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Article

Introduction

The management of hallux valgus (HV) as a 3-dimensional 
(3D) deformity has been a recurring challenge in the litera-
ture.15,29,30 Recent advances, particularly through modern 
weightbearing computed tomography (WBCT), have enabled 
significant progress in understanding the deformity beyond 
the correction of the first intermetatarsal and metatarsophalan-
geal angles in the axial plane.7-9,11,15,22 Consequently, the ori-
entation of the metatarsal head or distal metatarsal articular 

angle (DMAA), the rotation and intrinsic torsion of the first 
metatarsal, and the dislocation of the sesamoid complex are 
now systematically addressed in the literature and in clinical 
practice, as colleagues are now well aware of these multidi-
mensional components.9,17-19,23 Conversely, translating this 
knowledge into clinically applicable solutions that may influ-
ence treatment plans remains underexplored. However, 
although 3D printing27,31,33 and ancillary-based surgical cor-
rection guides are increasingly referenced in orthopaedics, 
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Abstract
Background: Recent literature highlights the importance of treating hallux valgus (HV) as a 3-dimensional (3D) deformity. 
Although 3D printing may enhance visualization of the multiplanar aspects of HV, its influence on surgical planning 
remains unclear. This study assessed changes in surgical plans when surgeons sequentially reviewed 2D radiographs, 3D 
weightbearing computed tomography (WBCT), and 3D-printed models, hypothesizing that 3D printing would have the 
greatest impact.
Methods: A single HV case (a 40-year-old woman, intermetatarsal angle [IMA] 21 degrees, HV angle [HVA] 47 degrees) 
was evaluated by 30 surgeons in a masked, stepwise manner. Surgical plans were recorded at each stage. Surgeons rated 
the influence of WBCT and 3D printing using a 5-point Likert scale. A follow-up survey examined the effect of these 
technologies on correction amplitudes.
Results: The participants were mostly early career surgeons (median age 35.5 years, 2 years in practice). WBCT was 
accessible to 43.3% and used in 30% of HV cases, whereas 3D printing was accessible to 23.3% and used in 6.6%. Changes 
in the treatment algorithm occurred in 30% of cases after WBCT and in 43.3% after 3D printing. Significant differences 
(P < .05) were observed for the Lapicotton procedure between radiography and WBCT, and between WBCT and 3D 
printing. Surgeons performing <50 HV cases annually or with >70% Foot and Ankle specialization were more influenced 
by WBCT. Follow-up data (n = 23) indicated that WBCT and 3D printing influenced correction amplitudes, particularly for 
pronation and distal metatarsal articular angle (DMAA), more than for the IMA.
Discussion: Both WBCT and 3D printing influenced surgical planning, mostly explained by changes in first ray 
tarsometatarsal procedures. The rotational components (pronation and DMAA) were perceived as the most significantly 
affected. Future studies should explore cost-effectiveness, patient outcomes, and the utility of combining WBCT and 3D 
printing in other deformities requiring multiplanar corrections.

Level of Evidence: Level IV, cross-sectional survey.
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their application in HV literature remains limited.6,28,34 The 
multiplanar correction of HV remains for the most part bound 
to the surgeon’s own manual and visual assessment and cor-
rective skills. Using 3D printing not only for personalized sur-
gical guides but as a planning3,32 and an educational tool14,20,21 
particularly to evaluate first metatarsophalangeal joint (MTP) 
congruity (Figure 1) offers potential and has not previously 
been reported in the literature in hallux valgus. The aim of the 
present study was to test the influence of introducing a 
3D-printed model of an HV case in a Foot and Ankle training 
course, in order to evaluate the impact of 3D-printed models 
on surgical decision making. The theme of the course was not 
specifically related to WBCT or hallux valgus. A secondary 
objective was to investigate whether this influence was differ-
ent in the population of surgeons who have access to WBCT 

and 3D printing. We hypothesized that being exposed to the 
3D-printed model would result in measurable changes in the 
proposed treatment plan for most surgeons, with a heightened 
effect in those who have access to this technology.

Materials and Methods

Study Design

This study was conducted using a sample of convenience that 
included participants during the International Bone Research 
Association (IBRA) Foot and Ankle course in Austin, Texas, 
October 2024. A survey was administered to all course partici-
pants and faculty members who did not take part in preparing 
the study material. The case of a patient with an HV deformity 

Figure 1. An example of first metatarsophalangeal joint congruity evaluation pre (left) and post (right) correction using a 3D-printed 
model.
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requiring operative treatment was used for the current study, 
and 30 identical 3D-printed models were produced. The study 
adhered to the ethical standards of the institutional research 
committee. Ethical approval from the relevant institutional 
review board was obtained (Pro00113556). The CROSS 
(Consensus-based checklist for Reporting of Survey Studies) 
was used.26 This study used a Level IV cross-sectional survey 
design.5,16

Case

The subject was a 40-year-old woman with a body mass 
index (BMI) of 36 who presented with an HV deformity 
that had progressively worsened over the past 2 years, pri-
marily affecting her left side. The patient complained of 
pain on the medial aspect of the first metatarsal head and 
deformity but no joint pain. The arc of motion was pain-
free. No metatarsalgia was noted. No hypermobility of the 
first TMT joint was noted by the physician. Conservative 
treatments, including shoe modifications and inserts, failed 
to alleviate her symptoms. Clinical examination also 
revealed a mild planus deformity. Full range of motion 
(ROM) was noted in all foot joints. Weightbearing radio-
graphs indicated a first-second intermetatarsal angle (IMA) 
of 21 degrees and a hallux valgus angle (HVA) of 47 degrees 
(Figure 2). Automated measurements from WBCT scans 
showed an IMA of 17 degrees, an HVA of 33 degrees, and 
an HV interphalangeal angle of 8 degrees (measurements 
performed using Bonelogi Foot & Ankle Module (Disior 
Ltd, Helsinki, Finland). The sesamoid rotation and alpha 

angles were 36 and 18 degrees, respectively. Although these 
figures were measured a priori by investigators and given to 
participants, they were shown the whole WBCT data set 
and were able to assess themselves.

3D Printing Process

Conebeam WBCT scans were performed using a HiRise 
WBCT unit (CurveBeamAI, Hatfield, PA) with a voxel size 
of 0.37 mm; a 350-mm field-of-view diameter, a 200-mm 
field-of-view height, an exposure time of 9 seconds, and a 
total scan time of 54 seconds. The Digital Imaging and 
Communications in Medicine (DICOM) files were then 
downloaded via the WBCT manufacturer software 
(CubeView; CurvebeamAI). All foot bones, including both 
sesamoids but excluding the middle and distal phalanges of 
the second, third, fourth, and fifth toes, were semiautomati-
cally segmented using Bonelogic Foot & Ankle Module 
(Disior Ltd). Subsequently, the stereolithography (*.STL) 
files of the segmented bones were imported into Geomagic 
Design X (Oqton Ghent, Belgium), where 2-mm-thick con-
necting bars of varying lengths were placed transversely at 
the center of all joints to ensure sufficient stability of the 
3D-printed model. The segmented bones and connectors 
were fused and exported as a single STL file, which was 
then imported into Creality Print 5.1 software. The model 
was scaled to 75%, and support trees were generated auto-
matically. Six models were printed simultaneously using a 
Creality K1 Max AI Fast 3D Printer (Shenzhen Creality 3D 
Technology Co, Ltd, Shenzhen, China) with a 0.4-mm noz-
zle size and a printing area of 300 × 300 × 300 mm. The 
filament used was 1.75-mm polylactic acid (PLA) in white, 
with a slice thickness of 0.2 mm. After printing, the support 
trees were carefully manually removed by sectioning the 
most distal tree branches with precision pliers.

Investigations and Measurements

Participants were introduced to the patient’s medical history 
and conventional weightbearing radiographs via a 
PowerPoint presentation, then asked to record their choice 
of treatment algorithm. Each subsequent step was masked 
to the next. Treatment algorithms were chosen and com-
bined at will from a fixed list of options, including isolated 
first tarsometatarsal joint (TMT1) fusion, Lapidus proce-
dure, Lapicotton10 (TMT1 fusion with dorsal wedge bone 
block), scarf, chevron, minimally invasive chevron (MICA), 
Akin osteotomy, lateral release, first metatarsophalangeal 
joint (MTP1) fusion, distal and proximal double osteotomy, 
proximal rotational metatarsal osteotomy (PROMO).29 
Three-dimensional reconstructions were created from 
WBCT scans (Figure 3). Sagittal, coronal, and axial WBCT 
slices were shown in video format, as well as selected slices, 
then participants were asked again to record their treatment 

Figure 2. Plain radiographic dorsal-plantar view of the case.
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algorithm. Subsequently, each participant received a 
3D-printed foot model for visual and tactile assessment 
(Figure 4, A and B). After 10 minutes of evaluation, partici-
pants were asked to record their choice of treatment algo-
rithm for a third time, and then return a completed electronic 
questionnaire1 with Likert scale questions (0 =not at all, 1 = 
slightly, 2 = significantly, 3 = a lot, 4 = 100%, couldn’t 
have done without it) to evaluate how WBCT and 3D print-
ing models influenced decision making as compared with 
conventional radiographs, and how 3D printing compared 
to WBCT. Participants completed an electronic survey 
immediately following the presentation.2 The last option 
was left open in case some participants did not find the pro-
posed choices sufficient and could therefore express their 
potential biases. Subsequently, a follow-up electronic ques-
tionnaire was sent using Google forms to investigate how, 
even if the treatment plan did not change, the access to 
WBCT and 3D printing changed the amount of correction 
that would be planned in terms of intermetatarsal angle 
(IMA), the rotation and the distal metatarsal articular angle 
(DMAA). Participants were also asked whether they felt 
that 3D printing was an added value over radiographs and 
over WBCT.

Statistical Analysis

Statistical analyses were performed using R (R Foundation 
for Statistical Computing, Vienna, Austria). Normality of 
continuous variables was assessed using the Shapiro-Wilk 
test. Non normally distributed variable results were reported 
as medians and interquartile ranges (IQRs). Participants 
were grouped based on their experience with hallux valgus: 
1 = 0-50 cases per year, 2 = >50 cases. Binary and ordinal 
data were reported as frequencies and percentages. For each 
procedure, we analyzed changes in treatment algorithms for 
each procedure at 3 time points (after radiography, after 
WBCT, and after examining a 3D-printed model). Cochran 

Q test was used to assess overall differences across the 3 
conditions. If Cochran Q was significant, we conducted 
pairwise McNemar tests to identify differences between 
specific time points. Discrete outcomes were compared 
with χ2 or Fisher exact test accordingly. The alpha risk was 
set to 5%.

Results

Surveyed Population Demographics

Participants demographics were non-normally distributed. 
The median age was 35.5 years (IQR 8.5), the median time 
in practice was 2 years (IQR 9.75). Foot and ankle surgery 
constituted 70% (IQR 88.75) of participants’ practice, with 
53.3% being faculty, 33.3% fellows, and 13.3% residents. 
Eighteen participants (60%) came from the United States, 
whereas 12 were from other countries. A total of 73.3% of 
participants performed at least 10 cases of HV per year. 
Weightbearing CT was accessible for 43.3% of participants, 
who used it for planning HV surgery in 30% of cases. 
3D-printing was accessible for 23.3%, who used it for plan-
ning in 6.6% of cases.

Changes in Treatment Algorithm

The initial treatment plan distribution is shown in Figure 6, 
with a majority of participants choosing Lapidus, fusion, 
Akin osteotomy, and lateral release (Figure 5). Changes in 
the treatment algorithm were observed in 30% of cases 
between radiography and WBCT assessment. After evaluat-
ing the 3D-printed model, an additional 33% of changes 
were observed. Overall, a total of 43.3% of changes 
occurred between the first radiographic step and the third 
3D printing step. However, only the Lapicotton procedure 
showed statistically significant differences between time 
points. Specifically, the proportion of participants selecting 
Lapidus with plantarflexion osteotomy of the first ray dif-
fered significantly from the radiographic to the WBCT step 
(P < .05) and from the WBCT to 3D model step (P < .05). 
No other procedures demonstrated significant pairwise 
differences.

Group Comparison

Surgeons performing fewer than 50 cases per year judged 
that WBCT significantly changed their algorithm in 68.42% 
of cases compared with 27.27% for those who performed 
more than 50 cases per year (P < .05) (Figure 6, A and B). 
Conversely, surgeons whose practice comprised more than 
70% foot and ankle surgery were influenced by WBCT 
findings in 80% of cases, compared with 73.3% for those 
with less specialized practices (P < .05). Whether partici-
pants had access to and used WBCT and/or 3D printing did 

Figure 3. Weightbearing computed tomography coronal 
slice showing first metatarsal pronation and subluxation of the 
sesamoid complex.
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Figure 4. (A) Result of 3D printing showing a coronal view of the first column. (B) Result of 3D printing showing an anteroposterior 
view of the first column.

Figure 5. Distribution of initial treatment algorithm after presentation of conventional radiographic material.

Figure 6. (A) Pooled histogram of weightbearing computed tomography (WBCT) influence on algorithms based on experience with 
hallux valgus (HV). (B) Normalized pooled histogram of WBCT influence on algorithms based on surgeon specialization.
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not influence their choice and changes in treatment algo-
rithms during this study.

Follow-Up Survey

Twenty-three participants (76.8%) answered the follow-up 
survey. Of these, 56.5% stated that WBCT would have 
influenced the amount of correction of the IMA, even if no 
change in the treatment plan was required. Although only 
17.4% reported changes greater than 50%, those propor-
tions increased respectively to 56.5% and 26% considering 
the DMAA and 82.6% and 21.17% considering the prona-
tion of the first metatarsal. A majority of participants 
(86.9%) considered 3D printing as an added value over 
radiography, and 82.6% felt it added value over WBCT.

Discussion

We found significant overall changes in participants’ treat-
ment algorithms after reviewing WBCT images and 3D 
printing models with only the Lapicotton procedure inde-
pendently explaining those changes. Furthermore, we found 
that the less experienced and the more specialized partici-
pants were, the more their treatment algorithm was influ-
enced by WBCT over radiographs. This was not the case for 
3D printing over WBCT. Finally, we found that despite this 
point, most participants in the follow-up study declared that 
both 3D technologies would influence their approach to 
pronation of the first ray as opposed to the IMA or DMAA 
and considered these to be of added values compared with 
conventional radiography.

To our knowledge, this is the first study to evaluate 
3D-printed models as educational tools for the specific 
purpose of planning HV surgery. As modern and game 
changing as it may be perceived intuitively in the Foot and 
Ankle community, it has seemingly remained a challenge 
to find and describe its role in education especially in such 
a common pathology as HV, and no study had until now 
investigated its use in the context of a specialized course. 
Previous literature on 3D-printed models around surgery 
has mostly investigated intraoperative variables along with 
results and outcomes when the models are available for 
inspection prior to surgery but did not investigate how they 
changed the actual surgical decision-making among a 
panel of surgeons. This literature has on the other hand 
reported noteworthy improvements with 3D models in 
regard to operative and fluoroscopy times, blood loss, 
quality of surgical reduction, and outcomes in fractures 
generally,33 pelvic31 and acetabular20 fractures specifically, 
as well as in distal radius fracture.35 In the foot and ankle, 
Shi et al27 have reported similar benefits in calcaneal frac-
tures treated by open reduction and internal fixation and 
Ozturk et al24 in a randomized controlled setting reported 
the same in hallux valgus. The new and unique knowledge 

brought by the present work is that even before those dem-
onstrated intraoperative and outcome benefits, 3D-printed 
models associated with WBCT may provide grounds for 
surgeons to make more informed and more confident surgi-
cal indication decisions. The finding that 43.3% of sur-
geons altered their treatment plans after reviewing 3D 
models underscores the broader clinical significance of 
these tools beyond technical precision. Particularly, regard-
ing 3D components of the planned correction, we found 
that the Lapicotton procedure, which alters both rotation 
and elevation of the first ray,10 explained most of our find-
ings and was the only significant procedure change between 
the radiographic, WBCT, and 3D printing steps.

The use of 3D printing in orthopaedics in general and 
HV in particular has been better known for creating surgical 
navigation templates.12,13,34 Although guides are produced 
based on 3D anatomy using conventional (nonweightbear-
ing) CT, the planning remains 2-dimensional as measure-
ments are still mostly provided by conventional radiography. 
It is possible that in the future, these guides evolve to 
include 3D calculations of the metatarsal center of the rota-
tional angle (CORA) to improve triplanar correction. The 
use of WBCT is better suited in HV to account for first ray 
rotation,23 which was a key consideration in this study. We 
looked at the overall decision-making process (Cochrane 
Q), whereas the subsequent Mac Neymar test looked at 
intermediate modalities (between 2D and WBCT and 
WBCT and 3D models) thereby correlating the additional 
information provided by the 3D models and standard radi-
ography, with significant changes in first ray procedures at 
each stage. Also, participants reported that the WBCT and 
the 3D-printed model influenced rotation more than the 
DMAA or the IMA. This tends to confirm that rotation is 
not well assessed through conventional imaging (either 2D 
and/or nonweightbearing). It also tends to confirm that a 
significant part of the apparent distal articular orientation of 
the first metatarsal head, mostly reported as the DMAA, 
may be a projection effect of first ray rotation, as previously 
reported.18

Our results align with previous studies emphasizing the 
value of 3D printing in surgical planning and precision. 
Particularly, a previous study has highlighted the utility of 3D 
printing in addressing the 3D components of hallux valgus 
(HV),6 demonstrating improvements in metrics such as the 
hallux valgus angle (HVA) and intermetatarsal angle (IMA), 
despite being a study based off nonweightbearing conven-
tional CT scans, which may have altered their results. This 
concurs with our findings of significant changes in surgical 
plans after visualizing 3D WBCT data sets and physically 
examining a 3D model printed from these data. Similarly, 
Fernández-Ehrling et al12 found that 3D-printed guides 
improved osteotomy accuracy, especially for less experi-
enced surgeons, which mirrors our observation that 3D print-
ing significantly influences surgical decision-making across 
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various levels of experience. Future studies should aim at 
investigating how these technological improvements impact 
outcomes in HV surgery where they are available. Indeed, 
past literature and practice show that patients seem to be sat-
isfied whatever the technique used, so it is important not to 
underestimate, but also not to overestimate, the clinical rele-
vance of 3D technologies. Furthermore, the economics must 
be taken into account. WBCT has upfront costs reimburse-
ment in the USA, generally ranging from $100 to $300 
dependent on insurance coverage. These costs can be man-
aged within the broader patient workflow,4 while taking into 
account that these differ throughout the world.25 The 3D 
printing process is not reimbursed, but a $1000 printer and a 
$20 spool of polylactic acid can produce 10 to 20 models, 
making it a manageable addition to surgical planning.

The authors acknowledge the following limitations in 
this study. First, as a survey-based study, it lacks the robust-
ness of a clinical trial, which can quantify variables such as 
blood loss, fluoroscopy levels, surgical duration, and out-
comes; however, that was not the focus here. However, this 
is mitigated by the live assessments of 30 orthopaedic sur-
geons with a follow-up survey and a 77% answering rate. 
The experience of surveyed participants was diverse, which 
could limit the applicability of our findings, but also pro-
vided interesting insights into the acceptability of 3D tech-
nology depending on the time in practice and the degree of 
specialization. Second, we performed the study using a 
severe case that may have overestimated the usefulness of 
3D printing where WBCT is available and the generaliz-
ability of our findings is limited. Conversely, using a milder 
case could have underestimated it. It could be argued that 
we could have investigated both; however, the aim was to 
focus repeatably on changes in a unique surgical plan. 
Third, 3D printing does not yet allow the evaluation of soft 
tissue involvement in the deformity, which limits the appli-
cability of our findings regarding soft tissue procedures. 
Finally, because we were in the setting of an educational 
course, the content or discussions could have influenced the 
decision process of participants. However, the opportunity 
of having access to a panel of surgeons and giving access to 
each to a 3D-printed model enabled to maximize data 
collection.

Conclusions

The clinical relevance of our findings is that 3D printing 
appears to enhance surgical planning, particularly consider-
ing the case of early career surgeons in HV and most signifi-
cantly regarding the control of the 3D rotational aspect of the 
correction. Future research should focus on whether expand-
ing the use of WBCT and 3D models in clinical trials will 
ultimately strengthen the evidence base and support their 
routine implementation in clinical workflows, similar to 
some recommendations from meta-analyses in the field of 

fracture management.32,33 Further studies should assess the 
cost-effectiveness of these advanced technologies applied to 
hallux valgus surgery.
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