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ARTICLE INFO ABSTRACT

Level of Clinical Evidence: 4 Background: Progressive Collapsing Foot Deformity (PCFD) is a complex multiplanar deformity commonly treated
retrospective case series with osteotomy-based reconstruction in flexible cases. Although weightbearing CT (WBCT) has improved assess-
Keywords: ment of PCFD, WBCT-based predictive planning models remain unexplored.

Flatfoot Purpose: To evaluate the accuracy of a WBCT-based predictive surgical planning model in estimating postoperative
Joint-sparing reconstruction alignment following reconstruction for flexible PCFD.

Predictive modeling

Patient-specific planning Study design: Retrospective cohort study

Medial dieplacement calcaneal osteotomy Methods: Thirty-four patients with PCFD who underwent reconstruction with medial displacement calcaneal
Lateral column lengthening osteotomy, lateral column lengthening, and/or first-ray plantarflexion osteotomy and had preoperative and 3-
Cotton osteotomy month postoperative WBCT were included. The model estimated postoperative hindfoot moment arm (HMA),
Hindfoot alignment axial talus—first metatarsal angle (TFMA-A), talonavicular coverage angle (TNCA), and sagittal talus—first metatar-

sal angle (TFMA-S) using correction magnitudes. Predicted alignment was compared with postoperative WBCT
measurements using Bland—Altman analysis, mean absolute error (MAE), root-mean-square error (RMSE), and
paired t-tests.
Results: Predictive accuracy was highest for HMA, with a mean bias of +2.73 mm (p = 0.005), narrowest limits of
agreement (—7.66 mm to +13.12 mm), and lowest MAE and RMSE values (approximately 2.9 mm and 3.7 mm).
TFMA-A, TNCA, and TFMA-S demonstrated wider limits of agreement (approximately —17° to +21°) and greater
case-level variability, although no significant systematic differences between predicted and postoperative values
were observed (p = 0.21-0.90).
Conclusions: A WBCT-based predictive surgical planning model estimated postoperative alignment accurately for
hindfoot valgus correction, while predictions of midfoot/forefoot abduction and arch collapse demonstrated
greater individual variability. Despite this variability, the model accurately reproduced mean multiplanar correc-
tion, supporting patient-specific surgical planning in PCFD.
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Introduction

Progressive Collapsing Foot Deformity (PCFD) is a complex, multi-
Alnstitution at which th‘e‘vyork was performed: Duke Healthcare Orthopedics at planar condition typically involving hindfoot valgus (Class A), midfoot/
Arringdon, Foot and Ankle Division forefoot abduction (Class B), collapse of the medial arch (Class C), as
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combination and are stratified by flexibility. Flexible deformities (stage
1) are typically amenable to joint-sparing reconstruction, whereas rigid
deformities (stage 2) often require hindfoot arthrodeses.

Operative management of flexible PCFD is recommended when nonop-
erative measures have failed and usually involves a combination of joint-
sparing realignment techniques such as Medial Displacement Calcaneal
Osteotomy (MDCO) to address Class A deformity, Lateral Column Lengthen-
ing (LCL) to target Class B abduction deformity, and Cotton osteotomy (CO)
to restore Class C deformity, in addition to various soft tissue procedures [3
—7]. Achieving optimal correction remains challenging due to heteroge-
neous deformity patterns and experience-based surgical planning [8—10].

Previous efforts have primarily relied on conventional weightbear-
ing radiographs to evaluate the individual corrective effects of MDCO,
LCL and CO [11—-13]. However, these studies assessed each procedure
in isolation and did not explore their combined impact on multiplanar
deformity correction in PCFD.

Recent advances in weightbearing computed tomography (WBCT)
have substantially improved the understanding of the three-dimen-
sional pathoanatomy of PCFD [14,15]. WBCT studies have underscored
that peritalar subluxation (PTS) plays a central role in both the onset
and progression of the deformity, highlighting the need for 3D-based
assessment and surgical planning [16,17]. However, WBCT-based
predictive models specifically designed to estimate achieved surgi-
cal correction following PCFD reconstruction remain unexplored.
The development of a WBCT-based predictive surgical planning
model for PCFD - particularly with respect to the three most
commonly performed bony procedures (MDCO, LCL, and CO) — has
the potential to meaningfully advance surgical management of
PCFD.

In this study, our objective was to evaluate the effectiveness of a
WBCT-based predictive surgical planning model for patients with flexi-
ble PCFD undergoing joint-sparing reconstruction. We compared
model-predicted alignment with actual postoperative results. We
hypothesized that the WBCT-based predictive surgical planning model
would accurately predict postoperative alignment, closely matching
clinical outcomes.
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Patients And Methods

This institutional review board (IRB)-approved retrospective study (IRB number
Pro00113556) included a consecutive series of adult patients who underwent joint-spar-
ing surgical correction of flexible PCFD by a single surgeon at a single institution and who
had both preoperative and three-months postoperative WBCT scans obtained as part of
routine clinical practice. The operating surgeon was a board-certified, fellowship-trained
foot and ankle surgeon with 15 years of experience who performed approximately 60
PCFD reconstructions annually, Postoperative WBCT scans were obtained after three
months, reflecting standard clinical practice for assessment of initially achieved correc-
tion under full weightbearing following bony healing. Patients with Class E ankle valgus
deformity were excluded as talar tilt may influence associated foot alignment parameters
[18]. In all cases, the treating surgeon independently selected the type and magnitude of
corrective procedures based on preoperative WBCT findings, clinical examination, and
intraoperative assessment of residual alignment and correction goals. Hindfoot valgus
severity, midfoot/forefoot abduction, medial arch collapse, and the presence of residual
forefoot varus or instability were considered when determining the need for MDCO, LCL,
and first-ray plantarizing procedures, as well as the magnitude of correction applied.

WBCT scans (CurveBeamAI®, Hatfield, PA) were obtained between December 2022
and May 2024 using a standardized clinical acquisition protocol. Patients with previous
PCFD surgery or who were enrolled in an ongoing prospective study (IRB number
Pro114640) were excluded.

Baseline demographics, timing of preoperative and postoperative WBCT scans, and proce-
dural details were recorded, including whether MDCO, LCL, or first-ray plantarizing proce-
dures (CO or Lapicotton [19,20]) were performed and the magnitude of correction applied (i.e.
how many millimeters of medial translation for MDCO and the wedge size in mm for LCL, CO
and Lapicotton). Soft-tissue procedures were documented.

Semi-automated measurements

Semi-automated measurements of pre- and postoperative WBCT images were
obtained using BoneLogic® software (Disior®; Paragon 28®/Zimmer Biomet®, Warsaw,
IN), to assess PCFD Class A, B and C (Fig. 1). Hindfoot valgus (PCFD Class A) was quantified
using the hindfoot moment arm (HMA), defined as the mediolateral distance (mm)
between the tibial axis and the most inferior point of the calcaneus, with positive values
indicating valgus alignment. The axial talus—first metatarsal angle (TFMA-A), defined as
the angle between the longitudinal axes of the talus and the first metatarsal in the axial
plane, and the talonavicular coverage angle (TNCA), defined as the angle between the lon-
gitudinal axes of the talus and navicular, were used to quantify forefoot abduction (PCFD
Class B), with positive values indicating forefoot abduction. Collapse of the medial column
(PCFD Class C) was assessed using the sagittal talus—first metatarsal angle (TFMA-S),
defined as the angle between the longitudinal axes of the talus and first metatarsal in the
sagittal plane, where negative values indicated medial arch collapse commonly seen in
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Fig. 1. Preoperative (row 1) and postoperative (row 2) WBCT-derived semi-automated measurements generated using Disior/BoneLogic segmentation for a representative patient
treated with medial displacement calcaneal osteotomy (MDCO, 11 mm), lateral column lengthening (6 mm), and Lapicotton first-TMT plantarflexion arthrodesis using a 10 mm allograft
wedge. Four alignment parameters are shown: hindfoot moment arm (HMA), talus—first metatarsal angle in the axial plane (TFMA-A), talonavicular coverage angle (TNCA), and talus
—first metatarsal angle in the sagittal plane (TFMA-S). Preoperative values were: HMA 21.64 mm (1a), TFMA-A 18.39° (1b), TNCA 41.35° (1c), and TFMA-S — 22.94° (1d). Postoperative val-

ues were: HMA 3.36 mm (2a), TEMA-A 1.79° (2b), TNCA 20.81° (2c), and TEMA-S — 8.79° (2d).
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PCFD. Class D measurements were not included, as these parameters are not currently
incorporated into the surgical planning model.

Surgical planning model

A WBCT-based predictive surgical planning model was used to estimate postopera-
tive alignment following PCFD correction. This study represents the first description and
clinical application of the predictive model. The model was developed using retrospective
clinical WBCT datasets combined with cadaveric simulations of isolated and combined
corrective procedures, including medial displacement calcaneal osteotomy (MDCO), lat-
eral column lengthening (LCL), and Cotton osteotomy (CO). The algorithm is based on
multivariable regression modeling linking preoperative WBCT alighment parameters and
osteotomy magnitudes to predicted postoperative alignment changes for PCFD Classes A,
B, and C. Variables incorporated into the model included preoperative deformity meas-
urements, procedure type, and osteotomy magnitude for each corrective procedure. The
model estimates postoperative correction using statistical relationships from the devel-
opment dataset. Although the algorithm was developed using Cotton osteotomies, Lapi-
cotton procedures performed in the present study were treated as functionally
equivalent first-ray plantarizing corrections based on wedge magnitude. Soft-tissue pro-
cedures were not incorporated into the model; therefore, the model estimates alignment
changes attributable to bony correction alone. The model was used solely to generate pre-
dicted postoperative alignment based on the actual intraoperative correction magnitudes
performed in each patient.

Testing scenario

Based on the preoperative WBCT scans, the predictive model generated predicted
postoperative values for HMA (Class A), TFMA-A and TNCA (Class B) and TFMA-S (Class C)
using the intraoperative magnitudes of MDCO, LCL, and first-ray procedures. Differences
between preoperative and predicted postoperative values (APredicted) and between the
preoperative and true postoperative values (AReal) were calculated for all parameters.

Statistics

Statistical analysis included computation of mean bias (APredicted minus AReal),
standard deviation (SD), and 95% limits of agreement (LoA) using Bland—Altman analysis
[21]. LoA were prioritized over confidence intervals of the mean bias to characterize case-
level prediction error. Paired t-tests were used to detect systematic differences between
predicted and actual postoperative outcomes. Mean absolute error (MAE) and root-
mean-square error (RMSE) were calculated to quantify prediction accuracy. The direction
and magnitude of the bias (Predicted — Real) were used to characterize systematic ten-
dencies of over- or underestimation, where positive bias indicated overestimation of cor-
rection and negative bias indicated underestimation. The qualitative interpretation of
overall algorithm performance combined the direction of bias, and the width of the 95%
LoA. Statistical significance was set at p < 0.05. All analyses were performed using Stata®
18.0 (StataCorp LLC®, College Station, TX).

Results

A total of 34 patients (19 females, 15 males) with a mean age of
51 + 17.8 years and a mean body mass index of 31.7 + 7.3 were
included. The cohort included 21 right feet and 13 left feet. Preoperative
WABCT scans were obtained a mean of 117.3 4 89.1 days before surgery,
while the follow-up WBCT scans were performed at a mean
89.7 + 8.8 days after surgery.

MDCO was performed in 30 patients (88%), while LCL was added in 4
patients (12%). All patients (100%) underwent a first ray plantarizing
procedure, consisting of either a CO in 19 cases (56%) or a Lapicotton
procedure in 15 cases (44%). No plantarizing TMT 1 fusions without a
bone block (Lapidus) were performed (Table 1). Among soft-tissue pro-
cedures, Gastrocnemius recession or Achilles tendon lengthening was
performed in 88% of patients, peroneal tendon procedures in 82%, pos-
terior tibial tendon (PTT) related procedures including flexor digitorum
longus (FDL) transfer in 76%, spring ligament reconstruction/augmenta-
tion in 59%, and superficial deltoid ligament reconstruction/augmenta-
tion in 53%.

Patient-level measurement data are summarized in Table 2, with
preoperative, postoperative, and model-predicted values shown in
Table 3 and Fig. 2.

Table 1

Magnitude of correction for medial displacement calcaneal osteotomy (MDCO), lateral
column lengthening (LCL), and first-ray plantarizing procedures (Cotton or Lapicotton)
performed in the current study (N = 34).

Procedure n Median (range), mm Mode, mm
MDCO 30 9.5 (6-14) 10

LCL 4 6 (6-6) 6

First ray procedure 34 8(6-12) 10

Values are reported as median (range) and mode, calculated only in patients in whom the
respective procedure was performed (n = procedure-specific subgroup).

Model prediction accuracy

In the tested scenario, the model demonstrated the highest overall
predictive accuracy for HMA, showing a small but statistically signifi-
cant mean bias (+2.73 mm, p = 0.005) and the narrowest limits of agree-
ment (—7.66 to +13.12 mm) (Table 3). Mean absolute error and RMSE
were lowest for HMA (~ 2.9 mm and ~ 3.7 mm), indicating more con-
sistent prediction of hindfoot realignment compared with the angular
parameters. For TFMA-A, TNCA, and TFMA-S, prediction errors were
larger and more variable, with wide limits of agreement (approximately
—17 to 21°) and no significant systematic differences between pre-
dicted and actual postoperative values (p = 0.21-0.90) (Table 4).
Despite close agreement in mean correction for Class B parameters,
case-level variability remained high, resulting in broader limits of
agreement and larger MAE and RMSE values (approximately 4—6°)
(Table 4).

Discussion

This study evaluated the performance of a WBCT-based predictive
surgical planning model designed to predict correction following PCFD
reconstruction. Predictive accuracy was highest for Class A PCFD hind-
foot valgus correction (HMA), whereas predictions of Class B (forefoot/
midfoot abduction) and Class C (arch collapse) PCFD alignment (TNCA,
TFMA-A and TFMA-S) demonstrated greater variability at the individual
case level despite accurately matching the average magnitude of cor-
rection.

These findings align with prior work demonstrating predictable
relationships between osteotomy magnitude and alignment change.
MDCO has been shown to be the principal determinant of hindfoot
realignment, with postoperative hindfoot alignment correlating with
clinical outcomes [8,11]. Consistent with these observations, the predic-
tive model reproduced postoperative hindfoot alignment with the nar-
rowest limits of agreement. Midfoot/forefoot abduction (Class B) and
medial arch restoration (Class C) are commonly addressed through lat-
eral column lengthening and medial cuneiform osteotomies, respec-
tively [5,12,13]. In this cohort, LCL was infrequently performed,
suggesting that combined bony procedures contributed to abduction
correction. While mean correction for TNCA, TFMA-A, and TFMA-S was
accurately estimated, greater case-level variability was observed, likely
reflecting unmodeled biological factors.

The interdependence of multiplanar deformity correction observed
in this study is consistent with previously described coupling behavior,
whereby calcaneal lengthening induces simultaneous changes in hind-
foot, midfoot, and forefoot alignment [22]. Smith et al. further noted
that combined procedures may generate greater multiplanar correction
but increase the risk of lateral column overload [23]. The variability in
our angular alignment predictions underscores the need for further
refinement of predictive planning models to incorporate multiplanar
coupling and soft-tissue effects.

Although soft-tissue procedures such as FDL transfer, spring and deltoid
ligament augmentation are integral to PCFD correction, their isolated
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Table 2

Patient-level data for the current study (N = 34), including preoperative Hindfoot Moment Arm (HMA), talus—first metatarsal angle in the axial plane (TFMA-A), talonavicular coverage
angle (TNCA), and talus—first metatarsal angle in the sagittal plane (TFMA-S); the magnitude of bony procedures performed (mm); and the corresponding real postoperative and pre-
dicted postoperative values for HMA, TFMA-A, TNCA, and TFMA-S. HMA is reported in millimeters, whereas TFMA-A, TNCA, and TFMA-S are reported in degrees.

Preoperative measurements Performed bony procedures

Real postoperative measurements Predicted postoperative measurements

Patient Sex Age HMA TFMA-A TNCA TFMA-S MDCO LCL First ray HMA TFMA-A TNCA  TFMA-S HMA TFMA-A TNCA TEMA-S
number procedure

1 F 48 114 252 421 -31.0 0 8 -34 149 33.2 -19.8 5.9 184 36.0 -18.8
2 F 55 113 252 43.7 —-253 10 0 7 3.0 219 429 —22.7 3.1 14.7 3319 -12.6
3 M 39 938 7.6 314 139 0 6 3.7 12.5 34.2 -14.1 2.8 13 25.5 —5.7
4 F 46 5.2 30.4 454 -17.5 6 0 6 -11 43 21.6 —-4.0 1.8 199 35.8 -13.7
5 F 72 134 329 53.1 -31.6 7 0 6 9.4 30.7 49.8 —29.1 8.6 254 45.8 —22.2
6 F 76 140 325 435 324 10 0 10 18.1 31.7 43.0 -293 6.9 225 36.6 -18.0
7 M 38 139 149 33.6 -16.9 7 0 6 10.5 11.2 33.2 -13.1 5.9 7.8 279 -8.0
8 F 62 212 256 46.0 -31.2 9 0 7 8.3 275 48.6 -33.2 12.0 20.1 39.0 -15.5
9 F 65 20 17.9 404 -32.7 11 6 10 0.1 134 34.7 —28.2 -1.6 53 284 -11.5
10 F 59 134 229 41.1 -18.8 11 0 10 —-7.7 -10.3 9.6 2.7 1.8 8.9 29.6 —6.6
11 M 45 171 229 49.2 —29.5 8 0 10 10.8 25.7 414 -14.6 10.8 18.1 41.7 -15.7
12 F 53 4.1 23.7 489 -11.9 6 0 8 -11.7 6.9 25.1 1.9 -1.1 10.9 34.0 -7.2
13 M 60 221 218 421 -37.3 13 0 12 10.9 194 34.7 -183 10.9 20.6 35.2 -8.7
14 M 71 175 419 55.1 —35.7 12 0 10 —43 29.2 44.6 -14.9 7.9 283 435 -19.6
15 M 17 200 30.7 48.5 —26.0 11 6 8 0.0 53 22.5 -8.7 49 133 32.6 -9.2
16 M 65 190 199 38.5 —44.1 14 0 12 73 21.7 375 -30.5 9.8 22.7 32.6 -83
17 M 39 142 271 448 —28.7 9 0 7 7.5 304 437 —274 6.8 18.7 36.9 —15.9
18 M 69 253 302 46.0 —27.2 14 0 12 -0.9 8.2 23.2 4.6 8.8 183 35.7 -75
19 F 37 238 233 47.0 -31.8 11 6 10 2.1 3.2 23.1 -7.5 7.8 131 315 -8.1
20 M 27 107 180 38.6 —-21.2 10 0 8 -8.2 -03 232 —6.4 13 7.9 29.0 -79
21 M 72 113 302 43.1 -13.4 0 0 10 7.0 29.2 422 -7.6 9.0 20.7 35.6 -10.5
22 F 67 1.8 20.7 37.6 —25.1 0 0 12 -3.8 17.5 294 -9.9 6.9 21.1 43.0 —25.1
23 F 57 103 259 40.8 -153 9 0 7 6.1 21.6 35.0 -8.1 1.9 12.6 30.1 -84
24 F 67 99 27.5 41.5 —33.8 10 0 6 24 20.5 37.1 -19.2 3.1 18.5 332 —18.1
25 F 26 172 235 449 —22.4 8 0 10 19 20.1 353 —4.2 8.8 14.7 36.6 -113
26 F 61 172 84 30.7 —35.0 10 0 8 11.7 1.2 27.8 —29.8 9.0 9.4 271 -10.4
27 F 49 107 37.0 48.2 —28.7 10 0 10 53 34.1 47.7 274 4.0 224 38.0 —18.2
28 M 24 142 352 52.7 -16.9 7 0 7 2.6 32.6 514 -7.8 7.6 22.7 41.5 -12.6
29 F 36 93 23.7 41.2 -11.2 0 0 7 3.1 -0.5 20.2 -0.1 8.5 18.5 34.8 -9.1
30 F 59 45 29.0 454 -25.5 9 0 8 -3.6 19.5 39.5 -21.1 -0.3 16.6 35.0 —16.0
31 M 66 27 8.8 27.1 —28.7 8 0 11 -1.5 17.2 343 -235 14 7.8 27.7 -13.7
32 F 18 99 21.6 40.6 —-14.9 0 0 6 4.2 7.8 26.9 -1.6 104 18.9 37.2 -13.6
33 M 18 135 202 357 229 9 6 8 6.7 5.5 239 -8.7 29 6.1 24.2 -83
34 M 71 178 150 339 -23.1 11 0 8 35 6.9 28.2 -11.7 5.0 7.5 26.5 -54

F, female; M, male; age in years. MDCO, medial displacement calcaneal osteotomy; LCL, lateral column lengthening.

radiographic effects remain difficult to quantify. The omission of soft-tissue
procedures from the algorithm likely contributed to the observed variabil-
ity, consistent with Deland et al., who identified the spring and deltoid liga-
ments as secondary stabilizers of the medial column in PCFD [24].
Variability in tissue quality and tensioning limits incorporation into predic-
tive models and likely contributed to case-level variability. Soft tissue bal-
ance remains an important target for future refinement.

Several study limitations warrant consideration. First, the sample size
was moderate, and follow-up was limited to three months, restricting
assessment of long-term maintenance of correction. However, the primary
aim was to compare model-predicted alignment with postoperative cor-
rection under full weightbearing; longer-term follow-up would introduce

additional variables such as accommodation and loss of correction [25].
Second, the predictive model was developed using a combination of surgi-
cally treated PCFD cases and cadaveric specimens subjected to isolated
and/or combined procedures (MDCO, LCL, CO) of varying magnitudes. The
use of cadaveric models may introduce bias, as alignment changes follow-
ing surgical intervention in cadaveric tissue do not fully replicate those in
living patients. In addition, combining cadaveric and patient-derived data
may influence model generalizability. Nevertheless, cadaveric specimens
enabled assessment of isolated and combined procedure effects, which is
rarely feasible clinically. Third, the current predictive model accounts only
for bony procedures and does not incorporate soft-tissue contributions,
which can significantly influence alignment. For example, spring ligament

Table 3

Combined overview of preoperative metrics, postoperative outcomes of the real cases, and the simulated predicted scenario in the current study (N = 34).

Metric Preoperative Real Postoperative A Predicted A
(Preoperative -Real Postoperative (Preoperative -Predicted
Postoperative) Postoperative)

HMA (Class A PCFD) 12.0(6.12) 2.9 (6.40) —-10.0(6.92) 5.7 (3.72) —7.3(4.56)

TFMA-A (Class B PCFD) 24.1(7.82) 15.9(11.45) -8.2(10.11) 15.7 (6.52) —8.4(4.95)

TNCA (Class B PCFD) 42.4(6.46) 33.8(9.91) —8.6(9.65) 34.2(5.41) -8.2(4.19)

TFMA-S (Class C PCFD) —25.3(8.20) —14.5(10.90) 10.8 (7.79) —12.4(5.01) 13.0(7.91)

The differences between pre- and postoperative measurements are expressed as A (delta). Hindfoot Moment Arm (HMA) values are reported in millimeters, while all other parameters,
including talus-first metatarsal angle axial plane (TFMA-A), talonavicular coverage angle (TNCA), and talus-first metatarsal angle sagittal plane (TFMA-S) are expressed in degrees. Meas-

urements are presented as mean and standard deviation (SD).
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Fig. 2. Bar charts illustrating preoperative, real postoperative, and predicted postoperative alignment values derived from the model for each of the four key deformity parameters: hind-
foot moment arm (HMA, mm), talus—first metatarsal angle in the axial plane (TFMA-A, °), talonavicular coverage angle (TNCA, °), and talus—first metatarsal angle in the sagittal plane
(TFMA-S, °). Values represent cohort means. Real postoperative measurements reflect the achieved correction, while predicted values represent algorithm-estimated postoperative align-

ment based on surgeon-selected osteotomy magnitudes.

reconstruction or augmentation may assist in correcting hindfoot valgus
and midfoot/forefoot abduction (PCFD Classes A and B), while flexor digito-
rum longus (FDL) transfer to the navicular and peroneus brevis to longus
transfer may help restore midfoot/forefoot abduction and medial arch
height (PCFD Classes B and C) [11,26]. Fourth, correction of Class D defor-
mity was not modeled, despite the known role of peritalar subluxation in
deformity progression [16]. Incorporating parameters for Class D deformity
will be essential in future developments. Finally, this study included only
flexible PCFD treated with joint-sparing reconstruction (stage 1), limiting
generalizability to rigid deformities requiring arthrodesis (stage 2).

Despite these limitations, this study advances WBCT-based compu-
tational planning by testing and validating a WBCT-based predictive
surgical planning model against true postoperative 3D alignment. To
our knowledge, this represents the first comparison of model-predicted
alignment outcomes with postoperative WBCT results in PCFD [11
—13,23]. Thus, this work represents an important step toward data-
driven, patient-specific WBCT-based surgical planning in PCFD. Predic-
tive planning tools may not only estimate postoperative alignment
based on intraoperative procedure magnitudes but also support sur-
geon decision-making regarding the optimal combination and magni-
tude of osteotomies tailored to each patient’s unique deformity pattern
as visualized on preoperative WBCT.

Future research should focus on expanding the predictive model to
incorporate soft-tissue behavior, dynamic loading conditions, and

Table 4

Overview of algorithm performance metrics for all radiographic parameters (Hindfoot
Moment Arm-HMA, Talus-First metatarsal angle axial plane-TFMA-A, talonavicular cover-
age angle-TNCA, and Talus-First metatarsal angle sagittal plane-TFMA-S) in the simulated
scenario (N = 34).

Parameter Mean p value 95% LoA MAE RMSE
Bias &+ SD (Lower—Upper)

HMA 273 £5.30 0.005 —-7.66/13.12 ~29 ~ 3.7

TFMA-A —0.20 £9.00 0.90 -17.84/17.44 ~4.2 ~ 6.0

TNCA 039+ 843 0.79 -16.13 /1691 ~4.0 ~59

TFMA-S 2.13£9.75 0.21 -16.98 /21.23 ~4.5 ~ 6.5

The table summarizes the agreement between algorithm-predicted and true postopera-
tive WBCT measurements. “Mean Bias + SD” indicates the mean difference between pre-
dicted and real postoperative values (Predicted — Real). Positive bias reflects
overestimation of correction, whereas negative bias reflects underestimation. The 95%
limits of agreement (LoA) were derived from the mean bias & 1.96 x SD. Paired t-tests
assess systematic differences between predicted and actual values. MAE, mean absolute
error; RMSE, root-mean-square error; SD, standard deviation.

larger, multi-surgeon datasets to enable more comprehensive and
patient-specific modeling. The long-term goal is to develop WBCT-
based planning tools capable of recommending individualized correc-
tion magnitudes directly from preoperative imaging, rather than rely-
ing solely on surgeon experience. Integration with intraoperative
navigation or augmented reality could further enable real-time adjust-
ment of osteotomy magnitude based on predicted alignment effects.
Finally, correlating WBCT-based alignment changes with patient-
reported outcomes will be crucial for determining which radiographic
corrections most meaningfully translate into functional improvement
and recovery.

Conclusion

This study evaluated the effectiveness of a WBCT-based predictive
surgical planning model for patients with flexible PCFD undergoing
joint-sparing reconstruction. The model reliably estimated postopera-
tive alignment when actual intraoperative bony correction magnitudes
were applied.

The model demonstrated the highest predictive accuracy for hind-
foot valgus correction (Class A PCFD), supporting the primary study
objective. While mean correction of midfoot/forefoot abduction (Class
B) and arch collapse (Class C) was accurately estimated, greater case-
level variability was observed, suggesting areas for further refinement.
By validating model-predicted alignment against true postoperative
WBCT data, this study demonstrates the feasibility of data-driven,
patient-specific surgical planning for PCFD. Future work should focus
on incorporating soft-tissue effects, multiplanar coupling, and individu-
alized biomechanical modeling. With continued development, such
predictive planning tools may support surgeon decision-making
regarding optimal corrective procedures and magnitudes tailored to
each patient’s unique deformity, thereby improving surgical outcomes
and advancing the standard of care for PCFD.
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