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Hallux valgus (HV) is a common foot deformity that is more prevalent in females, characterised by
abnormal adduction of the first metatarsal (MT) and valgus deviation of the phalanx on the transverse
plane. Increasing evidence indicates that HV is more than a 2D deformity but a 3D one with rotational
malalignment. Pronation deformity is seen during clinical examination for HV patients, but the exact
origin of this rotational deformity is still unknown. Some attribute it to first tarsometatarsal (TMT)
joint rotation, while others attribute it to intra-metatarsal bony torsion. In addition, the correlation
between the rotational and transverse plane deformity is inconclusive. Identifying the origin of the
rotational deformity will help surgeons choose the optimal surgical procedure while also enhancing
our understanding of the pathophysiology of HV. This study aims to (1) develop an objective method
for measuring the first MT torsion and first TMT joint rotation; (2) investigate the exact location of
the coronal deformity in HV; (3) investigate the relationship between the severity of deformity on

the transverse and coronal planes as well as the correlation between deformity severity and foot
function/symptoms in HV. Age-matched females with and without HV were recruited at the Foot

and Ankle Clinic of the Department of Orthopaedics and Traumatology. Computed tomography

was conducted for all subjects with additional weight-bearing dorsal-plantar X-ray examination for
HV subjects. Demographic information of all subjects was recorded, with symptoms and functions
related to HV evaluated. The intra-class correlation was used to explore the relationship between
deformities on different planes and the deformity severity and functional outcomes, respectively. An
Independent t-test was used to compare joint rotation and bone torsion degrees. TMT joint rotation
is significantly correlated with foot function. HV patients had more TMT joint rotation but not MT
torsion compared to normal controls. No relationship was found between the coronal rotation and
the 1,2-intermetatarsal angle (IMA) or Hallux valgus angle (HVA) on the transverse plane. Our results
indicate that coronal deformities in HV may originate from TMT joint rotation. In addition, the severity
of the TMT joint coronal rotation correlates with worse foot function; thus, multi-plane assessment
and examination will be necessary for more precise surgical correction.

Abbreviations

HV  Hallux valgus

MT  Metatarsal

TMT Tarsometatarsal

MTP  Metatarsophalangeal
IMA  1,2-Intermetatarsal angle
HVA  Hallux valgus angle

ROI  Range of interest

Hallux valgus (HV) is a common forefoot deformity, with a prevalence of 23% in 18-65 years adults and even
higher in the elderly population aged over 65 years!. Patients with HV suffer from pain due to inflammation and
deformity-related problems such as difficulty fitting in shoes and pressure ulcerations®. Conservative treatment
may contribute to pain alleviation, but its power for deformity correction is limited®. A previous review found
surgery was more beneficial than conservative interventions, especially in moderate to severe deformities*.
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A wide range of surgical procedures has been reported to show promising results. Currently, 1,2 intermeta-
tarsal angle (IMA) and hallux valgus angle (HVA) are the mainstream radiological measurements used to assess
HYV realignment. The operations aim to reduce 1,2 IMA to less than 9° and HVA to less than 15%. The transverse
measurements observed on the plain radiographs are important; however, solely looking at the transverse radio-
logical parameters fails to account for the coronal-plane deformity, as increasing evidence appears to support
multiplanar deformities in HV®.

To precisely correct all the existing multiplanar deformities, it is essential to accurately determine the deform-
ity site and calculate how much correction is required. Therefore, considering the coronal component is necessary
during pre-operative planning to fully correct the deformity. However, the location of the coronal deformity in
HYV remains unclear as most studies report a gross rotational deformity without specification of where it rotates.
It remains unclear whether internal bony torsion within the first metatarsal bone (MT) or joint rotation at the
first tarsometatarsal (TMT) joint is the main contributor to the overall pronation.

In addition, function and symptoms are not always directly correlated with plain dorsal-plantar radiographic
deformity severity in the transverse plane’, indicating that the entire clinical phenomenon is still not fully
understood. It is plausible to suppose that some important factors may be overlooked in our current traditional
clinical examination. Based on these considerations, we believe it is crucial to understand whether the coronal
deformity in HV is dependent or independent of the transverse deformities and whether the coronal malalign-
ment is associated with foot function. Unravelling the complex demonstration of HV will allow for more precise
patient-specific treatment in the future.

The study aims to (1) develop an objective method for measuring the first MT torsion and first TMT joint
rotation; (2) investigate the exact location of the coronal deformity in HV; (3) investigate the relationship between
the deformity severity on the transverse and coronal planes as well as the correlation between deformity severity
and foot function/symptoms in HV.

Methods

Ethics approval. The current study was approved by the Joint Chinese University of Hong Kong—New-
Territories East Cluster Clinical Research Ethics Committee. Written informed consent was obtained from all
the subjects, and the experiments were carried out per the Declaration of Helsinki.

Sample size estimation. The sample size estimation is based on the results from a previous study that
investigated the first MT torsion between HV and non-HV groups. The effect size Cohen’s d was calculated by
each group’s mean and standard deviation (HV group: 17.6+7.7, n=27; non-HV group: 4.7 +4.0, n=27). With
setting alpha=0.05, 1-beta=0.95, effect size =2.10, the sample size was calculated using G*Power version 3.1.9.6.
According to the result, a minimum of 16 cases was required, with 8 in each group.

Inclusion and exclusion criteria of subject recruitment. The subjects for the HV group were all
recruited from the Foot and Ankle Clinic at the Prince of Wales Hospital. To be included in the current study,
the patients had to be (1) aged from 18 to 75 years; (2) females; (3) diagnosed clinically (by surgeons from the
Foot and Ankle team) and radiographically (HVA > 15° or IMA > 9° on the weight-bearing anteroposterior X-ray
view). The patients who had (1) recurrence of Hallux valgus; (2) any unstable medical complications; (3) any
trauma history known to possibly affect the anatomical structure or morphology of the foot such as fracture,
rheumatoid arthritis, congenital malformation; (4) any history of operation at the involved foot; (5) pregnancy
were excluded.

The subjects for the control group were patients from the same outpatient clinic and the convenient samples
(e.g. visitors or colleagues from the Department of Orthopaedics and Traumatology). They must satisfy the fol-
lowing criteria: (1) aged from 18 to 75 years; (2) female; (3) at least one asymptomatic foot that does not suffer
pain or deformity; (4) have no trauma history known to possibly affect the anatomical structure or morphology
of foot such as fracture, rheumatoid arthritis, congenital malformation; (5) have no history of operation at the
involved foot; (5) pregnancy or other conditions which are not appropriate for CT scanning.

Experiment methods. Foot-related function evaluation. The patients who satisfied the inclusion criteria
for the HV group were asked to complete the Foot and Ankle Outcome Score function evaluation (FAOS)®. The
FAOS is a patient-reported outcome sore that includes 42 items split into five categories to assess a patients’ pain
(9 items), (2) other symptoms (7 items), activities of daily living (ADL) (17 items), sporting ability (5 items) as
well as the quality of life (QoL) (4 items) related to the foot according to individual feeling in the past week. Each
item is scored by subjects based on the five-point Likert scale and then transformed to 0 (worst) -100 (best) scale.

CT scanning. A second-generation high-resolution peripheral quantitative computed tomography (HR-
PQCT) system (XtremeCT II, Scanco Medical AG, Bassersdorf, Switzerland) was used to obtain foot images.
The scanning resolution was set as 136.7 um (voxel size, 1024 x 1024) per scan. The scanning region covered the
first metatarsal bone scanning from the head of MT to the distal end of MT with a total length of 91-99 mm,
depending on the size of the foot.

At the beginning of the examination, a customised wedge was put at the end of the splint to support the foot
and mimic weight-bearing (Fig. 1) while ensuring a consistent angle between foot alignment and the X-ray beam.
The subject’s foot was immobilised with bandages (Fig. 2). The subjects were asked to stay as still as possible
during the whole process. When starting scanning, the range of interest (ROI) was determined on the anteropos-
terior scout view, ranging from the proximal phalanx and ending at the navicular bone (Supplementary Fig. 1).
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Figure 2. The subject’s foot was immobilised in the splint with two bandages.

Image process and data analysis. Coronal deformities angle measurements. ~ All DICOM files from the
CT scan were imported into the Mimics 21.0 3D image processing software (Materialise, Leuven, Belgium) for
segmentation and isolating the first MT and medial cuneiform from the rest of the scan. The bone segmenta-
tion was conducted with a semi-automatic tool (Mimics Innovation Suite, Materialise, Belgium) which could
automatically mark the pixels which should be bone tissue. The operator adjusted the range to ensure that pixels
between bones were not included. In our study, one operator was involved in this process. The models were then
exported in standard tessellation language (STL) files to the 3-Matic 11.0 (Materialise, Leuven, Belgium) for 3D
reconstruction, landmarks selection and angle measurement. Three vectors were created at the first MT head
(Vector A), the first MT base (Vector B) and the distal end of the medial cuneiform (Vector C), respectively. The
details to create the vectors for the individual subject are presented as follows.

Vector A: The first MT head (distal MT reference). Creating a cylinder using the least-square method is the
most common way when handling irregular surfaces. Defined as a one-axis hinge joint, the proximal segment of
the first Metatarsophalangeal (MTP) joint could be analogised as a cylinder, and the articular surface could be
easily divided into three parts. For the cylindrical estimation, the middle one-third of the whole articular surface
of the MT head was marked and extracted from the view of the distal pole, as the regularity of the middle one-
third can minimize the variation from manual selection (Fig. 3)°"'". The least-square method and the axis of this
fitting cylinder represented the position of the distal end of the first MT (Vector A) (Fig. 4).

Vector B: The first MT base (proximal MT reference). The rationale for creating Vector B, which presents the
position of the first MT base, is similar to the previous studies, i.e. selecting the most superior and inferior point
of the proximal MT"-13, To reduce the effect of erosion of the joint surface due to TMT joint arthritis when
selecting anatomical landmarks', we used a novel method. Firstly, the diaphyseal section of the first MT was
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Figure 3. The middle one-third of the whole articular surface of the MT head was marked and extracted from
the view of the distal pole.

Vector A

Figure 4. The cylinder was created by the least-square method and the axis of this fitting cylinder represented
the position of the distal end of the first MT.

marked, i.e. 1 cm proximal to the distal articular surface and 1 cm distal to the proximal articular surface’®. A
fitting cylinder of the marked area was created using the least-square method (Fig. 5A), the axis of which was
defined as the longitudinal axis of the first MT bone. Instead of directly selecting landmarks on the articular
surface, a cross-section was selected manually by moving the plane along the longitudinal axis to the location
just beneath the articular surface (Fig. 5B). This step is aimed at reducing the effect of abnormal bone tissue (e.g.
bone hyperplasia) at the articulation. The most superior and inferior points on this cross-section were marked,
and Vector B was created by connecting the points (Fig. 5C). The reference system depends on the placement of
the splint as described above, as the foot with the splint was kept static.

Vector C (medial cuneiform reference). As we did above, the operator manually selected a cross-section just
beneath the medial cuneiform’s articular surface and then extracted. This new plane was created by making a
fitting plane based on the highlighted articular surface (Fig. 6A). The two most lateral points on the cross-section
were highlighted and connected to create Vector C (Fig. 6B). Like the reference system above, the reference sys-
tem to define the points was also based on the splint.

Angle definition. For each individual, the internal torsion angle of the first MT was defined as the angle
between Vector A (distal MT reference) and B (proximal MT reference). The rotation angle at the TMT joint was
defined as the angle between Vector B (proximal MT reference) and C (medial cuneiform reference). Vector A
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Figure 5. (A) A fitting cylinder of the diaphysis was created. (B) A cross-section beneath the articular surface
was extracted. (C) Vector B was created by connecting the most superior and inferior point.

provided the overall measurement of coronal rotation as seen clinically. With the addition of vector B (proximal
first metatarsal) and vector C (medial cuneiform), the rotation region was located. If there were changes in the
proximal metatarsal, the rotation was postulated to occur between Vector C and Vector B (likely the first TMT]

rotation). If the deformity occurs between vector B and Vector A, it indicates torsion within the first metatarsal
bone (Fig. 7).
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Figure 6. (A) A fitting plane was created based on the highlighted articular surface. (B) Vector C was created
by connecting the two most lateral points on the cross-section.

Data analysis. The Shapiro-Wilk test was used to assess data normality, including TMT joint rotation angle
and MT torsion angle. According to the distribution, the independent student ¢-test (normally distributed) or
the Wilcoxon signed-rank test (non-normally distributed) was conducted to compare the difference between the
HYV group and the control group. The significance level was set as 0.05.

For patients with HV, the relationships between the coronal deformities (TMT joint rotation angle and MT
torsion angle) and the transverse deformities (IMA and HVA) were studied using Pearson or Spearman correla-
tion according to the results of the Shapiro-Wilk test. The relation between foot-related function and deformity
angles was also studied using Pearson or Spearman correlation; if the statistical significance was found (p <0.05),
the relation was classified as “strong” (20.5), “moderate” (0.3-0.5), or “weak” (<0.3) based on the value of cor-
relation coefficient.

Results

Demographicinformation. The current study recruited 17 patients (23 feet) who were clinically and radi-
ographically diagnosed with HV and 16 control subjects without HV. No difference was found between the two
groups regarding gender, age, body weight and body mass index (BMI) (Table 1).

Difference in coronal deformities between HV and control. According to the results of the Shap-
iro-Wilk test, the first TMT joint rotation angle and the first MT torsion angle were normally distributed in two
groups. Therefore, an independent ¢-test was used for further comparison.

The first TMT joint rotation angle was found as 13.09+4.29° in HV and 8.16+2.05° in control, with a signifi-
cant difference (p <0.01). The mean difference between the two groups was 4.93 + 1.31°. The mean value (+ SD)
of the first MT torsion was 93.47 £7.00° in HV and 95.66 + 6.18° in control. No significant difference was found
(p=0.36). The mean difference between the two groups was — 2.20 £2.37° (Table 2).

The correlation between coronal and transverse deformities. The Pearson correlation was used
for the following analysis. In the HV group, the average IMA was 15.66+3.12°, and HVA was 38.43+7.05°.
The study found no correlation between coronal and transverse deformities. Specifically, TMT joint rotation of
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Vector B

Vector A

Vector C

Figure 7. The definition of first MT torsion angle and TMT joint rotation angle.

Total number (patients/feet) 17/23 16/16 -
Age (years) 58.63+13.00 | 51.88+15.53 0.17
Gender (female/male) 19/0 16/0 -
Body weight (kg) 59.54+7.42 | 59.30+10.00 0.94
Body height (m) 1.59+0.06 1.58£0.06 0.91
BMI 23.80+2.38 23.61£3.50 0.88

Table 1. Demographic information of subjects in two groups.

TMT joint rotation (°)

13.09 (4.29)

[11.32,14.87] | 8.16 (2.05)

[6.86, 9.46]

4.93 [2.27,7.60]

<0.01**

First MT torsion (°)

93.47 (7.00)

[90.57, 96.35] | 95.66 (6.18)

[91.74, 99.59]

—-220[-7.01,2.62]

0.36

Table 2. Results of ITMT joint rotation and the first MT torsion in two groups. *The correlation is significant

with p-value <0.05. **The correlation is significant with p-value <0.01.
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HYV patients exhibited no significant relation with IMA (p=0.98, r=— 0.007) or HVA (p=0.25, r=0.248). Simi-
larly, no significant relation was found between MT torsion and IMA (p=0.88, r=— 0.034) or HVA (p=0.22,
r=0.265). Increased IMA was found to be significantly associated with increased HVA (p <0.01, r=0.587), while
no significant association was found between two coronal deformities (p=0.84, r=0.034).

Correlation between deformities and foot-related functions in HV. In the HV group, the mean
values (£SD) of five sections of FAOS were presented as follows: pain 70.05+20.11, symptom 74.24 +20.99,
Sports 76.17 £20.85, ADL 66.56 +20.06, QoL 51.55 £ 25.52, respectively.

Regarding the coronal components, only TMT joint rotation angle was significantly correlated with QoL
(p<0.01, r=-0.716). As for the transverse deformities, neither IMA nor HVA significantly correlated with any
foot-related function outcomes of FAOS. The details are demonstrated in Table 3.

Discussion

This cross-observational comparative study aimed to determine the exact site of coronal deformity in HV and
investigate whether the coronal deformity occurs independently of transverse-plane deformity. The results indi-
cated that the rotation at the TMT joint might be the main contributor to the coronal deformity. The deformity
on the coronal plane is independent of that on the transverse plane and is closely associated with foot function
in HV patients.

The site of coronal deformity. Since it is important to precisely regain normal alignment in multiplanar
deformities, more and more studies have tried to clarify the coronal deformity in HV during the last decade.
According to the CORA rationale in deformity correction'é, determining the exact deformity site will guide
the subsequent surgical procedure. The current study measured the TMT joint rotation and the bone torsion
within the first MT for each subject by constructing a 3D model using high-resolution CT. We found a TMT
joint rotation of 13.09+4.29° in the HV group and 8.16 +2.05° in controls, with an average variation of 4.93°.
This means the amount of TMT joint pronation in HV differs from that in the non-HV population. This result
is consistent with the conclusion from several previous studies, which also found significant differences at TMT
joint rotation'’-2!. Dayton et al.*! measured the ROM of the TMT joint during the operation and found 22.1° of
supination was required to achieve normal alignment. Ornig et al. measured the angle between the external plat-
form and the line at the MT base, which was parallel to the lateral cortex in weight-bearing conditions®’. They
found a significant difference between control and HV. The difference in the values between the current study
and previous ones may be primarily attributed to the measurement method and definition of joint rotation. The
view of the cutting plane is also crucial in angular measurement, and a standard and replicable procedure may
be warranted in the future.

The different orientations of the TMT joint may be the result of joint instability, which has been mentioned in
several studies®-°. The abnormal orientation of the TMT joint in HV feet may be due to repetitive joint motion
across an extensive range. The surrounding structures fail to resist the pronation moment generated from weight-
bearing. Besides, the position of the first ray partially relies on the agonist and antagonist muscles inserted into
the first MT, i.e. peroneus longus (PL), tibialis anterior (TA) and tibialis posterior (TP). PL is a plantar flexor
and evertor that inserts into the plantar side of the first MT base; cadaveric studies revealed that the PL plays
a vital role in the first ray/medial column stability by reducing the TMT joint sagittal plane subluxation and
intermetatarsal angle?”*®. However, the metatarsal rotation is worsened simultaneously with the activation of the
PL?. Further studies should investigate the relationship between the PL and TMT joint rotation in HV patients
to clarify the effect of PL in HV development, especially deformities in the coronal plane.

As for the internal torsion of the first MT, we did not find a statistically significant abnormality in the HV
subjects compared to the Control group. This contrasts with Cruz’s study?, whose control cohort of 45 patients
(64 feet) presented with 3.45° torsion and Ota’s study'?, which reported 4.7° torsion in their control cohort of
12 subjects (12 feet). This result shows that further investigation with larger sample sizes is warranted before a
definitive conclusion regarding the presence of the first MT torsion can be drawn.

Up to now, multiple surgical procedures have been used to correct coronal deformity in Hallux valgus,
including using M T osteotomies®**! and arthrodesis at the TMT joint**-*. Precisely defining and correcting the
deformity site should improve clinical outcomes and patient satisfaction. The current study’s result indicates that
operating at the TMT joint may be the most promising outcome as it accurately tackles the coronal deformities
at the CORA. Further studies are warranted to investigate the rotational correction power of TMT joint surgery,
like the Lapidus procedure, by objectively analysing the post-operation coronal-plane anatomy.

Symptoms | Pain ADL Sports ability | QoL
IMA -0.121 0.038 0.015 | -0.166 -0.193
Outcomes on the transverse plane
HVA —-0.291 -0271 | —0.335 | —0.474 -0.383
TMT joint rotation 0.001 -0.390 | —0473 | —0.449 -0.716 **
Outcomes on the coronal plane
First MT torsion 0.295 0.193 0.249 0.325 0.332

Table 3. The relation between foot-related functions and deformities on different planes. *The correlation is
significant with p-value <0.05. **The correlation is significant with p-value <0.01.
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Recently, Mahmoud et al.* found that almost half of the subjects in the control group had an abnormal alpha
angle greater than 16° (the value below the cut point should be regarded as a normal alpha angle according to
Kim’s method™), indicating that the pronation may also exist in feet without HV. It should be noted that their
coronal rotation may be affected by the pronation of the midfoot and hindfoot bones, as it used the ground level
and the distal first MT as the measurement reference points. Our study isolated the medial cuneiform and the
first MT to eliminate the influence of the more proximal hindfoot. Compared with plain radiographs, the current
measurement can be more reliable in capturing multi-plane components of HV feet. A simple and reliable method
may be required, which could be generalisable to clinical practice and help surgeons assess the specific deformity.

The relation between coronal and transverse deformity in HV. The association between compo-
nents on the coronal and transverse planes can further reveal the pathology of HV. The current study found
that neither bone torsion angle nor TMT joint rotation angle was correlated with IMA or HVA, indicating
that patients with large IMA may not experience joint rotation simultaneously. Likewise, patients with mild or
moderate MT deviation may suffer obvious deformity on the coronal plane, which is, however, easily overlooked
during routine radiological/physical examination. The result is consistent with the previous studies, which also
investigated the correlation between the deformities on different planes'”'®2*%. As the extent of IMA and HVA
on the plain radiographs does not predict the extent of coronal rotation, additional radiological/clinical docu-
mentation may be required.

HYV patients in Campell’s study'® included juvenile and adult ones without subgroup analysis. Therefore, their
results may be influenced by the spectrum of congenital HV, as they suspected that patients with congenital HV
deformities had larger IMA and smaller pronation deformities compared to those with acquired HV. Our study
recruited many middle-aged patients aged over 18. Further studies are required to investigate the possible factors
predicting the pronation degree.

Our investigation into the association between deformity and foot-related function can further support the
independence of coronal deformity. Similar to a previous study’, we found no significant correlation between
foot function with the severity of transverse plane radiographic angles (IMA and HVA). Thordarson et al.*” found
that variables on the plain radiographs (including IMA and HVA) did not influence patient perception. Mattews
et al. also suggested that IMA and HVA did not fully explain a patient’s symptoms, as the HVA severity was not
associated with the functional outcomes of the FAOS subscales’.

To our best knowledge, little evidence has clarified the relationship between coronal deformity degree and
foot-related function. On the contrary, the joint rotation in our study was closely associated with QoL. The results
demonstrated that a patient with a larger TMT joint rotation angle might experience worse QoL. The current
results may partly explain that some patients, while only having mild IMA or HVA deformities, are extremely
symptomatic with marked QoL reduction.

The information indicates that using the same surgery to treat this large heterogenous group of patients may
not be the most ideal. Therefore, it may be necessary to examine the coronal anatomical alignment in addition
to assessing the transverse plane deformity. Several studies raised a new classification regarding the severity of
HV, which considered both transverse and coronal components®***. Kim et al. found a group of patients who had
abnormal first MT pronation without sesamoid deviation from the articular facet, suggesting a new category to
assess HV deformity based on the MT pronation and sesamoid position using CT axial view*. Hatch et al. pre-
sented a triplane classification based on whether MT pronation, as well as a sesamoid subluxation, exist*®. These
novel systems to evaluate HV may help surgeons derive a more detailed and precise treatment plan. Although it
met the sample size calculations, this study is too small to perform subgroup analysis. Therefore, further studies
with a larger sample size are warranted for sub-group analysis to identify the possible categories of HV based
on the first MT rotation and deviation. Besides, as the method in this study is novel, reliability and validity tests
are also required in the future for better clinical application.
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