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uring the 4 stages of adult-acquired flatfoot deformity
(AAFD), care is mostly commonly sought by patients at
stage 2, at which both symptoms and foot deformity begin to
impair functional ability. Stage 1 AAFD is marked by pain and

© STUDY DESIGN: Cross-sectional laboratory
study.

© OBJECTIVE: To compare single-limb heel-rise
performance and foot-ankle kinematics between
persons with stage 2 adult-acquired flatfoot defor-
mity (AAFD) and healthy controls.

© BACKGROUND: The inability to perform a
single-limb heel rise is considered a positive func-
tional diagnostic test for AAFD. However, which
foot motions contribute to poor performance of
this task are not known.

© METHODS: Fifty individuals participated in this
study, 20 with stage 2 AAFD (mean = SD age, 57.6
+ 11.3 years), and 15 older participants (age, 56.8
=+ 5.3 years) and 15 younger participants (age,
22.2 + 2.4 years) without AAFD as control groups.
Forefoot (sagittal plane) and rearfoot (sagittal and
frontal planes) kinematics were collected using a
3-D motion analysis system. Heel-rise perfor-
mance (heel height) and kinematics (joint angles,
excursions) were evaluated. One-way and 2-way
analyses of variance were used to examine differ-
ences in heel-rise performance and kinematics
between groups.

© RESULTS: Individuals with AAFD and older

controls demonstrated lower heel-rise height
than those in the younger control group (P<.001).
Persons with AAFD demonstrated higher degrees
of first metatarsal dorsiflexion (P<.001), lower
ankle plantar flexion (P<.001), and higher subtalar
eversion (P = .027) than those in the older control
group. Persons with AAFD demonstrated lower
ankle excursion (P<.001) and first metatarsal
excursion (P<.001) than those in the older control
group, but no difference in subtalar excursion (P
=771).

© CONCLUSION: Persons with stage 2 AAFD

did not achieve sufficient heel height during a
single-leg heel rise. Both forefoot and rearfoot
kinematics in the sagittal plane, as opposed to the
frontal plane, contributed to the lower heel height
in participants with stage 2 AAFD. Older controls
demonstrated lower heel-rise height than younger
controls, indicating that clinical expectations of
heel-rise performance may need to be adjusted for
age. J Orthop Sports Phys Ther 2014;44(4):283-
290. Epub 25 February 2014. doi:10.2519/
jospt.2014.4939
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planus, walking
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swelling along the posterior tibial tendon,
without foot deformity.*¢ Stage 2 AAFD
is characterized by degeneration and
elongation of the posterior tibial tendon,
as well as flexible flatfoot deformity,®2023
including damage to the midfoot joint
capsules (eg, talonavicular and navicu-
locuneiform) and associated ligaments
(eg, spring ligament).” Operative care is
typically indicated at stage 3, when the
flatfoot deformity becomes fixed, and at
stage 4, when deformity progresses to
the ankle joint.® Foot deformity associ-
ated with AAFD can result in decreased
stability of the midfoot, which is needed
for the efficient transfer of force from the
rearfoot to the forefoot. Thus, stage 2 is
a critical time for nonoperative interven-
tions. At this stage, therapeutic inter-
ventions that lead to increased midfoot
stability may result in improved midfoot
function and less strain on the posterior
tibialis tendon during daily tasks.
Clinical data suggest that individuals
with AAFD exhibit impaired ability to
perform a single-limb heel rise.t'>!6 The
single-limb heel rise requires joint angles
and moments similar to those of walk-
ing.’° During the terminal stance phase of
walking, the foot supinates in preparation
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TABLE 2

HEEL-RISE PERFORMANCE*

Younger (n = 15) Older (n =15) AAFD (n=20) P Value
Peak heel height, cm 1.8 + 17t 106 = 1.2¢ 78 +13 <.0018
Truncated foot length, cm 18309 18819 18714 560
Normalized peak heel height, % 63.4 + 96t 55.8 + 6.4¢ 407 =81 <0018

Abbreviation: AAFD, adult-acquired flatfoot deformity.

*Values are mean * SD unless otherwise indicated.

*Older controls different from younger controls based on pairwise comparisons.
YAAFD different from older controls based on pairwise comparisons.
SSignificance of between-group differences using a 1-way analysis of variance.

completed at least 3 repetitions (range,
3-8 repetitions). To assist with balance,
participants were given fingertip-to-hand
support. The difference in vertical ground
reaction force between flatfoot stance and
peak heel rise was assessed to determine
if the AAFD group used more support.
On average, the vertical ground reac-
tion force in the AAFD group changed
by a mean = SD of 15.3% = 11.4% body
weight (range, 3.1%-35.1%), whereas
the control group changed by 2.6% =
1.8% body weight (range, 1.2%-8.9%).
The greater change in vertical ground
reaction force in the AAFD group sug-
gests that these individuals used greater
fingertip-to-hand support. However, the
load on the foot for all groups during the
single-limb heel rise was still substantial-
ly higher than that of a bilateral heel rise,
which has been reported to range from
28% to 58% of body weight."

Due to differences in foot posture be-
tween groups (see AHI values in TABLE
1), a common position between groups
was needed to compare joint angles.
The subtalar neutral position served as
a common position for all subjects and
was considered “0” for all joint-position
kinematic variables. The examiner was
an experienced physical therapist who
was reliable in performing subtalar joint
neutral positioning. The examiner’s test-
retest reliability in the AAFD group (n =
8) and control group (n = 15) was as fol-
lows: first metatarsal PF/DF, intraclass
correlation coefficient [ICC] = 0.984 and

standard error of measurement [SEM],
0.79°; ankle PF/DF, ICC = 0.933 and
SEM, 1.2°; subtalar inversion/eversion,
ICC = 0.963 and SEM, 0.59°. The er-
ror from the current study is similar to
that of previously published studies (2
SEMs of 2.4° or less for all variables).™>2
The examiner guided the subject from
a relaxed standing posture to a subtalar
neutral position by instructing the sub-
ject to raise or lower the arch of the foot
until the medial and lateral sides of the
talar head were equally prominent based
on palpation. The subject maintained
this position while 1 second of kinematic
data were collected. Joint angles during
the unilateral heel rise were reported in
relation to the subtalar neutral position.

A similar first metatarsal PF angle in
the subtalar neutral position was achieved
between groups (younger, -26.8° = 4.7°;
older, -29.6° + 5.4°; AAFD, -30.4° =+
8.6°; 1-way analysis of variance [ANO-
VA], P = .285)." Additionally, average
ankle PF and subtalar inversion angles
in the subtalar neutral position were
similar between groups (1-way ANOVA
pairwise comparisons, P>.05), indicating
that the relative “0” position defined for
each group was equivalent for all planned
comparisons.

Data Analysis

To compare kinematic values between
subjects, data were normalized to the
heel-rise cycle (101 points). At least 3
heel-rise cycles, defined by ankle mo-

tion in the sagittal plane, were averaged
for analysis. To eliminate the influence
of different foot lengths on heel-rise
performance, height was normalized to
truncated foot length (TABLE 2). Truncat-
ed foot length was defined as the length
from first metatarsal joint line to the back
of the heel. Similar to a previous study,"
2 points of the heel rise were used for
analysis: (1) the midpoint of the prepa-
ratory phase, defined by peak ankle DF,
which occurred at approximately 15% of
the heel-rise cycle; and (2) the peak of the
rising phase corresponding to maximum
ankle PF. The preparation phase repre-
sented the point in time when the foot
was transitioning from one heel rise to
the next. The peak heel rise was the point
in time when the foot reached maximum
height. Excursion was defined as the dif-
ference in joint angle between the prepa-
ration and rising phases. There were no
significant kinematic differences between
the left and right sides of control subjects,
thus the left side was arbitrarily chosen
for comparison.

Statistical Analysis

To test the first hypothesis related to
heel-rise performance, a 1-way ANOVA
was used to examine differences between
groups. If the ANOVA was significant,
pairwise comparisons were used to test
which groups differed from each other. To
test the effect of disease on performance,
the AAFD group was compared to the
older control group. To test the effect of
age on performance, the older control
group was compared to the younger con-
trol group. Pairwise comparison between
AAFD and younger controls was not con-
ducted due to the confounding effects of
disease and age.

The second and third hypotheses re-
garding group differences in sagittal and
frontal plane kinematic variables were
assessed using (1) 2-way, mixed-effects
ANOVAs (8 groups by 2 phases) for peak
joint angles and (2) 1-way ANOVAs for
joint excursions. This analysis was re-
peated for each kinematic variable of in-
terest. For all ANOVAs, significant main
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or interaction effects were followed by
least-significant-difference procedures to
determine significant pairwise compari-
sons (AAFD versus older controls and
older controls versus younger controls).

To examine whether demographic
variables (eg, gender and body mass in-
dex) should have been included as covari-
ates in the ANOVAs, associations among
demographic variables and foot-ankle
kinematic variables were examined by
group (Pearson correlation coefficients).
There were no significant associations
among demographic and kinematic vari-
ables for all 3 groups. All analyses were
performed with SPSS Statistics Version
20.0 (IBM Corporation, Armonk, NY).
Statistical significance was defined as
a 2-tailed P value of .05 or less for all
analyses.

RESULTS
——
Normalized Heel-Rise Height
HE ANOVA COMPARING NORMAL-
Tized heel-rise height between groups
was significant (P<.001) (TABLE 2).
Pairwise comparisons revealed that the
AAFD group exhibited lower normalized
heel height than older controls (P<.001).
Also, the older control group demonstrat-
ed lower normalized heel height than the
younger control group (P = .014).

Peak Joint Angles

There was a significant group-by-phase
interaction for first metatarsal PF
(P<.001) (TABLE 3). Pairwise comparisons
showed that during the preparation-
phase point (15% of heel-rise cycle), the
AAFD group demonstrated higher first
metatarsal DF compared to older con-
trols (P = .005). At peak heel rise, the
magnitude of the difference between
groups increased, as the first metatarsal
plantar flexed in older controls, whereas
the first metatarsal in the AAFD group
remained in a dorsiflexed position (pair-
wise comparisons, P<.001). The older
and younger control groups demonstrat-
ed no significant differences in first meta-
tarsal joint angle during either phase of

TABLE 3

JOINT ANGLES BY GROUP DURING THE PREPARATION
AND PEAK PHASES oF THE HEEL RISE*

Variable Younger (n=15)  Older (n=15) AAFD (n =20) P Value
Sagittal plane
First metatarsal PF (=)/DF (+) <001t
Preparation, deg 6.7 =40 76 =59t 141+82
Peak, deg -192 =96 -117 = 90F 57 =113
Ankle PF (-)/DF (+) <001
Preparation, deg 10532 13548t 90 =67
Peak, deg 22158 -127 = 6.7 -32+80
Frontal plane
Subtalar Ev (-)/Inv (+) 0271
Preparation, deg -58+27 -56 = 2.8 -81+38
Peak, deg 1634 11+ 26 -08+35

sion; PF, plantar flexion.

'Group-by-phase interaction.

IGroup main effect.

Abbreviations: AAFD, adult-acquired flatfoot deformity; DF, dorsiflexion; Ev, eversion; Inv, inver-
*Values are mean * SD unless otherwise indicated.

*AAFD different from older controls based on pairwise comparisons.
SOlder controls different from younger controls based on pairwise comparisons.

the single-limb heel rise (pairwise com-
parisons, P>.05).

There was a significant group-by-
phase interaction for ankle PF joint angle
(P<.001) (TABLE 3). Pairwise comparisons
showed that during the preparation
phase, the AAFD group exhibited lower
ankle DF than older controls (P = .016),
and at peak heel rise the AAFD group
demonstrated lower ankle PF than older
controls (P<.001). Although there were
no significant differences between the 2
control groups during the preparation
phase, the older control group demon-
strated lower ankle PF at peak heel rise
compared to younger controls (P = .001).

There was a significant effect of group
on subtalar inversion angle (P = .027)
(TABLE 3). When averaged across phases,
the AAFD group exhibited less inversion
compared to older controls (P = .027).
No differences in inversion were found
between the 2 control groups.

Excursions

The ANOVAs comparing sagittal plane
first metatarsal and ankle excursion be-
tween groups were significant (P<.001)

(TABLE 4). Post hoc pairwise comparisons
revealed that the AAFD group exhib-
ited significantly lower first metatarsal
(P<.001) and ankle (P<.001) excursions
than older controls. Similarly, the older
control group demonstrated signifi-
cantly lower first metatarsal (P = .042)
and ankle (P = .007) excursions than the
younger control group. There were no
differences in subtalar joint excursions
between groups (TABLE 4).

DISCUSSION

HE NOVEL FINDINGS OF THIS STUDY
Tare that heel-rise height and

foot-ankle kinematics during the
single-limb heel rise differed between in-
dividuals with stage 2 AAFD and older
controls. These findings differ from a
previous study that evaluated foot and
ankle kinematics during a double-limb
heel-rise test,"! suggesting that the in-
creased load of the single-leg heel rise
can influence heel-rise height and foot-
ankle kinematics. In the current study,
individuals with AAFD exhibited lower
single-limb heel height and lower fore-
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foot and rearfoot excursions compared
to the older control group. In agreement
with previous studies evaluating foot ki-
nematics,'»?2+283 the finding of lower
first metatarsal PF underscores the role
of midfoot instability in impaired heel-
rise ability. The low ankle excursion was
consistent with the premise that excessive
rearfoot PF diminishes the ability of the
ankle to contribute to a heel-rise height
in persons with AAFD." These kinemat-
ic findings emphasize the importance of
developing clinical approaches to rectify
abnormal kinematics of the forefoot and
rearfoot. In addition, those in the older
control group demonstrated lower heel
height than those in the younger control
group, suggesting that clinical expecta-
tions for older patients may need to be
adjusted for age.

Previous studies have quantified the
normal number of heel-rise repetitions
for plantar flexor endurance,'>'® yet a
criterion to define a minimum heel-rise
height has not been reported. This is
important because heel-rise height may
be indicative of the presence of AAFD.
Consistent with previous studies,'>!6:2¢
participants with AAFD had difficulty
performing the single-limb heel rise. Pre-
vious studies used the number of repeti-
tions of a heel rise (more an endurance
than a strength test) rather than heel-rise
height to assess performance. The find-
ings of the current study suggest that
normalized heel height may be an addi-
tional metric during a single-leg heel rise
to evaluate (1) calf strength and (2) foot
function (see discussion below).

The altered forefoot and rearfoot
joint angles in persons with AAFD were
consistent with achieving a lower heel
height. During the preparation phase
of the heel-rise cycle, individuals with
AAFD exhibited greater first metatarsal
DF, lower ankle DF, and greater subta-
lar eversion than older controls (TABLE 3).
These findings confirm that persons with
AAFD transition between heel rises in a
more pronated foot posture compared
to older controls. On average, the AAFD
group did not achieve first metatarsal PF

| RESEARCH REPORT |

TABLE 4

JoINT EXCURSIONS BY GROUP FROM PREPARATION
PHASE TOo PEAK HEEL RiISE*

Variable Younger (n = 15) Older (n =15) AAFD (n=20) P Value
Sagittal plane

First metatarsal excursion 258 =122t 194 = 6.4 72 =66 <001

Ankle excursion 326 = 6.6f 26.2 + 6.3 111+6.3 <001
Frontal plane

Subtalar excursion 73+34 6828 6.6 =31 J71

Abbreviation: AAFD, adult-acquired flatfoot deformity.

*Values are mean * SD unless otherwise indicated.

*Older controls different from younger controls based on pairwise comparisons.
*AAFD different from older controls based on pairwise comparisons.

at peak heel rise (5.7° first metatarsal DF)
and achieved marginal ankle PF (mean,
-3.2°). In contrast, the older controls
achieved 11.7° of first metatarsal PF and
12.7° of ankle PF at peak heel rise. Par-
allel to the findings related to peak joint
angles, reduced excursions also were ob-
served in the AAFD group. The AAFD
group displayed 37.1% less first metatar-
sal excursion and 42.4% less ankle excur-
sion compared to older controls (TABLE 4).
Consistent with clinical reports, per-
sons with AAFD demonstrated subtalar
eversion joint angles throughout heel-
rise performance (TABLE 3). Because the
subtalar inversion excursion was relative-
ly small (approximately 7°), it is possible
that differences in subtalar joint angles
were not detected, given that skin-track-
ing errors have been estimated to be 2°
to 3°.22 Additionally, subtalar excursion
was not significantly different between
groups, reinforcing the lack of consisten-
cy in subtalar eversion as a sign of AAFD.
Although two thirds of the subjects with
AAFD failed to demonstrate subtalar in-
version during the heel rise, one third of
both the younger and older controls also
failed to demonstrate subtalar inversion
at peak heel rise (FIGURE 2). Taken togeth-
er, the small magnitude and inconsisten-
cy of rearfoot eversion that characterized
the AAFD group suggest that rearfoot
eversion during a heel rise is of question-
able clinical utility in assessing dynamic
foot function in persons with AAFD.

Similar to a previous study using
the bilateral heel-rise test," the forefoot
and rearfoot joint angles in the current
study were biased toward foot pronation
in persons with AAFD when compared
to controls. However, evaluation of the
single-limb heel rise led to more marked
differences in heel-rise performance
and kinematics. Houck and colleagues"
reported that persons with AAFD dem-
onstrated no differences in bilateral heel-
rise height or foot and ankle excursions
compared to controls. Yet, in the pres-
ent study, there were marked differences
among groups in heel height and sagittal
plane excursions. For example, Houck et
al" reported that approximately 50% of
AAFD participants achieved some degree
of first metatarsal PF during a bilateral
heel rise. In contrast, only 30% of partici-
pants with AAFD achieved first metatar-
sal PF in the current study (FIGURE 2). The
significance of this finding is highlighted
by the fact that nearly all control subjects
(younger and older) achieved first meta-
tarsal PF. Thus, under a higher load, the
forefoot and rearfoot did not attain suf-
ficient excursion in persons with AAFD
to achieve a heel-rise height comparable
to controls.

The identification of abnormal kine-
matics consistent with AAFD may mo-
tivate strategies to stabilize the midfoot
in participants with AAFD. For example,
alterations in forefoot kinematics as-
sociated with AAFD may stimulate the
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Plantar flexion, 30% of subjects
Dorsiflexion, 70% of subjects

FIGURE 2. Percentage of people who achieved subtalar neutral position at the peak of the single-limb heel rise,
by group. Abbreviation: AAFK, adult-acquired flatfoot deformity.

development of exercises that result in
improved forefoot PF. Currently, stud-
ies evaluating exercises targeting the
forefoot and its mechanics are limited.”*
In contrast, emphasis on rearfoot fron-
tal plane control' or specific exercise for
the posterior tibialis muscle>'” has been
high. Similarly, orthotic strategies typi-
cally emphasize rearfoot control as op-
posed to forefoot control for patients with
AAFD.” Yet, the findings of the current
study, along with the study by Houck et
al," indicate that abnormal sagittal plane
kinematics of both the forefoot and rear-
foot need to be considered.

There were few kinematic differences
between the older and younger control
groups. The lower ankle PF in the older
control group was the primary kinematic
difference and likely contributed to the
lower heel-rise height between these 2
groups. On average, the older control
group exhibited 12% less peak heel-rise
height than the younger control group
(TABLE 2). Although these findings sug-
gest an age-associated decline in heel-
rise performance, a variety of factors in
older adults may also influence peak heel
height and ankle joint angles. For ex-
ample, gender, weight, foot posture, foot

and ankle mobility, and fitness level may
modify expectations of heel-height per-
formance and foot-ankle kinematics. The
findings of the current study highlight
the need for clinicians to expect slightly
lower heel height during a single-limb
heel rise in older participants.

Limitations

There are several limitations of the cur-
rent study that should be considered
when interpreting the results. The find-
ings of the current study could have been
influenced by the severity of AAFD, as
determined by the inclusion criteria, and
sample characteristics. For example, the
groups differed significantly in terms of
weight and body mass index (TABLE 1).
However, it should be noted that weight
was not associated with foot-ankle kine-
matics in the current study. The kinematic
model used in our study lacked specificity
with respect to foot joints and represent-
ed the sum of motion of several joints (ie,
talonavicular, naviculocuneiform, medial
cuneiform-first metatarsal). Also, a criti-
cism of only reporting joint angles is that
they are potentially influenced by the use
of the subtalar neutral position to define
a common foot position to compare foot-
ankle kinematics. Therefore, both joint
angles and excursions were reported.
Further, the average subtalar neutral-
position angle was statistically equiva-
lent between groups, and the differences
between groups were large, suggesting
the comparisons in joint angles were not
biased by the subtalar neutral position.

CONCLUSION

HIS STUDY DEMONSTRATED THAT

participants with stage 2 AAFD

achieved lower heel-rise height
during a single-leg heel rise compared
to a healthy control group. Both forefoot
and rearfoot kinematics in the sagittal
plane, not the frontal plane, were altered
in participants with stage 2 AAFD when
compared to healthy controls. This find-
ing suggests that abnormal kinematics of
both the forefoot and rearfoot contribute
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to the difficulty in achieving heel-rise
height in persons with AAFD. In addi-
tion, the older control group demon-
strated lower heel-rise height than the
younger control group, indicating that
clinical expectations of heel-rise perfor-
mance may need to be adjusted for age. ®

IKEY POINTS

FINDINGS: Altered sagittal plane kinemat-
ics of the first metatarsal and ankle, as
opposed to abnormal subtalar eversion,
appear to be kinematic factors that
contribute to a lower heel-rise height in
persons with AAFD.

IMPLICATIONS: Heel-rise height during

a single-limb heel rise may be a useful
clinical metric in persons with AAFD. In
contrast, assessing subtalar eversion dur-
ing the single-limb heel rise may have
limited clinical utility due to the small
magnitude and inconsistency of this ki-
nematic pattern in persons with AAFD.
CAUTION: While individuals with AAFD
demonstrated abnormal foot and ankle
kinematics, neither the cause of instabil-
ity nor the mechanism to restore kine-
matics is known. Also, these findings are
specific to the severity (stage 2) of AAFD
and the kinematic methods used.
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