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Abstract: Clinicians worldwide have embraced Ponseti’s nonoperative approach in the treatment of
clubfoot, primarily due to ubiquitous reports of successful outcomes. A crucial component in this measured
success, has come from researchers assessing long-term physical function following nonoperative treatment.
Gait analysis has been instrumental in objectively evaluating lower extremity kinematics and kinetics while
plantar pressures demonstrate the load bearing patterns experienced in the foot. As technology improves,
our ability to evaluate function can take place both in the laboratory setting, and in the community. For
over 20 years, our institution has been studying the gait patterns of children treated for clubfoot. After
adopting the nonoperative approach, we established a prospective research program that has allowed us to
study functional outcomes in the very young walker, through growth to adolescents, and finally at skeletal
maturity. We have seen over 450 children treated for clubfoot in the Movement Science Lab, for over 1,250
gait assessments over the span of this study. Early results in 105 children (154 feet) treated nonoperatively
for clubfoot, showed 56% of children had normal sagittal plane ankle kinematics, however an incidence of
48% of Ponseti feet had increased dorsiflexion in stance phase, leading us to wonder if this was the result of
the tenotomy. Intermediate follow up at age 5 years, showed that the incidence of increased dorsiflexion was
reduced (24%) and ankle power did not appear to be affected (P>0.05 compared to controls). The research
highlighted in this paper presents the application of functional evaluation through growth and the long-term
effects of nonoperative treatment on gait and function. This is a review of the functional outcome studies

from our experience at Scottish Rite for Children.
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Introduction

Over the last twenty years, there has been a radical change
in the treatment of idiopathic clubfoot, starting with
primary surgical intraarticular release and now favoring
nonoperative treatment for the most part, as advocated
by Ponseti and Dimeglio (1-6). Such a revolution has
been supported by advanced evaluation of the results of

surgical and nonoperative treatment. While early clinical
results of clubfoot treatment were limited to radiographic
review and reoperation rates (1,7-10), current studies favor
functional outcome measures including gait analysis (11-34),
pedobarography (35-52), strength measures (14,16,31,47),
and parent/patient perceived functional outcomes reports

(8,16,27,30,31,37,38,47,48,53). This paper will describe our
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experience at Scottish Rite for Children, in the assessment
of functional outcomes of the child with clubfoot, from
the gait analysis laboratory to more recent evaluations of
community ambulation and participation.

We present the following article in accordance with the
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-6922).

History

Functional assessment of clubfoot was initially published
by Brand in 1981 (54). He observed the center of pressure
as patients with treated clubfeet walked across a pressure
sensitive mat. Aronson, ef /. then studied 29 patients with
idiopathic clubfoot (average 10 years; range 4-31 years)
who had undergone posteromedial release (55). They found
a high incidence (42%) of ankle stiffness during gait and
persistent intoeing. Also associated with clubfoot was a
weakness in gastroc-soleus strength.

In 1994, we began our journey studying gait patterns
in 23 children with unilateral idiopathic clubfoot with an
average follow-up of 11 years, following posteromedial
release (14). All these patients were considered to
be successful in that further surgery was not being
considered. We studied 3-dimensional (3D) kinematics
and kinetics gathered during gait at a self-selected walking
speed. Diminished dynamic ankle range of motion was
found during gait in 20 of 23 patients. Equinus, defined
as limited dorsiflexion during the second rocker of gait,
was present in 43% of patients. More worrisome was
calcaneus gait (the inability to push off at the transition
from stance to swing phase), which was present in 13%
of the 23 patients. Diminished push-off power was found
in 78% of patients, and 27% demonstrated weakness in
isokinetic gastroc-soleus strength, in comparison to their
contralateral limb. An internal foot progression angle was
present in 65% of the children. At the knee, differences
included increased valgus, mild hyperextension, as
well as decreased quadriceps strength in the ipsilateral
knee. A follow-up study by Davies, et a/. echoes similar
deviations at the ankle (16,17), adding additional analysis
of the contra-lateral limb in unilateral clubfoot patients,
reporting significantly diminished dorsiflexion at the ankle
compared to age matched controls (17). We concluded
that, even in our asymptomatic population, there were long-
term disturbances in gait following posteromedial release.

Using this data as an impetus, we embarked on a
nonoperative program of management for newborns
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with idiopathic clubfoot, first implementing the French
physiotherapy program (French PT) (56) described by
Bensahel (3) and popularized by Dimeglio (6). Our initial
review of patients treated with the French PT program
included 90 children with 127 idiopathic clubfeet (22). In
this cohort, 52 clubfeet treated nonoperatively with the
French PT method were compared to 75 clubfeet that
underwent surgical correction. Gait results at age 2 years,
showed an increased incidence of calcaneus (increased
dorsiflexion in stance and decreased plantarflexion at foot
off) following posteriomedial release (29%) compared
to the French PT nonoperative feet (8%; P=0.005).
Similar results were reported by Hee ez 4/., in children <5
years treated with posteriomedial release, who showed
increased calcaneus in stance phase (18°) compared to
controls (9°; P=0.04) (36). In nonoperative French PT
feet, normal sagittal plane ankle motion was identified in
54% of the cohort compared to 39% in the posteriomedial
release feet (22). Residual in-toeing was most common in
the posteriomedial release feet despite surgical correction
(45%), which is commonly reported in the clubfoot
literature (16,19,21,27,36). Gait results from this initial
group of nonoperative clubfeet were encouraging. More
than half the clubfeet treated with the French PT method
were shown to achieve a supple foot without the need for
surgical intervention at age 2 years.

Shortly after establishing the French PT method, we
initiated the Ponseti program (1), presenting our patient
families with a choice in treatment course. Since fewer
patients were requiring comprehensive intraarticular
releases (22), it seemed prudent to prospectively evaluate
the functional outcomes of children treated nonoperatively,
with either the French PT or the Ponseti method,
longitudinally from early walking (age 2 years) to skeletal
maturity. A comprehensive protocol was designed to include
gait analysis and plantar pressures at all ages, from the very
young toddler to skeletal maturity, but evaluation was also
designed to be more comprehensive as the child matured
and was able to follow directions (i.e., kinetics, assessment
of gross motor function, patient reported outcome surveys,
etc.). By the time they were young adolescents (10 years)
and teenagers (skeletal maturity), our ability to study
functional outcomes moved outside the lab, into the
community. By following the same patient cohort over time,
we had the unique opportunity to evaluate the longitudinal
effect of nonoperative treatment on function.

In our initial study of nonoperative idiopathic clubfeet,
we reviewed the first 105 children who had undergone gait
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analysis at age 2 years (23). El-Hawary ez 4l., compared the
nonoperative gait outcomes following the French PT (n=75
feet) and Ponseti (n=79 feet) programs. Overall, 67% of
French PT feet and 47% of Ponseti feet had normal sagittal
plane ankle motion. In toddlers who had undergone Ponseti
casting, excessive dorsiflexion during stance phase was found
in 48% of feet, compared to those who were treated with
the French PT technique (12%; P<0.001). This finding was
attributed to the performance of an Achilles tenotomy in
the majority of the Ponseti-treated feet (72%). A significant
finding in the French PT feet was a persistence of equinus
in 15% of treated feet, which was likely due to the lack of
tenotomy in the French PT protocol. Unsure of the long-
term affect, future studies were warranted.

Patients from the same cohort were followed up for
gait analysis at the age of 5 years (25). At the initial
evaluation at 2 years of age, the study consisted of a
clinical evaluation, pedobarograph and 3D kinematics. By
the age of five, the patients’ step lengths were sufficient
to allow for collection of kinetics, as they could now
obtain a clean force-plate strike during gait. Kinematics
at age five (n=90 patient, 125 clubfeet) showed that the
excessive dorsiflexion identified in the Ponseti group
at age two, had for the most part resolved (present
in 24% of Ponseti feet). It was initially hypothesized
that the excessive dorsiflexion seen at age 2 years was
a result of the full tenotomy performed specifically in
the Ponseti feet, causing concern that this may lead
to diminished power generation in the gastroc-soleus
during gait. Quite the opposite was found. Those feet
treated by the Ponseti protocol had the greatest push-
off power generation in third rocker (2.36+0.71 W/kg),
perhaps a result of the improved total ankle range of
motion (30°+5.9°) seen in those feet which had undergone
tenotomy. Surgically treated feet had the least power
generation (1.97+0.62 W/kg), with diminished ankle
range of motion (27.2°+4.7°); the result of postoperative
scarring. While there were no statistically significant
differences in degrees of motion found between Ponseti,
French PT or surgical groups, kinematically, nonoperative
feet had a greater incidence of normal ankle kinematics
and kinetics and less incidence of intoeing (~30%),
compared to surgical feet (51%).

While kinematics and kinetics were useful in identifying
gait pathology in these young children with clubfeet, 3D
gait analysis is labor-intensive, and not all children were
able to follow instructions to complete the protocol.
Pedobarography emerged as a complementary modality of
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functional testing that could be used to analyze the status of
the clubfoot at any age during gait (33-52). Pedobarograph
data can be obtained from a single stride in a young child
unencumbered by reflective markers and electromyography
leads. The data output is visually simple to understand,
and can illustrate overcorrection, with increased hindfoot
and medial midfoot pressure, and under-correction, with
lack of heel contact and excessive lateralization of pressure
to the mid- and forefoot during stance phase (44,51).
Pedobarograph data have been used in surgical planning
(ex: anterior tibialis tendon transfers), while postoperative
studies have documented improved distribution of plantar
pressures through the foot (21,35,37,38,40,45-49,52,54).

As described by Ponseti (1), many clinicians acknowledge
the necessity for anterior tibialis tendon transfer in a
subset of patients who experience recurrence of deformity
(1,2,4,39). The gait laboratory can help surgeons assess
patients for potential transfer. Kinematic data show internal
“foot rotation” in children with over pull of the tibialis
anterior muscle leading to internal rotation of the foot
relative to the tibia. With concomitant equinus from a tight
tendo-Achilles, diminished dorsiflexion is seen in sagittal
plane kinematics. Pedobarograph data illustrates increased
lateral midfoot and forefoot pressure, and if equinus persists,
diminished heel pressure. Finally, electromyography
(24,39,48,57-59) can be useful in studying the pattern of
anterior tibialis activation during gait. If the anterior tibialis
is not electrically active, transfer may not afford any benefit,
and bony surgery such as lateral column shortening may, in
some cases, be preferred.

There has been increased interest in community-
based measures of function and inquiries as to how these
measures compare to gait analysis data. Skeptics of gait
analysis (60) have questioned the clinical importance of
kinematic and kinetic findings, instead seeking information
on gross motor function and community activity. Our
center adopted functional testing over ten years ago for
assessment of children with idiopathic clubfoot. The first
tool used was the Peabody instrument (61). The Peabody
test is a validated tool for use in children from infancy to
6 years of age, with age-matched normal values. It assesses
gross motor function in three domains. The stationary
domain tests ability to stand on one leg and on tiptoe,
for example. The locomotion domain tests such activities
as hopping on one leg and jumping. Finally, the object
manipulation domain tests throwing and kicking a ball.
The gross motor quotient (GMQ) is a summation of the
three domains, and scores are normalized so that “average”
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function is represented by a score of 50, meaning that 50%
of similar normal children would score above and below
the individual subject. Categorical percentile associations
were: Above Average (76-100%), Average (26-75%), Below
Average (11-25%) and Poor (0-10%).

A cohort of 81 children with idiopathic clubfoot from
our center completed the Peabody test and gait analysis
at age 5 years (30). Overall, the children with clubfeet
scored “Average” with a GMQ of 47.6%. In patients who
underwent surgical release, 24% scored Below average or
Poor, compared to those who had nonoperative treatment
(10%). Correlations between gait analysis at age 5 and the
Peabody test data were determined. Ankle sagittal range
of motion did not correlate with the GMQ at age five;
however, ankle power did show a weak, positive correlation
(r=0.29; P=0.010). Stationary scores also showed positive
correlation to peak ankle plantarflexion (r=0.23; P=0.041)
and ankle power (r=0.27; P=0.014). The Peabody was easy
to administer but is limited in its design; the child can
self-select which leg to complete single limb activities.
Therefore, the validity of the measure in truly documenting
functional deficits in the patient with a unilateral clubfoot
or a less severe bilateral foot, may be suspect. Other
researchers have also evaluated motor function ability
in children initially treated with Ponseti casting (62,63).
While Aulie et al. reported 76% of patients with clubfoot
treated either surgically or with Ponseti casting, were
classified with normal motor abilities (62), L66f suggests
global deficits that may affect a child’s perception of
their quality of life (63). It is imperative to understand the
objective of the assessment (global motor function or joint
specific), when interpreting the results.

Subsequently,175 patients with 263 affected clubfeet
returned to the gait laboratory at the age of ten years
for further assessment (31). Gait analysis was repeated,
with the addition of isokinetic muscle strength testing,
parent reported outcome questionnaire, and step activity
monitoring for one week to measure ambulatory activity
in the community. As in previous studies, there were no
kinematic difference between patients who did not have
surgery for their clubfoot but were treated either with the
French PT regimen or by the Ponseti protocol. Compared
to normal, there was diminished range of motion of the
ankle during gait, specifically a loss of peak plantarflexion.
This was expressly seen in patients with intraarticular joint
release and most significantly in those who underwent
posteriomedial release. Kinetics showed decreased power
generation at the ankle, which correlated with isokinetic
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weakness in the gastroc-soleus muscle. Irrespective of
treatment, gastroc-soleus weakness was seen in the affected
leg, where even patients with successful Ponseti treatment
had an average decreased plantarflexion strength of 38%
compared to controls; however, weakness and loss of ankle
power were most notable in feet treated surgically.

Step activity monitors measure ambulatory activity (often
reported in step counts and active minutes) and can be
used to quantify everyday activity in the community. Such
devices have been used in the study of many conditions,
such as cerebral palsy, scoliosis and clubfoot (31,64,65).
Advanced analysis of ambulatory activity data, has shown
the efficacy of distinguishing the type of activity these
patients experience in a typical day (65). By assessing
intensity and duration of activity bouts (66), we can better
understand the quality of their movement. These monitors
were used in 106 children with clubfeet and compared
to 42 age-matched typically developing children without
orthopaedic conditions (31). Interestingly, children with
clubfoot did take significantly fewer total steps per day
than their peers, although the difference was quite small
(Iess than 10%). When the parent was asked for his/her
perception of function on the Pediatric Outcomes Data
Collecting Instrument (67), he/she reported that overall,
both operative and nonoperative children scored within
normal ranges. The only statistical finding was that children
who had full posteromedial release surgery scored lowest on
the “global function score”.

More detailed functional assessment of foot kinematics,
in the adolescent who was treated for clubfoot, is being
explored and validated. In small children, a simple marker set
including a single marker on the foot at the dorsum of the
second metatarsal head is used to measure ankle kinematics
and rotation of the foot. In some children with clubfoot,
there may be equinus of the hindfoot with dorsiflexion at
the mid and forefoot, the so-called “midfoot break”. In a
simplified kinematic model, ankle sagittal plane kinematics
would show normal dorsiflexion. As the foot grows, there is
now the capability of using an increased number of smaller
markers on the foot and tracking them during gait. In doing
so, the ankle and hindfoot motion can now be isolated from
the forefoot so that segmental motion of the foot may be
measured and compared (19,28,37,38). Early use of a mult-
segment foot model was used by Theologis et al. in 2003, to
assess foot function following clubfoot surgical intervention
in children (6.9-14.6 years) (19). Along with decreased
plantarflexion power, they reported increased dorsiflexion
occurring through the midfoot, with decreased mobility in
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the hindfoot.

"This detailed kinematic data can be reliably studied (33) in
conjunction with plantar pressure data (50) to gain a deeper
understanding of the function of the clubfoot. A recent
study by the same group (34), reported multi-segment foot
motion along with pedobarograph outcomes in a group of
symptomatic patients treated with Ponseti (n=28) or surgery
(n=31). Although no differences were shown in range of
motion between feet treated with Ponseti or surgery, they
did show the hindfoot to have significantly reduced range
of motion in the sagittal and coronal planes compared to
controls. Pedobarograph results reflected this finding by
showing a significant decrease in hindfoot pressure and an
increase in midfoot pressure for both CF groups, compared
to controls. Symptomatic clubfeet, present similarly
whether treated with Ponseti or surgery.

Gait, however, is just one mobility requirement in a
child’s daily life. The ability to keep up with their peers on
the playground and to have the mobility to participate in
sports and recreational activities, may be directly affected
by limitations in motion. Further application of a multi-
segment foot model can be applied to functional tasks
including hopping and toe rises. This research is currently
underway at our institution.

The assessment of the treated clubfoot has markedly
changed over the last twenty years. Success and failure of
treatment are no longer solely defined by the radiographic
measure of the talocalcaneal angle, for example. Nor is a
functional result dependent on whether surgery was performed
and if revision treatment was subsequently required. Through
instrumented gait analysis, much has been learned about
the differences in foot function following nonoperative and
operative correction of the clubfoot. Clearly, even following
successful nonoperative treatment, differences persist
compared to normal when evaluating ankle motion and
strength. But now clinicians can compare how close to normal
a given treatment may allow the child to become.

Conclusions

The literature has provided much enthusiasm for the
adoption of nonoperative treatment of the child with
clubfoot. Further knowledge regarding athletic ability,
running, and jumping activities is being garnered. As these
children complete growth and move into adulthood, future
studies will provide insight into the long-term functional
effect of nonoperative clubfoot treatment.
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