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Weight-bearing cone-beam computed tomography in the foot
and ankle specialty: where we are and where we are going —
an update
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Abstract

Resumo

Cone-beam computed tomography (CBCT) has been applied in dentistry and medicine for nearly two decades. Its application in the
foot and ankle specialty has grown exponentially in recent years. Weight-bearing CBCT allows clinicians to obtain weight-bearing
images that can be viewed in all three planes and to construct three-dimensional models, similar to those constructed from tra-
ditional CT scans, as well as exposing patients to less radiation than do traditional CT scans. This technology has revolutionized
diagnoses, improving the understanding of various lesions and surgical planning in the foot and ankle specialty. Ongoing studies of
the use of weight-bearing CBCT in foot and ankle surgery are focused on fully automated and semi-automated three-dimensional
measurements, as well as bone segmentation, mapping of the distances/orientation of the joints, and the production of customized
implants. The aims of this review article are to show the evolution of this emerging tool in the foot and ankle specialty, to update
those in related specialties on its use in current clinical practice, and to indicate where the research community is heading.
Keywords: Tomography, X-ray computed/methods; Cone-beam computed tomography; Weight-bearing; Foot/diagnostic imaging;
Ankle/diagnostic imaging; Imaging, three-dimensional/methods.

A tomografia computadorizada (TC) de feixe conico é aplicada na area da odontologia e medicina ha cerca de duas décadas, e seu
uso na especialidade do tornozelo e pé cresceu de forma exponencial nos Gltimos anos. A literatura demonstra como a TC de feixe
conico permite obter imagens com apoio do peso corporal total - weight-bearing cone-beam computed tomography - com cortes
nos trés planos e modelos tridimensionais semelhantes as TCs, associada a menor exposicao a radiacao, técnica que revolucionou
o diagnéstico, o entendimento de diferentes lesdes e o planejamento cirlrgico nessa area do conhecimento. As mensuracoes
tridimensionais automaticas e semiautomaticas, a segmentacao 6ssea, 0 mapeamento das distancias e orientacoes articulares e
a possibilidade de produgao de implantes customizados séo o interesse dos estudos em andamento na cirurgia do tornozelo e pé
relacionados a essa ferramenta emergente. O objetivo deste artigo € mostrar a evolugao do método, atualizar as especialidades de
interface sobre uso na pratica clinica atual e indicar para onde a comunidade cientifica esta caminhando.

Unitermos: Tomografia computadorizada/métodos; Tomografia computadorizada de feixe conico; Suporte de carga; P€/diagndstico
por imagem; Tornozelo/diagnostico por imagem; Imageamento tridimensional/métodos.

INTRODUCTION

a completely accurate representation of the anatomical

At the end of the 19th century, Wilhelm Conrad
Roentgen claimed to have discovered something interest-
ing, which allowed unprecedented developments in medi-
cine in the decades that followed, through the use of con-
ventional two-dimensional (2D) radiography, particularly
an in vivo understanding of the osteoarticular apparatus.
Technological advances have clearly shown that conven-
tional radiography generated biased and somewhat dis-
torted projections of the human body and did not provide
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reality" . Since the 1970s, computed tomography (CT)
has furthered the in vivo study of the axial and appendicu-
lar skeleton, increasing the precision of three-dimensional

(3D) assessments"®

and providing greater diagnostic power
to the vast majority of clinical and surgical specialties in
the field of imaging research.

In the foot and ankle orthopedic specialty, conventional
radiography and CT are essential tools for diagnosis, treat-

ment planning, intraoperative control, and postoperative
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follow-up. Although conventional radiography allows one
to study the foot and ankle in a weight-bearing standing
position, its low spatial resolution and the superposition
of anatomical structures generally prompt specialists to
complement their diagnostic assessment with CT or mag-
netic resonance imaging (MRI). However, CT and MRI are
performed with the patient in a horizontal position, with
no load on the structures of the locomotor system, which
significantly alters the relationships among the bones and
joints in comparison with those seen in images acquired
with the patient in the normal standing position.

For decades, physicians have been trained in the use
of medical reasoning to integrate and apply conventional
radiography, CT, and MRI in order to gather useful in-
formation about the anatomy, physiology, and pathology
of their patients. Attempts to overcome the limits of each
method have been detailed in the scientific literature. Sev-
eral studies have documented the use of simulated weight-
bearing CT with various types of devices. Unfortunately,
such studies have only partially reproduced the condition
of orthostatic support, because they have not involved
muscle activation, which plays a fundamental role in de-
termining the positions of the bones and their relation-
ships with the joints®.

Cone-beam CT (CBCT) is utilized primarily in den-
tal diagnostics and in the diagnostic assessment of the ex-
tremities. It involves the use of a cone-shaped X-ray beam
and 2D detectors that acquire volume data with less rota-
tion of the X-ray source. In conventional CT, the beams
are fan-shaped and the detectors are one-dimensional.
The advantages of CBCT include a shorter examination
time, fewer motion artifacts, and the possibility of assess-
ing the position of the foot and ankle. The disadvantages
consist of an increase in scattered radiation and potential
artifacts from the cone beam, which are similar to partial-
volume artifacts.

Weight-bearing CBCT represents an important step
forward in this technological evolution. It offers a consis-
tent solution for acquiring images of the skeleton in the
weight-bearing physiological standing position, which is
crucial to understanding the deformities and degenerative
lesions of the lower limbs". In practice, weight-bearing
CBCT combines the advantages of high spatial resolu-
tion 3D imaging with weight-bearing and muscle activa-
tion, as well as exposing patients to low doses of radiation
(compared with CT), allowing the exact reproduction of
dimensions and proportions. This innovation comes with
challenges for the radiology community, because the exist-
ing tools applied to 2D radiography and conventional CT
are not adapted to the new 3D environment. In addition,
many measurements are still not fully automated, requir-
ing greater involvement from radiologists and orthopedists
in reading the exams. The use of weight-bearing CBCT
offers individualized risk assessment and customized sur-
gery, which are only beginning to become a reality.
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CONVENTIONAL RADIOGRAPHY AND ITS
LIMITATIONS

In conventional radiography, the rotation component
depends on the angle of incidence of the X-ray beam and
changes in the rotation will result in different shapes and
angles on the film. The distance between the X-ray source
and the body can determine the projected lengths of bone
structures, which can diverge from their actual lengths®%.

Operator bias in conventional radiography is linked to
technical aspects, the positioning of the X-ray equipment,
and the positioning of the patient. In imaging of the foot
and ankle, positioning of the foot in relation to the X-ray
source, the height of the device, and the distances are dif-
ficult to reproduce with precision from one configuration
to another. In practice, at least two X-rays are obtained
for the same event in order to obtain an anteroposterior
and a lateral view, which is the minimal acceptable combi-
nation in orthopedic imaging. However, images are never
obtained twice in the same incidence, which would allow
the assessment of reproducibility. In addition, the radiol-
ogy technician may differ between examinations.

The superposition bias in conventional radiography, re-
lated to the projection of a 3D anatomical structure onto a
2D plane, where different structures are “stacked” in a single
plane?, is more sensitive in the topography of the foot and
ankle. This situation results in images with indistinguishable
contours and overlapping edges (Figure 1), requiring consid-
erable training for their correct interpretation.

Despite the aspects mentioned above, diagnostic
imaging by conventional radiography with a load on the
foot and ankle is widely applied in clinical practice and
studied in the literature with a focus on intraobserver and
interobserver reliability, thereby multiplying measurement
techniques to improve the method®'". The incidences of
Saltzman view, Meary’s angle, long axial view, and hindfoot
alignment angle exemplify the popularization of the use of

Figure 1. Lateral-view weight-bearing digital reconstructed radiograph of the
ankle. Note the superposition and misalignment of the structures, leading to
poor definition of the contours.
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this imaging option®~'". Although reproducible, the tech-
niques are not accurate, because they do not correspond
to the actual anatomical alignment, given that since they
are based on the projection of the real structures of the
foot and ankle. One recent study showed that when the
foot is rotated 30° relative to the neutral position (focusing
the X-ray tube in alignment with the second metatarsus),
the measurement of the hindfoot alignment changes by
1% for each additional degree of rotation”. The average
dispersion of radiographic measurements relative to the
actual angle is approximately 20%'?. Willauer et al. dem-
onstrated how misalignment of the X-ray source of < 25°
in the transverse plane and < 30° in the sagittal plane may
lead to errors in the measurement of common angles, such
as the calcaneal inclination and talonavicular coverage
angles'®. That has negative implications for the precision
of surgical planning for corrective osteotomies in complex
deformities. Therefore, it is evident that the acquisition of
3D weight-bearing images under the load of the total body
weight is more reliable than is conventional bone imag-
ing and provides a relevant benefit for the decision-making
process with regard to treatment!1®!3),

CBCT
Technical characteristics

On the basis of information from sequential 2D trans-
verse slices captured by a standard flat-panel detector on
the opposite end of the emission, CBCT allows the re-
construction of 3D models (Figure 2), involving the use
of mathematical algorithms based on Radon and Fourier
transforms'*), The Fourier transform allows us to distin-
guish between several transverse slices, and the Radon
transform allows us to calculate the coordinates of each
pixel, so that we can reconstruct the entire volume slice
by slice!®.

Figure 2. lllustration of image acquisition with weight-bearing CBCT. The pa-
tient stands in the center of the device. The source emits a cone-shaped X-ray
beam (“cone beam”) captured by the flat-panel detector at the opposite end,
while rotating on its axis.
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Exposure to radiation

In CBCT, the X-ray source performs only a single ro-
tation around the anatomical target, whereas in conven-
tional CT the X-ray source rotates around the target, in a
spiral motion, multiple times. Therefore, CBCT exposes
patients to a much lower radiation dose. The effective
dose needed in order to acquire one view of the foot with
conventional radiography is 0.001 mSy, compared with
0.07 mSv for one view of the ankle with conventional CT
and 0.01-0.03 mSv for one view of the foot/ankle with
CBCT®' the last corresponding to < 1% of the mean an-
nual radiation dose received by individuals in the United
States (3 mSv) or to the equivalent of 10 conventional X-
rays'®!3). In weight-bearing CBCT, the total volume of a
body segment is acquired in less than one minute. Rich-
ter et al.'® compared the radiation dose delivered during
weight-bearing CBCT scans with those delivered during
weight-bearing X-rays and conventional CT scans. The au-
thors found that the mean annual dose was 0.5 pSv (10%)
lower when weight-bearing CBCT was employed than
when weight-bearing X-ray and conventional CT were em-
ployed (4.3 pSv vs. 4.8 pSv).

Weight-bearing CBCT tools and learning curve

Understanding the weight-bearing CBCT model re-
quires moving on from the former culture and secular
learning required to understand 2D imaging to that of
modern 3D imaging, which represents a roadblock to its
adopting into the routine of the foot and ankle specialty.
The reference points, positions, distances, and angles al-
ready defined for 2D imaging and consolidated in the lit-
erature are the initial bases for developing knowledge of
3D imaging, in which it is possible to define the position
of each voxel in relation to an orthogonal frame. Currently,
each voxel is defined by its X, Y, and Z coordinates and
its density in Hounsfield units. The volume acquired in a
typical bilateral weight-bearing CBCT contains 1,000,000
voxels, each approximately 0.3 x 0.3 x 0.3 mm in size.
One foot is represented by approximately 200,000 voxels.

Most of the CT scanners currently available allow the
creation of 3D multiplanar reconstructions (Figure 3).
Digitally reconstructed radiographs (DRRs) are also ob-
tained from the information contained in the 3D volume
(Figure 4). These are radiographic reconstructions that
are similar to traditional 2D images and can be created in
any desired projection by applying computer-coordinated
movements of the object of interest!”!®), The advantage
of DRRs over conventional X-rays is that DRRs make it
possible to view multiple simulated radiographic projec-
tions from a single CT data set"”. In research investigat-
ing foot and ankle pathologies, such as hallux valgus?,
hindfoot alignment?? syndesmosis injuries??
talar joint instability®®, DRRs have been used in place of
conventional X-rays in the calculation of angular measure-
ments®. Multiplanar reconstructions and DRRs, both of

) and sub-
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Figure 3. 3D reconstruction (A) and multiplanar reconstructions (B,C,D), achieved with CubeVue software (CurveBeam LLC, Hatfield, PA, USA) after volumetric

acquisition with weight-bearing CBCT.

Figure 4. 3D reconstruction for bone assessment, achieved with CubeVue soft-
ware after volumetric acquisition with weight-bearing CBCT.

which are obtained without increasing the radiation dose,
serve as a gradual learning experience for a generation
trained in the age of 2D imaging. They are also useful for
obtaining an overview. Therefore, until an innovative so-
lution is found, DRRs provide an interesting option (as
opposed to older protocols that combine conventional CT
and radiography).

Cost-effectiveness

A typical weight-bearing CBCT scanner is still rela-
tively expensive—approximately USD 150,000-250,000—
weighs approximately 250 kg, and fits into an area of 1 x
1 m. Although there is still no precise cost analysis, the
shorter acquisition time of weight-bearing CBCT—less
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than a minute—has resulted in a significant decrease in
the number of appointments for conventional CT in ra-
diology sectors and greater productivity for each scanner
and technician involved ™.

Martinus Richter was a pioneer in the use of 3D im-
aging in orthopedics, having described radioscopy, two-
plane intraoperative measurement of plantar pressure,
and weight-bearing CBCT®*27), In one recent, Richter et
al."® evaluated a collective sample of over 11,000 weight-
bearing CBCT examinations performed over 5 years, re-
porting that imaging times were 77% shorter for weight-
bearing CBCT examinations than for weight-bearing X-ray
and conventional CT examinations.

INDICATIONS FOR WEIGHT-BEARING CBCT

The literature on weight-bearing CBCT is mainly re-

lated to the investigation of pes planus, or flatfoot®®; ankle

fractures and syndesmosis injuries?*3?; subtalar joint in-
stability®13?); hypermobility of the first ray with hallux val-

gus®¥; hallux rigidus®¥; and patellar instability and tibio-

femoral arthritis®539),

Regarding flatfoot and subtalar joint instability, mea-
surements analogous to those obtained with conventional
radiology can be obtained with weight-bearing CBCT,
which is better at determining severity®®. Patients with
flatfoot have more innate valgus in their talar shape and
subtalar alignment®Y. In such patients, the fifth metatar-
sal bone demonstrates greater plantar flexion in relation to
the first metatarsal bone in comparison with individuals
without flatfoot®?. Abnormal orientation of the subtalar
joint is a potential risk factor for the development of osteo-

arthritis in the ankle joint®"3?, Patients with hallux rigidus

Radiol Bras. 2021 Mai/Jun;54(3):177-184
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present with metatarsus primus elevatus (elevation of the
first ray), which increases as the condition worsens®, to-
gether with increased mobility of the first tarsometatarsal
joint, as well as of all other joints of the first ray®.

In individuals with tibiofibular syndesmosis, there is
internal rotation of the talus in the varus osteoarthritic an-
kle, the rotation increasing as the condition worsens. With
a load equivalent to the total body weight, the rotation of
the talus in relation to the ankle is nearly 10°, the poste-
rior translation of the fibula is 1.5 mm, and the external
rotation is 3°. Its comparison with the contralateral side
seems to be more reliable than its comparison with the
population without injury®”3%. In a recent study of pa-
tients with uninjured, asymptomatic ankles®®, there were
no significant differences between weight-bearing CBCT
and conventional CT in terms of the measurements of the
distal tibiofibular joint. However, the medial free space of
the tibiotalar joint was apparently larger on the weight-
bearing CBCT scans than on the conventional CT scans,
which is probably due to the anterior displacement of the
talus in the non-weight-bearing position, which is greater
in the anterior portion than in the posterior portion. In
patients with hallux valgus, determining the role of coro-
nal rotation of the first metatarsal and sesamoid bones is
essential to planning the correction of the deformity**—43),

Role in preoperative planning

The use of weight-bearing CBCT allows a personal-
ized assessment devoid of the variables inherent to conven-
tional imaging!®*?, thus facilitating the decision-making

process regarding treatment. The subjectivity of clinical
evaluations required that distances and angles based on
2D imaging be developed and used for preoperative or-
thopedic planning. These measurements represented a
more reliable way of standardizing deformities by level of
severity and made it possible to stratify patients, as well
as to quantify postoperative outcomes. Some authors have
shown that traditional 2D measurements can be used with
greater precision in 3D imaging, especially in conjunction
with new parameters and measurements*3%_ To improve
accuracy, there are three recommended ways to measure
angles and distances in weight-bearing CBCT data sets: in
the DRR mode“***; in a single plane®*3%; and in the to-
tal volume in 3D"9),

Traditional measurements of hindfoot alignment gen-
erally define the position of calcaneal projection through
its position relative to the anatomical axis of the tibia.
Saltzman et al.®) proposed replacing the tibial-calcaneal
angle with a displacement, whereas Arunakul et al.#”
and Lintz et al."? proposed defining the position of the
hindfoot in relation to the forefoot instead of the tibia.
Subsequently, Lintz et al.*® developed a 3D biometric
tool to measure hindfoot alignment—the foot ankle off-
set—which is applied with specific software (TALAS;
CurveBeam LLC) and incorporated into the weight-bear-
ing CBCT system (Figure 5). The tool is defined by three
main characteristics—computerized, semi-automated,
and volumetric—and is based on at least four reference
points. The foot ankle offset tool determines the central
position of the ankle joint in relation to the three main

| Mett |
| sa00] __3830] _6469]
| Mets |

2820] __a970l _s60:4]
| Calcaneus |
| _aano] osa0] _64a9]

Talus

New ||Save to D:

Note:

Rotate Z 180

Strictly follow the point click sequence in MPR imagery to assure proper foot laterality

detection!

The graph depicts anatomy in radiology view orientation.

Figure 5. User interface demonstrating the application of the TALAS system (CurveBeam LLC) to calculate the foot ankle offset.
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real weight-bearing points of the foot (the plantar apexes
of the first and fifth metatarsal heads and the inferior cal-
caneal tuberosity). Better than an angle, a displacement
has the advantage of being directly related to the lever arm
and to the torque generated by the distance between the
body weight applied to the ankle and the ground reaction
force applied to the foot"?*®. Some authors have shown
that weight-bearing CBCT produces good quality images
and has high reliability for common measurements!!"?®,
as well as providing better soft tissue differentiation than
that achieved with conventional CT®?).

Advantages and limitations of weight-bearing CBCT

The involvement of a new technology such as weight-
bearing CBCT challenges us to look for fundamentals that
support its advantages and disadvantages. In addition,
given its high cost, it is essential to perform a comparative
analysis with the available alternatives such as CT with
a simulated load, conventional CT in the supine posi-
tion, and conventional radiography. The main advantages
of weight-bearing CBCT include the following: the pos-
sibility of using the classic radiographic angles and dis-

(28,303%), accurate rotation and axis recognition by

tances
software; radiation dose lower than that of conventional
CT and similar to that of a complete X-ray series of the
foot and ankle, including anteroposterior, lateral, oblique,
and hindfoot alignment incidences®*¥; image resolution
comparable to that of conventional CT in a weight-bearing
standing position under a total body weight load and with
muscle activation, which replicates the actual condition
of the anatomical structures under the force of gravity""®;
the total volume of the target is acquired in less than one
minute; only a small physical area is needed in order to
install the equipment; and software designed to suppress
biases related to 2D measurements is available*®. The
use of weight-bearing CBCT also has a number of limita-
tions: it is not yet widely available in Brazil, having been
on the market only since 2014; the initial investment is
high, and there has yet to be a cost-effectiveness analysis
of the methodology; the measurements are still not fully
automated, despite the fact that the method has shown
excellent reliability*®; and the software is not yet capable
of accurately recognizing bone edges, because of the pres-
ence of osteophytes or severe degenerative changes*®.

Given the quantity and quality of the evidence related
to the use of weight-bearing CBCT in the foot and ankle
specialty®!342) we believe that it is viable alternative to
conventional radiography in imaging research protocols
for the lower limbs. It is evident that clinical research
plays a central role in demonstrating the potential of this
method in clinical and surgical practice, thus reducing bi-
ases in interpretation and increasing accuracy in the rec-
ognition of deformities>~*12),

Axial passive loading devices have been used in re-

search based on simulated weight-bearing conditions in
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CT exams. Kang et al.*? designed a device to apply a pas-
sive axial load in 3D CT images acquired in the supine
position and tested the device in a sample of 80 patients.
They performed common measurements applied in the
evaluation of hallux valgus and flatfoot, comparing the re-
sults with those obtained in weight-bearing X-rays. When
the authors applied an axial load > 70% of the body weight,
they found no statistically significant difference between
the two imaging modalities. However, the limitations of a
simulated load should be considered. The use of devices
that do not apply an accurate full weight-bearing load or
apply only a partial load may result in an underestimation
of the pathologies that would be observed in the stand-
ing position, and analyses of the results thus obtained do
not take into consideration the impact that active mus-
cle contraction has on foot and ankle alignment®?. The
simulation devices are custom-made and are not standard-
ized, which may not reproduce the natural biomechanical
standing position.

Future perspectives for weight-bearing CBCT include
the development of measurement systems that are fully
automated and reliable, which would eliminate the need
for manual interventions, reduce the reading time per ex-
amination, and improve reproducibility®. In addition,
the development of automated segmentation of the foot
and ankle bones through complex algorithms will make it
possible to calculate axes and relative orientations auto-
matically. Another field in development is distance map-
ping®® which will allow one to study the interaction of
the articular surface in a non-invasive manner by using 3D
bone models collected from 3D images. In a recent study,
Siegler et al.*® demonstrated how distance mapping pro-
vides detailed information about the ankle and subtalar
joints during normal joint movements. Finally, the 3D
models of weight-bearing CBCT images can be used in or-
der to manufacture customized instruments and implants,
thereby increasing the precision of the final products and
likely improving postoperative functional outcomes.

The advent of weight-bearing CBCT brings new chal-
lenges. The angular measurements should be standardized
on the basis of the identification on reliable anatomical
landmarks and compared with those obtained with con-
ventional weight-bearing X-rays, in order to establish the
normal values, as well as the intraobserver and interob-
server reliability'®. Further prospective comparative stud-
ies are needed in order to translate the information ac-
quired in this new 3D environment into information that
is relevant and useful in the clinical setting.

CONCLUSION

The weight-bearing CBCT technique allows us to ob-
tain reliable 3D weight-bearing images of the foot and an-
kle while they are supporting the total body weight against
the force of gravity and with muscle activation. The tech-
nique exposes patients to relatively low doses of radiation

Radiol Bras. 2021 Mai/Jun;54(3):177-184
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and provides excellent image resolution, as well as showing
satisfactory interobserver and intraobserver reliability. Fur-
ther studies are needed in order to determine its cost-ben-

efit ratio and its impact on clinical and surgical outcomes.
Current research efforts are aimed at evaluating new 3D

measurements, developing fully automated bone segmen-
tation systems, applying distance mapping techniques, and
validating the use of 3D weight-bearing CBCT reconstruc-
tions as models for custom-made implants.
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