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Abstract

Objective: To develop distance-mapping and coverage-mapping algorithms to assess metatarsophalangeal and metatarsal-sesamoid
joint interaction in hallux valgus patients, comparing them to a control group.

Methods: A total of 9 hallux valgus patients (mean age 371 vy; 6 F/3 M) and 5 controls (mean age 39 y; 4 F/1 M) underwent
weight-bearing computed tomography. Specific software was used to obtain bone segmentation images of the first and second meta-
tarsals, the first and second proximal phalanxes, and the tibial and fibular sesamoids. Joint interaction based on distance mapping and
coverage mapping of the first and second metatarsophalangeal joints and the metatarsal-sesamoid joints were calculated. The surfaces
of the metatarsophalangeal joints were divided in a 2-by-2 grid using the principal axes to provide a more detailed analysis. P-values
<0.05 were considered significant.

Results: Coverage maps of hallux valgus and control patients revealed marked lateral and dorsal displacement in joint interaction of the
first metatarsophalangeal joint, including decreased joint coverage of the medial facet of the joint. When comparing first metatarso-
phalangeal joint coverage, hallux valgus patients had significantly lower coverage of the dorsomedial quadrant (77%, p=0.0002) than
controls, as well as significantly higher coverage of the plantarlateral (182%, p=0.005) and dorsolateral quadrants (44.9%, p=0.035).

Conclusions: In this case-control study, we developed a distance and coverage map weight-bearing computed tomography algorithm
to objectively assess 3D joint interaction, joint coverage, and subluxation in hallux valgus deformity. We observed significantly greater
first and second metatarsophalangeal joint subluxation in hallux valgus patients than controls.

Level of Evidence Ill; Case Control Study.
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Introduction tomography (WBCT) and 3D distance mapping and covera-
ge mapping allow for assessment of the relative positioning
between opposing articular surfaces. This provides informa-

Hallux valgus deformity (HVD) is a complex three-dimen-
sional (3D) distortion that involves varus, dorsiflexion, and
pronation of the first metatarsal. HVD is usually assessed by tion about joint coverage and joint subluxation that could in-
conventional 2D measurements, such as hallux valgus and fluence the development of arthritic degeneration and asso-
intermetatarsal angle®?, However, weight-bearing computed ciated symptoms, which can dictate outcomes®.

Study performed at the UIOWA Orthopedic Functional Imaging Research La-
boratory (OFIRL).
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This advanced 3D imaging modality is not influenced by
foot projection or orientation, allowing for visualization of
multiplanar bone anatomy in an upright position. WBCT
has led to significant advances, including the ability to per-
form traditional HVD measurements in a 3D setting that re-
liably and accurately assess joint morphology®2+% WBCT
provides a more comprehensive illustration of the defor-
mity than standard radiographs, thus allowing a better
understanding of the relative positioning of the bones of
the first and second rays®?#®. This semi-automated techni-
gue may also reduce the potential for misinterpreting stan-
dard radiographs®.

Distance mapping, a recently developed technique for 3D
analysis of the relative positions between joint surfaces (joint
interaction) of the foot and ankle, provides insight into the
effects of weight bearing on both healthy and pathologic
conditions®71®, This 3D tool evaluates joint space in the foot
and ankle across entire bony interfaces through thousands of
distance measurements between opposing articular surfaces.
These measurements can then be illustrated qualitatively to
demonstrate the distribution of distances from the articular
surface. This can be enhanced with color-coded maps for
each bone, which can also be used to quantify and compare
the interaction of the articular surface®&1,

The surface-to-surface interaction in a joint can be broken
down into two major interrelated components. The first com-
ponent consists of the contact sites and the surface pressu-
re distribution between the hinged surfaces™'®. The second
component is the spatial relationship between joint surfaces
during joint movement™¥, This property can be characteri-
zed through distance maps that describe the distribution of
distances between the joint surfaces at each position. In an
important study, Dibbern et al.® expanded upon 3D distan-
ce mapping of WBCT to assess subluxation through colored
coverage mapping. These maps, which are based on distan-
ce mapping, identify areas of adequate joint interaction, joint
subluxation, and impact, providing images that are more in-
terpretable and potentially clinically useful. This facilitates
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understanding of areas of interest where subluxation and
impact can occur®,

Thus, the aim of this study was to develop a distance- and
coverage-mapping algorithm to assess metatarsophalangeal
(MTP) and metatarsal-sesamoid joint interactions in HVD pa-
tients and compare them to healthy controls. We hypothesi-
zed that significantly greater MTP and metatarsal-sesamoid
joint lateral subluxation would be observed in the HVD group.

Methods

This retrospective case-control study was approved by the
institutional review board (#202006176) and conformed to
the Health Insurance Portability and Accountability Act and
Declaration of Helsinki guidelines. The sample included 9 feet
from patients diagnosed with HVD, which were compared to
5 feet from healthy controls, all ipsilateral.

Disior Bonelogic® 2.0 was used to create models of all bones
proximal to the first distal phalanx in STL files. These mo-
dels were then analyzed using a semiautomatic segmenta-
tion protocol in MatLab code (Mathworks Inc., Natick, MA,
USA). Distance mapping was then performed to determine
the boundaries of the first and second metatarsals, the pro-
ximal phalanx of the hallux, and the second toe from WBCT
images. The segmentations were then reviewed by a trained
doctoral researcher and exported as triangulated surface mo-
dels. These models were smoothed using Geomagic Design X
(Artec 3D, Luxembourg) to remove any voxellation artifacts
and mild irregularities.

Distances along the entire surface of the first and se-
cond MTP joint were measured. The surfaces of the first
and second MTP were divided into two-by-two grids using
the principal axes of the joint surface to provide a more
detailed analysis. Using the distance along the normal direc-
tion of vectors projected from the first metatarsal head sub-
chondral surface to the opposed surface of the phalanx pro-
ximal (standard distance)®'¥, measurements were performed
in the MTP joint areas (Figures 1 and 2).
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Figure 1. Summary of coverage map changes in the control (left) and hallux valgus (right) groups.
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Due to the highly curved surfaces of nonarticular regions,
such as the space between the first and second metatarsal
bones, aberrantly large distances can exist. These distances
are unrelated to loading and deviate significantly from nei-
ghboring regions®. To account for this, the vertical distance
from each point to the opposite surface, based on the scan-
ner’s coordinate system, was used to compute distances in
highly curved/uneven regions (Figure 3).

Regions of interest in distance mapping were highlighted
in color (Figure 2). It has been observed that subchondral
bone-to-bone distances rarely exceed 2.5 mm in the MTP
joint™, Blue regions represent expected distances in joint in-
teraction, which range from 1to 3 mm. Regions > 3 mm were
represented in red (Figure 2). Comparisons were performed
with independent t-tests, assuming unequal variances, with
P-values <0.05 considered significant.
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Results

Figure 1 shows sample coverage maps from a HVD patient
and a control, which demonstrate clear lateral and dorsal
displacement of joint interaction in the first MTP joint, with
decreased coverage of the medial facet of the joint. Compa-
rison of first MTP joint coverage showed that the HVD group
had significantly lower coverage of the dorsomedial quadrant
(77%, p=0.0002), and significantly greater coverage of the
plantarlateral (182%, p=0.005) and dorsolateral quadrants
(44.9%, p=0.035). These findings are consistent with lateral
subluxation and dorsiflexion of the first metatarsal in the first
MTP joint. In the second MTP joint, the findings were consis-
tent with the dorsiflexion contracture and dorsolateral joint
subluxation characteristic of early hammertoe deformity,
with significantly decreased joint coverage of the plantar-me-
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Figure 2. Summary of coverage changes in the first (left) and second (right) metatarsals.
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Figure 3. Average normal spacing between each point and the opposite surface in the first

and second metatarsals used to calculate distances in highly curved/unequal regions.
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dial quadrant (88%, p=0.01). Although no significant joint co-
verage changes were observed in the metatarsal-sesamoid
joints, a significant widening of the fibular metatarsal-sesa-
moid joint was observed (76.7%, p=0.013).

Discussion

To our knowledge, this is the first study to evaluate distance
and coverage maps in HVD patients, as well as the first study
to use fully automated methods to compute joint coverage
in the forefoot.

The normal bony anatomy of the metatarsal heads is com-
plex due to various bony protuberances and concavities, in-
cluding distinct contour changes across a spectrum of soft
tissue structures. Differentiating between normal and abnor-
mal anatomical findings can prove challenging because the
typical bony structures can simulate erosive changes in the
image. To better differentiate normal bone anatomy from pa-
thologically induced changes, it is necessary to understand
the normal contours of metatarsal heads®.

In a cadaveric study, Hull et al."® attempted to determine
how much of the articular surface of the MTP joint can be
visualized during joint arthroscopy, finding that an average
of 57.5% of the metatarsal head and 100% of the base of the
proximal phalanx were visualized in distal 2D projection. They
concluded that incomplete visualization of the metatarsal
head occurred due to the technical limitations of their me-
thods, demonstrating how difficult it is to visualize and pro-
perly study the articular surface of the MTP joints.

In another cadaveric study, Torshizy et al.™, evaluated the
anatomical characteristics of the first metatarsal head with
CT and MRI in an attempt to characterize contours of the
metatarsal heads that can simulate erosive changes. They
concluded that the normal anatomical contours of the me-
tatarsal head may be the primary source of diagnostic error
when viewing CT and MRI images in patients with suspec-
ted erosive arthritis. They also concluded that these variations,
although typical, produce findings that can make distin-
guishing between normal and pathological states difficult.

In this context of diagnostic difficulties for 3D structures
such as metatarsal heads, new technologies like WBCT and
associated software for distance and coverage mapping of
the forefoot can allow a better understanding of anatomical
variations and the effects of weight-bearing in both healthy
and pathological conditions.

This type of non-invasive methodology to quantify joint
interaction was first used by Siegler et al.®® in a cadaveric
study to characterize surface-to-surface interaction in the
ankle and subtalar joints. They used an imaging-based dis-
tance mapping approach based on high-resolution CT, which
provided detailed insight into the interaction of joint surfa-
ces in healthy ankle and subtalar joints in neutral and extreme
joint positions.

Lintz et al.® expanded the use of distance mapping by cha-
racterizing abnormal interaction of articular surfaces in the
ankle, hindfoot, and midfoot joints of cavovarus foot compa-
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red to normally aligned feet. Their cavovarus group had sig-
nificantly greater surface-to-surface distance at the posterior
tibiotalar joint, a shorter distance at the anterior section, and
a greater distance at the posterior half of the medial gutter.
They concluded that distance mapping analysis of WBCT
imaging could identify significant differences in surface-to-
-surface interaction in foot and ankle joints between cavova-
rus and normally aligned feet.

In a recent case-control study of stage 1 flexible progressive
collapsing foot deformity patients, Dibbern et al.® introduced
the concept of coverage mapping images in association with
WBCT and distance mapping to assess subluxation and joint
impingement associated with peritalar subluxation across the
entire subtalar joint surface. With this technique, they objec-
tively identified middle facet subluxation as the only peritalar
subluxation marker, with a mean 46% increase in subluxation
in progressive collapsing foot deformity patients compared
to controls.

Using the same technique in our study, we found significant
subluxation on the medial side of the first metatarsal in HVD
patients. However, beyond visualizing subluxation, which
could also be done other imaging methods, we were able to
quantify it for the first time in the literature. In our series, the-
re was 77% less coverage in the upper medial facet (dorso-
medial quadrant) and 45% less coverage in the inferomedial
facet (medial plantar quadrant) than the control group. Simi-
larly, inferolateral and inferomedial coverage were 66% and
88% lower, respectively, in the in the second metatarsal head.

Finally, the results of this study could have a significant im-
pact on clinical practice. This is the first study to apply distan-
ce mapping to HVD, opening the way for future investigations
of early thresholds and determining the risk of progression to
HVD. Although our findings reflect known changes in HVD
(subluxation of the proximal phalanx), for the first time the
interaction between the joint surfaces in the MTP joints has
now been quantified through distance mapping, making the
assessment more objective and reproducible. The practical
implications of this finding are that advanced analysis of
3D datasets with distance and coverage mapping can allow
for rapid quantitative analysis of the MTP joint, rather than
relying on a subjective visual assessment of the joint space.

This study has several limitations. First, the control group
consisted of patients with contralateral foot and ankle injuries
and deformities. Therefore, subtle asymmetries resulting from
antalgic posture could confound the results. Second, no for-
mal power analysis was performed, and our sample size may
have been insufficient to demonstrate differences in some of
the measurements. Third, we did not compare the findings
with traditional 2D coronal plane MTP joint subluxation mea-
surements or other classic HVD measurements. We expect a
significant correlation between them, and these comparisons
should be included in future investigations. Fourth, since the
images were taken in a static standing position, they do not
tell a dynamic story. Other parts of the gait cycle can add
stress and more significant displacement of the involved to-
pologies. In addition, we did not evaluate clinical outcomes
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or correlate them with progression of HVD, thus limiting the
immediate clinical implications of the findings. Future pros-
pective and longitudinal investigations will be critical to de-
termine the role of distance and coverage mapping in MTP

joint interaction and joint coverage and subluxation in HVD.
We observed a significantly greater joint subluxation in HVD
patients than controls in a plantar-medial and dorsolateral di-
rection for the first and second MTP joints, respectively. No

significant joint subluxation of the metatarsal-sesamoid joint
was observed. Our hope is that distance and coverage ma-
pping can optimize the diagnosis, staging, and assessment
of both treatment and outcomes in HVD and lesser toe de-
formities. Additional appropriately sized prospective studies
are needed.

joint subluxation with respect to HVD progression.

Conclusion

In this case-control study, we developed a distance- and
coverage-mapping WBCT algorithm to objectively assess 3D
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