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Background: Middle facet subluxation (MFS) has been established as an early indicator of peritalar subluxation.
However, when progressive collapsing foot deformity (PCFD) affects the ankle leading to a valgus talar tilt (Class E),
structures and anatomic relationships distal to the ankle joint may be affected. Therefore, this study aimed to assess
radiographic parameters of peritalar subluxation in patients with PCFD who either did or did not have a valgus ankle.
Our hypothesis was that these parameters would differ in Class E patients, upsetting their capability to quantify
deformity.

Methods: We performed a prospective comparative study utilizing weight-bearing computed tomography (WBCT) images
of 21 feet with PCFD and with valgus of the ankle and 64 with flexible PCFD without ankle involvement. Parameters
including MFS, the medial cuneiform-to-floor distance, the forefoot arch angle, the talonavicular coverage angle, the
hindfoot moment arm (HMA), the foot-ankle offset (FAO), and the talar tilt angle (TTA) were measured and compared.
Variables that influence the presence of ankle valgus and overall alignment were assessed by multivariable regression
models.

Results: Patients with PCFD and ankle valgus demonstrated a higher mean HMA (20.79 mm [95% confidence interval
(Cl), 17.56 10 24.02 mm] versus 8.94 mm [95% CI, 7.09t0 10.79 mm)]), FAO (14.89%[95% Cl, 12.51% to 17.26%] versus
6.32% [95% Cl, 4.96% to 7.68%]) and TTA (95% Cl, 17.10° [14.75° to 19.46°] versus 2.30° [95% CI, 0.94° to 3.65°]) and
lower mean MFS (21.84% [95% ClI, 15.04% to 28.63%] versus 38.45% [95% Cl, 34.55% to 42.34%]) compared with the
group without ankle valgus (p < 0.0001 for all). The FAO was influenced by MFS in the group without ankle valgus
(p <0.0001) but not in the group with ankle valgus (p = 0.9161). FAO values of >12.14% were a strong predictor (79.2%) of
ankle valgus deformity.

Conclusions: Subluxation of the middle facet was not as severe and did not influence the overall alignment in patients
with PCFD who had valgus of the ankle (Class E). These findings suggest a distal peritalar reduction in the presence of a
proximal deformity, making MFS an imprecise disease parameter in this scenario. An FAO value of 212.14% was a strong
indicator of ankle deformity in patients with PCFD.

Level of Evidence: Diagnostic Level Il. See Instructions for Authors for a complete description of levels of evidence.

gressive collapsing foot deformity (PCFD)'”. It defines the

true evolution of the disease, portraying how adjacent
bones move around an initially fixed talus*’. The deformity’s pivot
point at the hindfoot is believed to occur close to the sinus tarsi or
the interosseous talocalcaneal ligament and middle facet of the
subtalar joint™®’. Several markers of peritalar subluxation have
been described to better diagnose and predict the development of
PCFD, such as subluxation of the middle facet of the subtalar joint

P eritalar subluxation is a key pathological aspect of pro-

and foot-ankle offset (FAO)*>®. Other aspects of this 3-dimensional
(3D) disease might occur concurrently, as defined by the PCFD
Consensus Group and the novel PCFD staging system, which
describes aspects of the deformity according to classes’. Hindfoot
valgus (Class A), midfoot abduction (Class B), and forefoot varus/
medial column instability (Class C) are common deformities that
need consideration when assessing patients with PCFD'*".
Proximally, PCFD may affect the ankle joint, producing a
valgus instability of the talus inside the mortise, leading to a
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valgus talar-tilt deformity (Class E)"”. The tibiotalar deformity
disturbs fixed position of the talus in the coronal plane, changing
the fulcrum of deformity from the subtalar to the ankle joint™".
This change could affect the relationship of peritalar structures,
which may or may not adapt to a more proximal deformity.
Previous studies assessing hindfoot positioning in arthritic and
unstable ankles demonstrated a tendency of the subtalar joint to
compensate for proximal malignment'*'®. Wang et al. showed
that both valgus (39%) and varus (53%) arthritic ankles ex-
hibited compensatory subtalar positioning in varus and valgus,
respectively, and that the compensation would be less likely to
happen when arthritis was present in the subtalar joint".

Expected accommodative changes in the subtalar joint
and peritalar structures once ankle valgus deformity develops
might affect traditional diagnostic parameters of PCFD, poten-
tially influencing predictors of disease progression and treatment
planning>*?*. Therefore, the primary aim of this study was to
evaluate peritalar subluxation, primarily by means of middle
facet subluxation (MFES), in patients with PCFD who either did
or did not demonstrate ankle valgus. We hypothesized that
traditional hallmarks of peritalar subluxation, such as MFS,
would be less evident in patients with PCFD with valgus de-
formity of the ankle, impacting the capability of these parame-
ters to predict PCFD severity, prognosis, and treatment once the
ankle joint is involved.
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Materials and Methods
Design
his prospective comparative study was approved by the
institutional review board (202012422) before data col-
lection, in conformity with the Declaration of Helsinki
and the Health Insurance Portability and Accountability Act
(HIPAA). The study complied with the Strengthening the Re-
porting of Observational Studies in Epidemiology (STROBE)
guidelines™.

Sample Size

The sample size was calculated on the basis of the ability to
detect a 40% difference in the primary outcome between groups.
Baseline values of MFS were extracted from the study by de Cesar
Netto et al.’. In order to achieve a 0.05 type-I error rate and 90%
power (a 0.1 type-1I error rate), 21 patients per group would be
needed.

Patients

Consecutive patients with a clinical diagnosis of PCFD who were
treated at our institution from January 2019 to December 2021
were evaluated. Adults (=18 years of age) presenting with PCFD
history and clinical confirmation and having weight-bearing
computed tomography (WBCT) imaging were included. Patients
were excluded if they had any rigid deformity (Stage 2) on
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examination, a history of ankle trauma, metallic implants, or prior
PCED surgery. The subjects were allocated to study groups as
shown in Figure 1.

Group with Ankle Valgus

Patients presenting with Stage 1 (flexible), Class E (ankle insta-
bility) PCFD were allocated to the group with ankle valgus'”. A
valgus tilting of the talus of at least 3° on an anteroposterior
weight-bearing ankle radiograph was considered indicative of
Class E**. Flexibility was defined by physical examination and
fluoroscopy™. A total of 21 feet (57.1% left, 42.9% right) in 20
patients (30% female, 70% male) with a mean age of 68.50 years
(range, 46 to 91 years) and a body mass index (BMI) of 31.84 kg/
m? (95% confidence interval [CI], 28.58 to 35.11 kg/m?) were
assigned to this group (Table I).

Group without Ankle Valgus

Patients presenting with any other flexible (Stage 1) class or
combination of classes of PCFD with the absence of valgus talar
tilt (<3°) were assigned to the group with no ankle valgus'.
This group consisted of a total of 64 feet (51.6% left, 48.4%
right) in 41 patients (71% female, 29% male) with a mean age
of 56.27 years (range, 26 to 87 years) and a BMI of 32.76 kg/m?
(95% CI, 30.84 to 34.69 kg/m?) (Table I).

WBCT Acquisition

A cone-beam CT extremity scanner (PedCAT; CurveBeam) was
utilized to obtain the WBCT studies. Participants were advised
to stand upright with the feet a shoulder-width apart, facing
directly forward, with body weight evenly distributed between
the lower extremities™ .
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WBCT Measurements

Using dedicated software (CubeVue; CurveBeam), multiplanar
data were converted into sagittal, coronal, and axial images. Two
fellowship-trained orthopaedic foot and ankle surgeons per-
formed the measurements using previously described methods
(Fig. 2)™.

In the sagittal plane, the medial cuneiform-to-floor dis-
tance (MCFD) was measured from the most plantar aspect of the
medial cuneiform to the ground plate, portraying the arch col-
lapse (Class C)**”. In the axial plane, the talonavicular coverage
angle (TNCA) was calculated using the articular orientations of
the talar head and the proximal navicular, depicting midfoot
abduction (Class B)***.

MFS was assessed at the facet midpoint in the sagittal
plane, representing a direct sign of peritalar subluxation (Class
D). The percentage of MFS was quantified by dividing the
amount of facet “uncoverage” by the width of the talar facet in
the coronal plane"®. The forefoot arch angle (FFA) was estab-
lished by drawing a line from the most plantar aspect of the
medial cuneiform to the plantar cortex of the fifth metatarsal in
the coronal view. The angle between this line and the ground
determined the FFA, a variable associated with forefoot varus
(Class C)***.

To calculate the hindfoot moment arm (HMA), the axis
of the tibia was determined using the midpoints at 5 and
10 cm above the ankle joint in the coronal view. First, the
distance between the tibial axis line and the most plantar
aspect of the calcaneus was defined as the HMA, a hindfoot
valgus (Class A) metric*. Next, the talar tilt angle (TTA) was
measured from the angle between the distal tibial articular
surface and the superior talar articular surface, characterizing

TABLE | Group Demographics and Measurement Characteristics

Group
Variable* Ankle Valgus (N = 21)t No Ankle Valgus (N = 64)t P Value ICC¥H

Age (yr) 68.50 (62.91-74.09) 56.27 (51.41-61.12) 0.0030§ —

BMI (kg/m?) 31.84 (28.58-35.11) 32.76 (30.84-34.69) 0.5280 —

MCFD (mm) 19.32 (17.24-21.41) 17.73 (16.53-18.92) 0.1891 0.977 (0.788-0.994)

TNCA (deg) 22.71 (17.46-27.96) 22.58 (19.58-25.59) 0.9669 0.794 (0.558-0.911)

FFA (deg) 2.58 (0.19-4.96) 4.25 (2.89-5.63) 0.2280 0.961 (0.906-0.984)

MFS (%) 21.84 (15.04-28.63) 38.45 (34.55-42.34) <0.0001§ 0.866 (0.699-0.943)

HMA (mm) 20.79 (17.56-24.02) 8.94 (7.09-10.79) <0.0001§ 0.893 (0.757-0.955)

MDTA (deg) 87.77 (87.03-88.50) 88.03 (87.61-88.45) 0.5403 0.914 (0.631-0.967)

TTSA (deg) 74.01 (71.72-76.30) 89.08 (87.77-90.39) <0.0001§ 0.959 (0.903-0.983)

TTA (deg) 17.10 (14.75-19.46) 2.30 (0.94-3.65) <0.0001§ 0.903 (0.725-0.963)

FAO (%) 14.89 (12.51-17.26) 6.32 (4.96-7.68) <0.0001§ 0.987 (0.969-0.995)
*BMI = body mass index, MCFD = medial cuneiform-to-floor distance, TNCA = talonavicular coverage angle, FFA = forefoot arch angle,
MFS = middle facet subluxation, HMA = hindfoot moment arm, MDTA = medial distal tibial angle, TTSA = tibiotalar surface angle, TTA =
talar tilt angle, and FAO = foot-ankle offset. 1The values are given as the mean, with the 95% confidence interval in parentheses.
FInterreader reliability. The values are given as the estimate, with the 95% confidence interval in parentheses. ICC = interclass correlation
coefficient. §Significant.
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Fig. 2
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The sequence of measurements performed in the 2 groups is shown using examples (N = no ankle valgus, and V = valgus). Using the most distal voxel of
the medial cuneiform on the sagittal view, the medial cuneiform-to-floor distance (MCFD) was measured: 1N = 16.66 mm, and 1V = 26.13 mm. The
talonavicular coverage angle (TNCA) was obtained from the talar and navicular articular axial orientations: 2N = 41.4°, and 2V = 16.1°. Coronally, the
forefoot arch angle (FFA) was determined by drawing a line from the most distal voxel of the medial cuneiform to the fifth metatarsal plantar surface and
measuring the angle between this line and the ground: 3N = —1.2°, and 3V = 10.1°. Middle facet subluxation (MFS) used the coronal projection of the
facet’s central point to determine the related uncoverage: 4N =47.1%, and 4V = 24.36%. The distance between the most distal aspect of the calcaneus and
the tibial axis determined the hindfoot moment arm (HMA): 5N = 8.4 mm, and 5V = 5.81 mm. The medial distal tibial angle (MDTA) was obtained from the
relation between the tibial axis and distal tibial surface at the center of the ankle: 6N = 88.2°, and 6V = 87.8°. By using the talar dorsal surface and the tibial
axis, the tibiotalar surface angle (TTSA) was obtained: 7N =87.1°, and 7V = 80.8°. The talar tilt angle (TTA) measured the relationship between the distal
tibial surface andtalar dorsal surface: 8N =0.3°,and 8V = 11.2°. Finally, foot-ankle offset (FAO) was determined using the talar deviation from the foot tripod

center: ON = 6.21%, and 9V = 18.26%.

ankle valgus tilting (Class E)". The medial distal tibial angle
(MDTA) was calculated using the angle between the tibial axis
and the distal tibial articular surface®. The angle between the
tibial axis and the talar articular surface established the tib-
iotalar surface angle (TTSA)".

FAO, a previously validated, 3D measurement of overall
PCFD severity, was quantified using dedicated software (TALAS
[Torque Ankle Lever Arm System], CubeVue; CurveBeam)™.
First, the most plantar aspect of the first metatarsal, the most
plantar aspect of the fifth metatarsal, and the most plantar aspect
of the calcaneal tuberosity were marked, creating the foot tripod.
Subsequently, the talar dome center was established. The ob-
tained value represents the percentage of ankle deviation from
the tripod’s center (Fig. 2). A valgus hindfoot alignment is
characterized by a positive percentage, with FAO values of >5.2%
considered abnormal®*.

Statistical Analysis

Measurements were assessed for normality using the Shapiro-
Wilk test. Interobserver reliability was evaluated by interclass
correlation coefficients (ICCs). Values of <0.40 were consid-
ered poor; 0.40 to 0.59, fair; 0.60 to 0.74, good; and 0.75 to
1.00, excellent. Paired Wilcoxon or paired t tests were utilized

for comparisons between the groups. Multivariable regression
analyses were performed to evaluate variables influencing the
presence or absence of ankle valgus and influencing FAO.
Bivariate analyses between significantly correlated variables
were also performed. A partition prediction model of signif-
icant variables was utilized to assess the threshold of variables
associated with ankle valgus deformity™. Significance was de-
fined as a p value of <0.05.

Source of Funding
There was no external funding source for this study.

Results
he 2 study groups exhibited similar mean BMI values (p =
0.53); however, the group with ankle valgus was signifi-
cantly older (p = 0.030) (Table I). The ICCs for interobserver
reliability were excellent (20.75) for the WBCT measure-
ments. The average TTA (Class E deformity) was 17.10° (95%
CI, 14.75° to 19.46°) for the ankle valgus group versus 2.30°
(95% CI, 0.94° to 3.65°) for the group with no ankle valgus
(p < 0.0001).
When comparing measurements of PCFD deformity
severity between the groups, the markers of hindfoot valgus
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Bivariate logistic regression analyses of the correlated variables versus the presence of ankle valgus (yes or no), including the respective coefficient

of determination (R2) and p value. The logistic fit for middle facet subluxation (panel 1) shows a significant and negative correlation with the presence of ankle

valgus. Foot-ankle offset (FAO, panel 2), age (panel 3), and hindfoot moment arm (panel 4) logistic fits display significant and positive correlations with ankle valgus.

(Class A) and overall 3D deformity were found to be more pro-
nounced in the ankle valgus group, including HMA (mean,
20.79 mm [95% CI, 17.56 to 24.02 mm] versus 8.94 mm [95% CI,
7.09 to 10.79 mm]; p < 0.0001) and FAO (mean, 14.89% [95% CI,
12.51% to 17.26%)] versus 6.32% [95% CI, 4.96% to 7.68%]; p <
0.0001). Nevertheless, the radiographic parameters of peritalar sub-
luxation (Class D) were found to be considerably and significantly
less pronounced in the ankle valgus group, which had a mean MFS
of 21.84% (95% CI, 15.04% to 28.63%) versus 38.45% (95% CI,
34.55% to 42.34%) in the group with no ankle valgus (p < 0.0001).
No differences were found between the groups when assessing other
components of PCFD, including the TNCA for Class B (p = 0.9669)
and the MCFD (p = 0.1891) and FFA (p = 0.2280) for Class C.
In the multivariable analysis, MFS (p < 0.0001), FAO
(p = 0.0073), age (p = 0.0118), and HMA (p = 0.0285) were

found to be the only variables that influenced the presence or
absence of ankle valgus deformity (Class E) (p < 0.0001), ex-
plaining 81% of the variation in ankle alignment (R? = 0.8116).
Results of the bivariate logistic regression analysis for each
correlated variable (MFS, FAO, age, and HMA) are shown in
Figure 3. In addition, the partition prediction model revealed
that FAO values were the strongest predictors of ankle valgus
deformity, with FAO values of <12.14% being associated with a
10.5% probability of ankle valgus deformity and FAO values
equal or above that threshold being associated with a 79.2%
probability of ankle valgus deformity.

When assessing variables that influenced the overall 3D
deformity (measured by the FAO) in the patients without ankle
valgus deformity, the multivariable regression analysis demon-
strated that the HMA (p < 0.0001) and MFS (p < 0.0001)
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Bivariate logistic regression analyses of the correlated variables versus foot-ankle offset (FAO) in the groups with no ankle valgus (N) and ankle valgus (V),
including the respective coefficient of determination (R2), p value, and predictive formula derived from the linear fit calculation. The logistic fits for the

hindfoot moment arm (HMA, 1N) and middle facet subluxation (MFS, 2N) show a significant and positive correlation with FAO in the group with no ankle
valgus. MFS (1V) was not significantly correlated with FAO in the group with ankle valgus, but is presented here to reflect the study’s main hypothesis. The
forefoot arch angle (FFA, 2V) was significantly and negatively correlated with FAO. In contrast, the talar tilt angle (TTA, 3V) and the HMA (4V) were significantly

and positively correlated with FAO in the ankle valgus group.
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explained 64% of the variation (R? = 0.6418; p < 0.0001) in FAQ.
However, in the group with ankle valgus deformity, the multi-
variable analysis demonstrated that MFS did not correlate with
FAO (p =0.9161), and only FFA (p = 0.0002), TTA (p = 0.0054),
and HMA (p = 0.0055) correlated with FAO, explaining 94% of
its variation (R?> = 0.9404; p < 0.0001). The bivariate linear
regression analyses for MFS versus the variables significantly
correlated with FAO in either group are shown in Figure 4.

Discussion
In this study, radiographic parameters of peritalar subluxation
were assessed in patients with PCFD who had valgus of the
ankle (Class E) and compared with patients with PCFD who did
not have valgus ankle deformity. Mean MFS was found to be lower
in the ankle valgus group and unaffected by an increase in overall
malalignment (FAO). Furthermore, a strong correlation observed
between alignment (FAO) and MFS (peritalar subluxation) in the
group without ankle valgus was not seen in the group with ankle
valgus. The results corroborate our primary hypothesis. Consid-
ering these findings, peritalar subluxation might occur first in
PCED, potentially around the subtalar and midtarsal joints, in-
creasing the load on the deltoid ligament. Conversely, when this
overload leads to proximal failure and a valgus talar tilt, we
noticed a paradoxical reduction of the peritalar subluxation
despite likely underlying peritalar ligamentous incompetence.

The search for a parameter that reliably predicts peritalar
subluxation early in the disease process led Ananthakrisnan
et al. and de Cesar Netto et al. to study coverage of the subtalar
facets>®. The former found differences in interactions between
controls and patients with PCFD when analyzing the posterior
facet (92% versus 68%) and the medial or anterior facets (95%
versus 51%)°. By assessing the middle facet under WBCT, de
Cesar Netto et al. found higher uncoverage values in patients
with PCFD (45.3%) compared with controls (4.8%) and found
that values of >17.9% had high sensitivity (96.7%) and speci-
ficity (100%) for disease diagnosis’. More recently, Dibbern
et al., using 3D distance and coverage maps, found a 47%
decrease in middle facet coverage in patients with PCFD*. In
the group with PCFD and no ankle valgus in the current
study, a mean MFS of 38.45% was demonstrated, which is in
line with the previous reports and supports its use as a marker
of peritalar subluxation in this population. A lower mean MFS
value was seen in the group with ankle valgus (21.84%), which
could be explained by a peritalar reduction.

The concept was explored by Wang et al. when evaluating
subtalar joint behavior in patients with maligned ankles”. The
authors found that 53% of patients with ankle varus and 39% with
ankle valgus exhibited distal compensation, assessed by the tibio-
calcaneal axis angle”. The presence of subtalar arthritis decreased
distal compensation to 9% in the valgus group”. Krihenbiihl et al.
evaluated subtalar alignment using WBCT for patients with ankle
osteoarthritis and found that varus ankles had a more valgus ori-
entation of the calcaneus posterior facet compared with controls'.
Valgus ankles, although having a much more pronounced valgus
position of the talus, did not differ from controls in subtalar
inclination’. In contrast, when studying sagittal (talocalcaneal
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angle) and axial (talus-first metatarsal angle) alignments in the
setting of ankle deformities, Nosewicz et al. did not find predictable
deformities or signs of direct coronal compensation'. In the ankle
valgus group, those authors observed 48% of malposition in other
planes, mainly neutral or plantar flexion of the talus in the sagittal
plane combined with neutral or external rotation in the axial
plane'. Unlike our cohort, patients with primary ankle deformities
might experience an actual distal deformity compensation. In
PCEFD, the initial pathological configuration of peritalar subluxa-
tion may be “reduced” to a physiological position when the ankle
fails, in an intrinsic attempt to keep the foot plantigrade.

In our group with ankle valgus, worse hindfoot (HMA,
20.79 versus 8.94 mm) and 3D positions (FAO, 14.89% versus
6.32%) revealed that the overall malalignment was greater in
this population. Further research is needed to confirm these
concepts. Still, the lower mean MFS could be a sign that distal
reduction is occurring and that the peritalar joints are therefore
flexible and, potentially, candidates for reconstruction. Ankle
deformity correction in such cases (through reconstruction,
replacement, or arthrodesis) might lead to reintroduction of
peritalar subluxation parameters, which could be clinically
(and surgically) relevant when treating Class E patients.

Our results showed that MFS could not be used as a
radiographic parameter of peritalar subluxation or deformity
severity in Class E patients. These results in patients with ankle
valgus contrapose the findings of a previous study by our group,
which described the influence of MES on FAO values in PCFD
without ankle valgus’. Lintz et al. also described the MFS and FAO
relationship in PCFD without ankle valgus by showing the highest
accuracies for disease diagnosis using these metrics in isolation
and when combined (100% sensitivity and 100% specificity)™.
On the basis of our findings, FAO, HMA, and TAA are the imaging
parameters most predictive of disease severity and progression in
patients with Class E PFCD (Fig. 4). Moreover, FAO values of
>12.14% were found to be associated with a 79.2% probability of
ankle valgus deformity. This could be beneficial in the clinical
scenario by providing a value for identifying patients with a higher
risk of ankle involvement. To our knowledge, the only study that
tried to predict ankle deformity in PCFD was performed by
Miniaci-Coxhead et al., who found that an increased talus-first
metatarsal angle preoperatively was associated with the develop-
ment of talar tilt after hindfoot fusion (hazard ratio, 1.034)”.

The present study had several limitations. Although it was a
prospective study, we could not evaluate the true linear evolution
of PCFD over time. This is important for Class E deformities that
might present earlier than anticipated'****. Although patients
had a history of PCFD and no ankle trauma, it is impossible to
completely exclude the possibility that an ankle deformity could
have occurred first. No functional assessment was performed,
making it impossible to relate the findings to clinical symptoms
and presentation. Stage 2 (rigid) subjects were not included in
this cohort, and thus our conclusions are not applicable to that
PCFD population. The complete lower-extremity alignment and
its effects were not assessed, but those additional factors that could
have influenced foot and ankle positions. The groups were not
perfectly matched; patients in the group with ankle valgus were
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older than those without valgus, a difference that is probably
explained by the natural history of this deformity, in which talar
tilt occurs later than peritalar subluxation. Finally, the use of WBCT
is still not widespread, decreasing the study’s reproducibility.

Conclusions

In patients with PCFD and valgus of the ankle (Class E), MFS
values were significantly lower than in those without valgus of
the ankle and did not correlate with overall malalignment.
Peritalar subluxation might be reduced in this group of patients
since the deformity fulcrum changed proximally. Consequently,
MES should not be used as an imaging parameter to evaluate and
stage Class E patients. A high probability of ankle valgus defor-
mity was associated with FAO values of 212.14% in PCFD. B
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