeda H, et al. 1996. Influence of
the pressure and tactile sense of the great toe on dynamic
standing balance in healthy subjects. J. Hum Move Stud
30:35-53.

Cavanagh PR, Rodgers MM, Iiboshi A. 1987. Pressure
distribution under symptom-free feet during barefoot stand-
ing. Foot Ankle 7:262-276.

Glencross D, Piek J. 1995. Motor control and sensory motor
integration: issues and directions. North-Holland: Amster-
dam.

JOURNAL OF ORTHOPAEDIC RESEARCH APRIL 2009

18.

19.

20.

Era P, Schroll M, Ytting H, et al. 1996. Postural balance and
its sensory-motor correlates in 75-year-old men and women: a
cross-national comparative study. J Gerontol 51:M53—M63.
Davis JW, Ross PD, Nevitt MC, et al. 1999. Risk factors for
falls and for serious injuries on falling among older Japanese
women in Hawaii. J Am Geriatr Soc 47:792— 798.

Keionen P, Kauranen K, Vanharanta H. 2003. The relation-
ship between anthropometric factors and body-balancing
movements in postural balance. Arch Phys Med Rehabil
84:17-22.

85U017 SUOWILLIOD SAIEa.1D) 9|edljdde 8Ly Aq peukenof 9.2 sajoiue O ‘9Sn JO Sa|nJ 40} Aeuq178UlUQ AS|IAM UO (SUONIPUOD-PUE-SLLLIS)AL0D A8 | 1M Ale.d 1[eu1|UO//:SdNy) SUDNIPUDD pue SWis | 84} 89S *[£202/20/8T] Uo Ariqiauljuo A1 ‘19902 101/200T OT/1op/wod A3 |1m Arelqpul|uo//:sdiy Wwody pepeojumod ‘v ‘6002 X.2SrSST



