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Abstract
Background: Progressive collapsing foot deformity (PCFD) and hallux valgus (HV) are complex 3-dimensional deformities 
of the foot. This study aimed to investigate structural and alignment differences between PCFD with and without HV using 
weightbearing computed tomography.
Methods: Patients with PCFD aged 18 years or older who underwent weightbearing computed tomography were 
consecutively enrolled. Standard 2-dimensional PCFD and HV parameters were assessed semiautomatically. Foot and ankle 
offset, forefoot arch angle, and pronation of the medial column bones in the coronal plane, with the ground as a reference, 
were manually measured. Additionally, the angles from the inferior aspect of subtalar posterior facet of the talus to the 
ground (subtalar horizontal angle), from the inferior (posterior facet) to superior facets of the talus (infratalar-supratalar 
angle), and from the inferior (posterior facet) of the talus to the superior facet of the calcaneus (infratalar-supracalcaneal 
angle) were examined. HV deformity was defined by an HV angle of ≥15 degrees.
Results: Among 72 feet (58 patients) studied, 33 displayed HV, whereas 39 did not. In the coronal plane, the PCFD 
with HV group showed a higher infratalar-supratalar angle and greater pronation at the first tarsometatarsal joint, first 
metatarsal bone, and head. The PCFD with HV group also exhibited greater naviculocuneiform joint supination. Generalized 
estimating equation logistic regression analysis revealed significant associations of HV deformity with the intrinsic rotation 
of the first metatarsal bone (P < .001), infratalar-supratalar angle (P = .004), and rotation of the first tarsometatarsal joint 
(P < .001).
Conclusion: This study confirmed significant structural and alignment differences between PCFD with and without 
HV. Notably, the infratalar-supratalar angle, rotation of the first tarsometatarsal joint, and intrinsic rotation of the first 
metatarsal bone were associated with HV deformity.
Level of Evidence: Level III, retrospective comparative study.

Keywords: progressive collapsing foot deformity, hallux valgus, weightbearing computed tomography, overpronated 
deformity

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/fai
mailto:cesar.netto@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1177%2F10711007241298672&domain=pdf&date_stamp=2024-11-26


72	 Foot & Ankle International 46(1)

Introduction

Progressive collapsing foot deformity (PCFD) and hallux 
valgus (HV) are common foot deformities. Concurrently, 
these 2 conditions share certain morphologic similarities. 
Classic PCFD includes hindfoot and midfoot hyperpronation 
in the coronal plane.10,15,19 Similarly, HV deformity is pur-
ported to be associated with first metatarsal overpronation 
deformity.22,26,32,39,41 Nonetheless, the relationship between 
these 2 deformities has not yet been extensively discussed.

The relationship between hindfoot and forefoot deformi-
ties has become increasingly evident with the introduction of 
weightbearing computed tomography (WBCT). Bakshi et al4 
identified a significant association between hindfoot valgus 
and first metatarsal pronation. Steadman et al38 reported that 
this correlation was notably more pronounced in patients 
with an abnormal Meary angle. However, first metatarsal 
pronation has been recognized as a component of HV defor-
mity7,11,22,28,31,39 and may contribute to poor outcomes and 
recurrence following operative interventions for this pathol-
ogy.5,21,22,35 The relationship between the HV angle and pes 
planus remains unclear in plain-film radiography studies3,8,40 
and large-scale studies on disease prevalence.6,33

PCFD constitutes a spectrum of deformities that affect 
various segments of the foot in divergent magnitudes.1,17,27 
The present study aimed to investigate structural and align-
ment differences between PCFD with and without HV using 
WBCT. We hypothesized that there are distinct hindfoot or 
midfoot structural or alignment variances between PCFD 
with and without HV deformity.

Materials and Methods

This retrospective analysis was approved by the Institutional 
Review Board of the enrolling institution and was con-
ducted in accordance with the principles embodied in the 
Declaration of Helsinki. The requirement for the acquisition 
of informed consent from patients was waived owing to the 
retrospective nature of this study.

This study included patients aged ≥18 years who were 
clinically diagnosed with PCFD by one of our senior authors 
and underwent WBCT as part of the standard-of-care evalu-
ation. Patients were consecutively enrolled from May 2023 
to December 2023. The diagnostic criteria for PCFD 
included planovalgus foot deformity combined with medial 
midfoot pain, with or without lateral hindfoot pain. Patients 
who had an operative history of ipsilateral foot and ankle 
fusion/osteotomy or who underwent any HV correction sur-
gery were excluded. Demographic data, including age, sex, 
body mass index (BMI), and rigid deformity, were collected 
through chart review.

Radiographic Evaluation

WBCT was performed using a cone-beam CT extremity 
scanner (pedCAT or HiRise model; CurveBeam, Warrington, 

PA, USA). The collected data sets were screened and trans-
formed into DICOM files using the built-in software 
(CubeVue; CurveBeam). Parameters such as the talar–first 
metatarsal angle (axial and sagittal), calcaneal inclination 
angle,37 hindfoot moment arm,36 hindfoot angle, axial talo-
navicular angle, sagittal first tarsal–metatarsal angle, first 
tarsal–metatarsal angle joint minimum gap, intermetatarsal 
(IM) angle, and HV angle were semiautomatically mea-
sured using Bonelogic foot and ankle software version 2.1.4 
(DISIOR, Helsinki, Finland), as previously described.23,42 
The sagittal first tarsal–metatarsal angle was defined as the 
angle formed between the longitudinal axes of the first 
metatarsal bone and the medial cuneiform in the sagittal 
plane.14 The first tarsal–metatarsal joint minimum gap was 
defined as the shortest distance measured from the medial 
cuneiform joint surface to the first metatarsal bone.29 HV 
was deemed to be present if the HV angle was ≥15 degrees20 
(Figure 1).

Two fellowship-trained foot and ankle surgeons inde-
pendently, randomly, and masked performed manual mea-
surements using CubeVue software. Pronation and 
supination were quantified using positive and negative rota-
tion values, respectively. The measurement protocol and 
sequence were as follows.

1.	 Foot and ankle offset30 was automatically calculated 
using the Torque Ankle Lever Arm System (TALAS) 
system after annotating the weightbearing points of 
the first and fifth metatarsal heads, calcaneus, and 
the most central and highest point of the talus.

2.	 The axial plane was aligned parallel to the long axis 
of the talus, defined as the line from the midpoint of 
the talar body to its head. The coronal plane was 
synchronized with the sagittal view at the midpoint 
of the anteroposterior dimension of the posterior 
facet to assess talar posterior facet parameters. The 
subtalar horizontal angle34 (the angle between the 
inferior facet and horizontal), infratalar-supratalar 
angle34 (the angle between the inferior and superior 
facets), and infratalar-supracalcaneal angle34 (the 
angle between the inferior facet of the talus and 
superior facet of the calcaneus) were all measured.

3.	 The axial plane axis was realigned parallel to the 
long axis of the second metatarsal to measure the 
forefoot arch angle18 (the angle between the hori-
zontal and the line drawn from the inferior aspect of 
the medial cuneiform to the inferior aspect of the 
fifth metatarsal). Additionally, the rotational profile 
along the medial column16 was assessed, including 
the navicular (the angle between the horizontal and 
the widest mediolateral distance of the navicular at 
a level just distal to the most distal aspect of the talo-
navicular joint), medial cuneiform (the angle 
between the vertical line and a bisecting line of an 
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angle formed by tangent lines to the medial and lat-
eral surfaces of the medial cuneiform at a level just 
proximal to the most proximal aspect of the first tar-
sometatarsal joint), first metatarsal base (the angle 
between the vertical line and a bisecting line of an 
angle formed by tangent lines to the medial and lat-
eral surfaces of the first metatarsal bone at a level 
just distal to the most distal aspect of the first tarso-
metatarsal joint), and first metatarsal head using the 
α angle22 (the angle between the vertical line and the 
line connecting the midpoint of medial and lateral 

dorsal corners and the midpoint of lateral and medial 
edges of the sulcus of the first metatarsal head). The 
rotation of the naviculocuneiform joint was deter-
mined by calculating the difference between the 
navicular rotation angle and medial cuneiform 
angle. Similarly, the rotation of the first tarsometa-
tarsal joint was determined by subtracting the 
medial cuneiform angle from the first metatarsal 
base angle. The intrinsic rotation of the first meta-
tarsal bone was determined by subtracting the first 
metatarsal base angle from the α angle (Figure 2).

Figure 1.  The process of obtaining semiautomated measured parameters using the Bonelogic Foot and Ankle software. Following 
the upload of DICOM files and manual annotation of the foot bones (top left), the software automatically calculates the relevant 
parameters based on these annotations.
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Figure 2.  (continued)
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Figure 2.  Depiction of radiographic parameters of manually measured radiographic parameters. (A) The CubeVue software screen 
view with the Torque Ankle Lever Arm System (TALAS) (top left) was used. Three-dimensional coordinates (x, y, z planes) were 
recorded from specific anatomical landmarks for the program to calculate the Foot and Ankle Offset (F.A.O.), the weightbearing 
point of the first metatarsal head (Met1 or M1), the weightbearing point of the fifth metatarsal head (Met5 or M5), the calcaneal 
weightbearing point (C), and the central and highest point of the talus (T). The point labeled F represents the optimal position for the 
ankle joint's center of rotation, located along the bisecting line of the tripod. (B) Solid lines indicate the level of the measurements. 
Blue lines denote progressive collapsing foot deformity weightbearing computed tomography parameters, and white lines signify 
medial column rotational profiles. Black dashed lines represent tangent lines of the bone surface. Red lines signify the measurement of 
each parameter, whereas the green lines illustrate the discrepancy between the 2 sets of measured values. [See online article for color 
figure.]
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Statistical Analyses

Statistical analyses were performed using R software (ver-
sion 4.3.1; The R Foundation, Vienna, Austria). Interobserver 
reliability was examined using intraclass correlation coef-
ficients (ICCs). The normality of variable distribution was 
assessed using the Shapiro-Wilk test and a distribution his-
togram. The generalized estimating equation (GEE) method 
was employed for parameter selection between groups to 
address the issue of nonindependence between data from 
bilateral cases. Adjusted P values were obtained using the 
Benjamini-Hochberg method. Effect sizes were calculated 
using odds ratios.9 To avoid being limited by an HV angle 
≥15 degrees as the definition of HV deformity, we ana-
lyzed the correlation of each parameter with the absolute 
HV angle and IM angle in our study. The relationships 
between normally distributed parameters were analyzed 
using Pearson correlation coefficients, whereas Spearman 
correlation coefficients were used for non-normally distrib-
uted variables. Point-biserial correlations were used for the 
categorical variables. Parameters with an adjusted P value 
<.1, an effect size >0.8, or those showing a significant cor-
relation with the HV angle were selected for the GEE logis-
tic regression analysis.

Results

A total of 58 patients (median age: 62 [20.5] years), cor-
responding to 72 feet, were included in this study. Within 
this cohort, 39 patients (67.2%) were female, and the 
median BMI was 32.6 (9.0) kg/m2. In 33 (45.8%) cases, 
the left foot was involved. Manual measurements exhib-
ited excellent interobserver reliability, with ICCs ranging 
from 0.811 to 0.979 (Table 1). The patient cohort analyzed 
in this study presented with an average foot and ankle off-
set of 8.4% ± 3.7%, a sagittal talar–first metatarsal angle 
of −27.8 ± 11.2 degrees, a calcaneal inclination angle of 

12.7 ± 5.31 degrees, and a median axial talonavicular 
angle of 47.6 (12.9) degrees.

On the basis of our definition of HV deformity, 39 feet 
were included in the PCFD without HV group, whereas 33 
feet were assigned to the PCFD with HV group. The mean 
HV angle in the PCFD without HV group was 6.4 ± 6.1 
degrees, with an IM angle of 10.8 ± 3.3 degrees. In the 
PCFD with HV group, 9 of 33 feet (27.27%) exhibited 
symptoms related to hallux valgus, with a mean HV angle 
of 23.8 ± 6.7 degrees and an IM angle of 14.8 ± 3.2 degrees. 
The results of the GEE parameter selection between groups 
are presented in Table 2. Demographic data, including age, 
sex, BMI, left side, and percentage of rigid deformity, were 
similar between the groups. However, the effect size was 
high (0.892) for female participants. Among the radio-
graphic parameters, significant valgus of the infratalar-
supratalar angle (P = .022), pronation at the first 
tarsometatarsal joint (P = .064), intrinsic pronation of the 
first metatarsal bone (P = .064), pronation at the first meta-
tarsal head (α angle) (P = .022), and supination at the navic-
ulocuneiform joint (P = .035) were observed in the PCFD 
with HV group and were selected for further regression 
analysis.

Table 3 presents the correlation coefficients for HV 
deformity. The axial tarsal-first metatarsal angle (ρ = −0.311, 
P = .008), rotation of the first metatarsal head (α angle) 
(ρ = 0.312, P = .008), rotation of the first tarsometatarsal 
joint (r = 0.348, P = .003), and infratalar-supratalar angle 
(ρ = 0.389, P = .001) were weakly correlated with the HV 
angle. The rotation of the naviculocuneiform joint was 
moderately correlated with the HV angle (ρ = −0.506, 
P < .001). Regarding the IM angle, the infratalar-supratalar 
angle (ρ = 0.263, P = .026), rotation of the first tarsometatar-
sal joint (r = 0.290, P = .013), and axial tarsal-first metatar-
sal angle (ρ = −0.415, P < .001) showed a weak correlation, 
whereas rotation of the naviculocuneiform joint exhibited a 
moderate correlation (ρ = −0.519, P < .001).

Female sex and the radiographic parameters shown in 
Figure 3 were entered into the GEE logistic regression anal-
ysis. Owing to convergence issues with the initial model, a 
stepwise parameter selection approach was applied, itera-
tively eliminating parameters with the smallest effect sizes 
or the largest P values until the model converged. 
Eliminating parameters with the smallest effect sizes 
resulted in the best Quasi-likelihood under the Independence 
model Criterion (QIC) value, and this model was adopted. 
The results showed that the infratalar-supratalar angle 
(P = .004), first tarsal–metatarsal joint (P < .001), and 
intrinsic rotation of the first metatarsal bone (P < .001) 
were significantly associated with the presence of HV 
deformity (Table 4). The marginal R-squared value and QIC 

Table 1.  Interobserver Reliability of Manual Measurements.

Manual Measurements
Intraclass Correlation 
Coefficient (95% CI)

Foot and ankle offset 0.954 (0.927–0.971)
Subtalar horizontal angle 0.924 (0.878–0.953)
Infratalar-supratalar angle 0.958 (0.934–0.974)
Infratalar-supracalcaneal angle 0.811 (0.715–878)
Forefoot arch angle 0.979 (0.967–0.987)
Navicular rotation 0.965 (0.945–0.978)
Medial cuneiform rotation 0.963 (0.942–0.977)
First metatarsal base 0.880 (0.814–0.923)
First metatarsal head (α angle) 0.929 (0.869–0.960)
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value for this regression model were 0.606 and 45.519, 
respectively.

Discussion

The present study revealed significant differences between 
PCFD with and without HV deformity with respect to sev-
eral parameters. Greater valgus of the infratalar-supratalar 
angle (P = .022), pronated first tarsometatarsal joint 
(P = .064), intrinsic pronation of the first metatarsal bone 
(P = .064), and pronated first metatarsal head (α angle) 
(P < .022) and supinated naviculocuneiform joint 
(P = .035) were identified in the PCFD with HV group. 
These results were consistent with our hypothesis. 
Furthermore, the infratalar-supratalar angle, rotation of 

the naviculocuneiform joint, rotation of the first tarso-
metatarsal joint, intrinsic rotation of the first metatarsal 
bone, and axial tarsal–first metatarsal angle were signifi-
cantly correlated with the absolute values of both the IM 
and HV angles, whereas the rotation of the first metatarsal 
head was exclusively correlated with the HV angle. GEE 
logistic regression analysis indicated that the infratalar-
supratalar angle (P = .004), rotation of the first tarsometa-
tarsal joint (P < .001), and intrinsic rotation of the first 
metatarsal bone (P < .001) were significantly associated 
with HV deformity.

The differences in the medial column coronal rotation 
between the PCFD with HV group and the PCFD without 
HV group aligned with the results of the WBCT analysis 
conducted by Lalevee et al,25 who compared medial column 

Table 2.  Generalized Estimating Equation Parameter Selection Between the PCFD Without HV Group and the PCFD With HV 
Group.

PCFD without HV  
(n = 39)

PCFD with HV  
(n = 33)

Adjusted  
P Valuea

Effect  
Size

Demographic parameters
  Age, y, median (IQR) 63 (20) 65 (13) >.999 .554
  Female sex, n (%) 20 (64.5%) 19 (70.4%) .830 .892b

  BMI, median (IQR) 31.4 (12.6) 32.9 (7.2) .830 .564
  Left side, n (%) 17 (43.6%) 16 (48.5%) >.999 .539
  Rigid deformity, n (%) 11 (28.2%) 10 (30.3%) .908 .681
Semiautomated measured parameters
  Axial talar–first metatarsal angle, degrees, median (IQR) 31.7 (15.7) 27.1 (12.7) .441 .531
  Sagittal talar–first metatarsal angle, degrees, mean ± SD −27.6 ± 11.2 −28.0 ± 11.5 >.999 .552
  Calcaneal inclination angle, degrees, mean ± SD 13.3 ± 5.1 12.0 ± 5.6 .830 .536
  Hindfoot moment arm, mm, mean ± SD 12.9 ± 7.1 13.5 ± 7.8 .830 .566
  Hindfoot angle, degrees, mean ± SD 29.8 ± 6.5 32.0 ± 6.4 .441 .586
  Axial talonavicular angle, degrees, median (IQR) 47.0 (11.4) 48.4 (13.3) .959 .556
  Sagittal first tarsal–metatarsal joint angle, degrees, mean ± SD 9.2 ± 3.1 9.9 ± 3.0 .846 .575
  First tarsal–metatarsal joint minimum gap, mm, median (IQR) 1.2 (0.2) 1.1 (0.3) .846 .325
PCFD weightbearing CT parameters
  Foot and ankle offset, %, mean ± SD 8.7 ± 4.0 8.1 ± 3.4 .830 .527
  Subtalar horizontal angle, degrees, mean ± SD 11.7 ± 7.4 15.0 ± 7.0 .265 .589
  Infratalar-supratalar angle, degrees, median (IQR) 11.9 (11.2) 18.0 (17.5) .022c .608
  Infratalar-supracalcaneal angle, degrees, mean ± SD −4.9 ± 3.8 −5.0 ± 4.2 .846 .570
  Forefoot arch angle, degrees, mean ± SD −1.8 ± 6.2 −1.5 ± 5.4 >.999 .554
Medial column rotational profiles
  Navicular, degrees, mean ± SD 34.7 ± 9.0 37.3 ± 9.0 .830 .562
  Naviculocuneiform joint, degrees, median (IQR) −29.6 (8.9) −35.4 (5.8) .035c .479
  Medial cuneiform, degrees, mean ± SD 5.7 ± 8.2 2.7 ± 7.3 .331 .524
  First tarsal–metatarsal joint, degrees, mean ± SD 19.9 ± 7.1 24.5 ± 6.8 .064c .604
  First metatarsal base, degrees, mean ± SD 25.6 ± 7.0 27.2 ± 6.5 .830 .566
  Intrinsic rotation of the first metatarsal bone, degrees, mean ± SD −9.1 ± 6.2 −4.1 ± 6.8 .064c .616
  First metatarsal head (α angle), degrees, median (IQR) 17.3 (9.3) 21.5 (6.9) .022c .649

Abbreviations: BMI, body mass index; GEE, generalized estimating equation; HV, hallux valgus; IQR, interquartile range; PCFD, progressive collapsing 
foot deformity.
aAdjusted using the Benjamini-Hochberg method.
bEffect size > 0.8.
cP < .1.
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rotation profiles between patients with nonplanovalgus HV 
(characterized by a normal Meary angle or hindfoot moment 
arm) and normal controls. Notable similarities included 
pronounced pronation of the first metatarsal head, intrinsic 
rotation of the first metatarsal bone, and rotation of the first 
tarsal–metatarsal joint, in conjunction with a more supi-
nated naviculocuneiform joint. Our study revealed that both 
intrinsic pronation of the first metatarsal and pronation at 
the first tarsal–metatarsal joint were associated with the 
presence of HV deformity and that naviculocuneiform joint 
supination was moderately correlated with both the HV and 
IM angles, suggesting that midfoot rotation may also be rel-
evant to HV morphology.

In terms of correlation, the axial talar–first metatarsal 
angle was identified as the only axial plane parameter cor-
related with the absolute HV angle and IM angle, whereas 
the axial talonavicular angle showed no correlation with 

HV. These results imply that the inward orientation of the 
first metatarsal relative to the navicular might be associated 
with HV deformity. Although the identification of this 
parameter may be attributed to the commonly observed 
larger IM angle in patients with HV, the inward alignment 
of the first metatarsal in relation to the hindfoot could 
enhance lateral forces on the hallux, potentially relating to 
the severity of HV.

Increased pronation of the metatarsal head is widely 
observed in patients with HV. Prior reports indicated that 
the average α angle in patients with HV ranged from 13.7 to 
21.9 degrees, compared with 5.7 to 13.8 degrees in control 
groups,22,26 and that the hindfoot moment arm showed an 
increased correlation with the α angle under conditions of 
an abnormal Meary angle.38 In our study, we extended our 
analysis to include patients with PCFD. In our patient 
cohort, the average Meary angle was −27.8 degrees, and the 

Table 3.  Correlation Coefficients for Parameters Relative to the Hallux Valgus Angle and Intermetatarsal Angle. 

Hallux Valgus Angle Intermetatarsal Angle

  Correlation Coefficient P Value Correlation Coefficient P Value

Demographic parameters
  Age ρ = −0.46 .701 ρ = 0.029 .807
  Female r = 0.072 .547 r = −0.031 .793
  BMI ρ = 0.027 .823 ρ = −0.011 .929
  Left side r = 0.034 .775 r = −0.018 .883
  Rigid deformity r = 0.015 .901 r = −0.012 .918
Semiautomated measured parameters
  Axial talar–first metatarsal angle ρ = −0.311 .008** ρ = −0.415 <.001**
  Sagittal talar–first metatarsal angle r = 0.010 .931 r = 0.044 .713
  Calcaneal inclination angle r = −0.051 .670 r = 0.062 .604
  Hindfoot moment arm r = −0.027 .822 r = −0.125 .295
  Hindfoot angle r = 0.052 .662 r = −0.035 .771
  Axial talonavicular angle ρ = 0.165 .166 ρ = 0.095 .425
  Sagittal first tarsal–metatarsal joint angle r = 0.184 .122 r = 0.161 .178
  First tarsal–metatarsal joint minimum gap ρ = 0.120 .313 ρ = 0.216 .068
PCFD weightbearing CT parameters
  FAO r = −0.090 .451 r = −0.006 .963
  Subtalar horizontal angle r = 0.180 .131 r = 0.216 .068
  Infratalar-supratalar angle ρ = 0.389 .001** ρ = 0.263 .026*
  Infratalar-supracalcaneal angle r = −0.114 .342 r = −0.100 .402
  Forefoot arch angle r = −0.038 .750 r = −0.128 .282
Medial column rotational profiles
  Navicular r = 0.225 .057 r = 0.194 .102
  Naviculocuneiform joint ρ = −0.506 <.001** ρ = −0.519 <.001**
  Medial cuneiform r = −0.177 .138 r = −0.188 .113
  First tarsometatarsal joint r = 0.348 .003** r = 0.290 .013*
  First metatarsal base r = 0.167 .161 r = 0.092 .444
  First metatarsal intrinsic torsion r = 0.186 .118 r = 0.056 .642
  First metatarsal head (α angle) ρ = 0.312 .008** ρ = 0.152 .203

Abbreviations: γ, Pearson correlation coefficient; ρ, Spearman correlation coefficient; BMI, body mass index; CT, Computed Tomography; FAO, Foot 
and Ankle Offset; PCFD, progressive collapsing foot deformity.
*P < .05.
**P < .01.
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average hindfoot moment arm was 13.2 mm, with an 
observed average metatarsal head pronation of 20.7 degrees. 
These results seem to corroborate the concurrent pronation 
of the first metatarsal head and hindfoot noted in previous 
studies.4,38 However, despite the close association between 
the pronation of the first metatarsal head and sesamoid posi-
tion,12 which could theoretically affect the balance of the 
metatarsophalangeal joint, only 33 (45.8%) of 72 feet ana-
lyzed in our study had HV deformity. In fact, our findings 
indicate that rotation of the first metatarsal head is only 
weakly correlated with the HV angle (ρ = 0.312, P = .008), 
and there is no correlation with the IM angle (ρ = 0.203, 
P = .152) in patients with PCFD. Additionally, first metatar-
sal head rotation was not significantly associated with the 
presence of HV deformity in our regression model 
(P = .420). Moreover, none of the parameters indicating the 
severity of hindfoot valgus in our study, including hindfoot 
moment arm, hindfoot angle, and foot and ankle offset, 
were correlated with HV severity. Further, none of these 

parameters were significantly associated with HV defor-
mity. Instead, the infratalar-supratalar angle, previously 
identified as being strongly associated with the presence of 
symptomatic PCFD,2,10 was the only hindfoot parameter 
that correlated with HV deformity. Theoretically, a more 
valgus infratalar-supratalar angle indicates a more vertical 
orientation of the subtalar joint. In the context of similar 
hindfoot alignment, reduced skeletal support may lead to 
increased strain on the medial soft tissues, including the 
abductor hallucis muscle, during weightbearing activities. 
However, dynamic experiments or longitudinal studies are 
needed to confirm this theory.

This study has some limitations. First, as a radiographic 
study, measurement bias might have affected the outcomes. 
Nonetheless, we expended efforts to mitigate this by estab-
lishing a clear measurement protocol and adopting semiau-
tomated and manually measured parameters with proven 
accuracy to minimize potential errors.13,16,24,34 Second, 
WBCT was used as the primary tool for examining 

Figure 3.  Depiction of radiographic parameters (displayed in white font) incorporated into the generalized estimating equation (GEE) 
regression analysis for the presence of hallux valgus (HV) deformity (defined as an HV angle of ≥15 degrees). In the comparative 
illustrations, the image on the left is of a 71-year-old male patient with an HV angle of 12.83 degrees, categorized under the progressive 
collapsing foot deformity (PCFD) without HV group. In contrast, the image on the right is of a 76-year-old female patient with an HV 
angle of 24.32 degrees, categorized under the PCFD with HV group. Black dashed lines represent tangent lines of the bone surface. Red 
lines signify the measurement of each parameter, whereas the green lines illustrate the discrepancy between the 2 sets of measured 
values. Red numbers denote the values of the measurements. [See online article for color figure.]
*GEE parameter selection P value < .1. †Significant correlation with the HV angle. ‡Significant correlation with the intermetatarsal angle.
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anatomical differences between the PCFD with HV group 
and the PCFD without HV group. However, the severity of 
soft tissue degeneration in patients with PCFD may also be a 
major cause of HV deformities. Additional soft tissue stud-
ies, including magnetic resonance imaging, should be inte-
grated into future investigations. Third, because of the small 
case number and inclusion of both feet in some patients (14 
of 58), potential errors may have arisen. We aimed to mini-
mize the impact of these factors by using the GEE statistical 
method and calculating effect sizes. Fourth, although struc-
tural and alignment differences between the PCFD with HV 
group and PCFD without HV group were identified, causal 
relationships between these differences and HV develop-
ment in patients could not be definitively established in our 
study because of its retrospective nature. Further longitudi-
nal studies are required to augment our understanding of the 
relationship between PCFD and HV. Finally, this study was 
static, and the posture of patients undergoing WBCT as well 
as foot weightbearing distribution could have influenced the 
results. Dynamic examinations, such as gait analysis, may 
serve as future research directions.

Conclusions

Our results showed that there are indeed anatomical differ-
ences between patients with PCFD and HV and patients 
with PCFD without HV. Among these differences, valgus of 
the infratalar-supratalar angle is the only hindfoot parame-
ter significantly associated with the presence of HV. 
Regarding medial column rotational profiles, pronation at 
the first tarsometatarsal joint, and intrinsic pronation of the 
first metatarsal bone were significantly associated with HV 
deformity. Besides these parameters, the axial talar–first 
metatarsal angle showed a significant correlation with the 
absolute values of the HV angle and IM angle. By 

identifying these differences, we hope this study can serve 
as a foundation for future prospective longitudinal studies 
or dynamic research to further explore the relationships 
between PCFD and HV.
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