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Preface

Weight bearing cone beam computed tomography (WBCT) was introduced in 2012
for foot and ankle use as a new technology that allows 3D-imaging with full weight
bearing that should be not influenced by projection and/or foot orientation. From the
very beginning of device availability, scientific studies have been employed. In the
early stages of the scientific work-up in different institutions, different methodolo-
gies, especially for the angle measurements, were inaugurated. No standard for the
methodology for the image acquisition and measurement was defined, and different
methods have been published. After ongoing discussion about the optimal approach
for further research in this field, the International WBCT Study Group (WBCT ISG,
www.wbctstudygroup.com) was founded by five investigators from five different
institutions, who are the editors of this book. In the following two years, the group
grew in membership from 5 at the beginning in July 2017 to more than 50 at the end
of 2018. The scientific activities were extraordinary, resulting in 70 PubMed listed
publications dealing with WBCT in foot and ankle at the end of 2018. During the
same period, WBCT ISG organized scientific meetings at different foot and ankle
conferences to spread the acquired knowledge among foot and ankle surgeons.
Based on the fast-growing WBCT ISG and reflecting the increasing importance of
WBCT, the founders of WBCT ISG decided to found the International WBCT
Society (www.wbctsociety.org) and to transfer WBCT ISG into the International
WBCT Society. The society was registered in Belgium and a secretariat was
founded. Since then, the society is further growing and the member number as well
as the number of Pubmed-listed publications by members both reached more than
100 by the end of 2019. The International WBCT Society can be considered as one
of the most scientifically active societies. Meanwhile, the society also inaugurated
educational activities as for example hands-on workshops. At the beginning of
2019, the board of the society discussed how to further spread the knowledge of
WBCT in foot and ankle besides the scientific publications in all relevant scientific
foot and ankle journals and scientific sessions at the most important foot and ankle
conferences. The board then decided to write this book, which should be focused on
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scientific, technical, clinical, and educational content. In contrast to standard text-
books, the scientific content is emphasized and placed at the beginning to reflect the
initial scientific approach of WBCT ISG and International WBCT Society.

The authors wish that this book serves all current and upcoming users of WBCT
in foot and ankle to answer all scientific and technical questions, to educate and
instruct the clinical use including measurements.

Schwarzenbruck, Germany Martinus Richter, MD, PhD
Toulouse, France Francois Lintz, MD, FEBOT
Towa City, IA, USA Cesar de Cesar de Netto, MD, PhD
Salt Lake City, UT, USA Alexej Barg, MD
Ghent, OVL, Belgium Arne Burssens, MD
New York, NY, USA Scott Ellis, MD

The original version of this book was revised. The correction to this chapter can be found at
https://doi.org/10.1007/978-3-030-31949-6_24
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Part I

History and Scientific Overview
of Weight Bearing Cone Beam
Computed Tomography



Chapter 1
Background of Weight Bearing Cone Beam
Computed Tomography

Check for
updates

Martinus Richter

Introduction

The standard for diagnostic radiographic imaging in foot and ankle surgery until
2012 was radiographs with full weight bearing without any useful alternative [1-3].
The three-dimensional position of bones and relationships between bones in the
foot (e.g., angles) are difficult to assess with standard radiographs due to superim-
position of the different bones [2, 4]. The reason is the “reduction” of a three-
dimensional body (foot) to a two-dimensional image (conventional radiograph).
Angle measurements with conventional radiographs could be inaccurate due to
inaccuracies of the projection (orientation of (central) beam) and/or foot orientation
(Fig. 1.1) [2, 5-7]. 3D imaging with conventional computed tomography (CT)
allows for exact analysis within the 3D data that is not influenced by projection and/
or foot orientation but lacks weight bearing (Fig. 1.2) [2, 4, 8]. Weight bearing cone
beam computed tomography (WBCT) was introduced in 2012 for foot and ankle
use as a new technology that allows 3D imaging with full weight bearing which
should be not influenced by projection and/or foot orientation [2]. The cone beam
technology as such (Chap. 19) is similar to previous applications, for example,
intraoperative 3D imaging (Fig. 1.3) or maxillofacial 3D imaging (Fig. 1.4) [9, 10].
Different devices from different companies became available (Chap. 20). Several
measurement possibilities had been provided with different software solutions
(Chap. 21). Many clinical application possibilities have been shown (Chap. 22).
From the very beginning of the device availability, scientific studies have been
employed. Most of the studies investigated the accuracy of the bone position assess-
ment, i.e., different measurement of angles between bones and position of bones
(Chaps. 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, and 18). Shortly after,
additional measurements, for example, pedography, were added (Chaps. 19, 20, 21,
22, and 23).

© Springer Nature Switzerland AG 2020 3
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_1
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10° 20° 30° 40°

Fig. 1.1 Conventional radiographs for measurement of hindfoot alignment in a patient with
healed tibio-talo-calcaneal arthrodesis with retrograde nail. The healed arthrodesis ensures uni-
form hindfoot position during repetitive radiographic assessment. Radiographs with different
internal rotations (0-40°) of the foot in relation to the central beam were obtained, and the hindfoot
angle is measured. The measured hindfoot angles ranged from 5.8° to 21.2°. The different angles
are not influenced by the “real” hindfoot angle (healed arthrodesis plus nail) but only be different
orientation (internal rotation) of the foot and ankle during radiographic assessment

Fig. 1.2 Lateral
radiographs of the right
foot from a patient with
Charcot arthropathy
without weight bearing
(top) and with weight
bearing (bottom). The
lateral talo-first metatarsal
angle (TMT) was
measured. This was —11°
without and —22° with
weight bearing showing
the influence of weight
bearing on the relationship
of the bones (angles)

WITH w/b TMT-22°
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Fig. 1.3 Cone beam technology application for intraoperative 3D imaging (ISO-C-3D, Siemens,
Erlangen, Germany). (a) shows the device in the operating theater and (b) a monitor with a few exam-
ples. The monitor shows intraoperative imaging after open reduction and internal fixation of a calca-
neal fracture. 3D reformations are shown (parasagittal, top left; coronal, top right; axial, bottom)
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Fig. 1.4 Evolution of cone beam CT

Weight Bearing CT International Study Group (WBCT ISG)

In the early stage of the scientific workup in different institutions, different method-
ologies especially for the angle measurements were inaugurated. No standard for
the methodology for the image acquisition and measurement was defined, and dif-
ferent methods have been published (Chaps. 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14,
15, 16, 17, and 18). After ongoing discussion about the optimal approach for further
research in this field, the International WBCT Study Group (WBCT ISG, www.
wbctstudygroup.com) was founded by five investigators from five different institu-
tions who are the editors of this book. The tasks of this group were defined as
follows:

* To promote and improve research using 3D radiographic imaging with WBCT

* To standardize the methodology regarding measurement methods

e To serve as a platform of communication for foot and ankle surgeons and to
inform of educational events

» To offer guidelines and reviews regarding the indications and use of WBCT at an
international level

The WBCT ISG was planned to comprise active and passive members from rel-
evant international surgical and radiology foot and ankle societies. Research proj-
ects were planned to be conducted and published together. This group was
completely independent from the industry but cooperates with the different manu-
facturers of different WBCT devices (Chap. 20). In the following 2 years, the group
was growing regarding membership from 5 at the beginning in July 2017 to more
than 50 at the end of 2018. In addition to active and standard members that were
limited to foot and ankle surgeons (orthopedic and podiatric), representatives from
radiology specialty and so-called academic affiliates were included. Academic affil-
iates represent researchers that are not foot and ankle surgeons. The scientific activi-
ties were extraordinary, resulting in 70 PubMed listed publications dealing with
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WBCT in foot and ankle at the end of 2018. During the same period, WBCT ISG
organized scientific meetings at different foot and ankle conferences to spread the
acquired knowledge among foot and ankle surgeons. A cooperation with the inter-
national foot and ankle societies was started, and representatives from the societies
were invited to the board (Asian Federation of Foot & Ankle Surgeons (AFFAS,
www.naraseikei.com/affas); European Foot and Ankle Society (EFAS, www.efas.
co); Latin American Federation of Medicine and Surgery of the Foot and Leg
(FLAMECIPP, www.flamecipp.org); North American Federation of Foot & Ankle
Societies (NAFFAS, www.aofas.org)).

International WBCT Society

Based on the fast-growing WBCT ISG and reflecting the increasing importance of
WBCT, the founders of the WBCT ISG decided to found the International WBCT
Society (www.wbctsociety.org) and to transfer WBCT ISG into the International
WBCT Society. The membership types were uniformed to “member” without dif-
ferentiation between active and standard members and academic affiliates. The soci-
ety was registered in Belgium, and a secretariat was founded. The founding board of
the society discussed how to further spread the knowledge of WBCT in foot and
ankle besides the scientific publications in all relevant scientific foot and ankle jour-
nals (Foot and Ankle International, Foot and Ankle Surgery, Journal of Foot and
Ankle Surgery, Techniques in Foot and Ankle Surgery, Fuss und Sprunggelenk) and
scientific sessions at the most important foot and ankle conferences (EFAS,
FLAMECIPP, AFFAS, IFFAS (International Federation of Foot and Ankle Societies
(www.iffas.org), AOFAS (American Orthopaedic Foot and Ankle Society; www.
aofas.org), DAF (German Orthopaedic Foot and Ankle Society (www.daf-online.de))
and also general orthopaedic conferences (AAOS (American Academy of Orthopaedic
Surgeons; www.aaos.org); EFORT (European Federation of Orthopaedics and
Traumatology, www.efort.org); DKOU (German Society for Orthopaedic and
Trauma Surgery; www.dkou.org)). Meanwhile, the society was further growing and
the member number as well as the number of Pubmed-listed publications by mem-
bers both reached more than 100 by the end of 2019. By then, the International
WBCT Society could be considered as one of the most scientifically active societies.
The society also inaugurated educational activities as for example hands-on work-
shops. At the beginning of 2019, the board decided to write a book which should be
focused on scientific, technical, clinical, and educational content. In contrast to stan-
dard textbooks, the scientific content should be emphasized and placed at the begin-
ning to reflect the initial scientific approach of WBCT ISG and International WBCT
Society. Chapter 2 gives a scientific overview, and Chaps. 3,4, 5, 6,7, 8,9, 10, 11,
12,13, 14, 15, 16, 17, and 18 comprise 16 scientific landmark studies. On this scien-
tific basis, the technical guide (Chaps. 19, 20, 21, 22, and 23) gives technical back-
ground (Chap. 19), introduces the different devices (Chap. 20), and gives insight in
the actual measurement possibilities including the initial software solutions for auto-
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matic measurements (e.g., angles between bones, Chap. 21). Chapter 22 shows typi-
cal clinical examples. Finally, Chap. 23 gives an outlook to future developments such
as dynamic scans and measurements or hologram-like visualization. The authors
wish that this book serves all current and upcoming users of WBCT in foot and
ankle to answer all scientific and technical questions, to educate and instruct the
clinical use including measurements.
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Chapter 2
Scientific Overview of Weight Bearing
Cone Beam Computed Tomography

Alexej Barg

General Thoughts on Foot and Ankle Imaging

Imaging remains highly valuable in diagnosing, treating, and assessing outcomes in
patients with disorders of the foot and ankle [1]. Available modalities include con-
ventional radiographs, fluoroscopy, computed tomography (CT), scintigraphy,
single-photon emission computed tomography-CT (SPECT-CT), magnetic reso-
nance imaging (MRI), and ultrasonography. Most diagnostic imaging workups start
with conventional weight-bearing radiographs because pathologies such as subtle
arch collapse and loss of cartilage are more reliably identified with weight-bearing.
Further imaging may be required for better assessment of the underlying pathology
as well as to guide treatment planning. The choice of the best imaging modality is
usually based on several factors that include (1) reliability with regard to the diag-
nosis under consideration; (2) local availability; (3) patient concerns, such as cost,
convenience, and discomfort; (4) safety risks including radiation dose (Table 2.1)
and contrast sensitivity; and (5) cost [2].

CT technology is commonly used to evaluate skeletal pathology. Modern multi-
detector CT technology provides high-resolution thin-slice images that can be
obtained in any plane providing excellent visualization of fractures, degenerative
changes, osseous union at a site of arthrodesis, internal fixation of fractures, or oste-
otomies [2]. One major limitation of conventional CT has been the inability to
obtain weight-bearing images. Without weight-bearing during CT assessment, true
alignment may not be fully appreciated. Pathology such as impingement, joint space
narrowing, and malalignment that may be apparent only with load may also go
undiagnosed [3].

Based on Barg A, Bailey T, Richter M, de Cesar Netto C, Lintz F, Burssens A, Phisitkul P, Hanrahan
CJ, Saltzman CL. Weight-bearing Computed Tomography of the Foot and Ankle. Foot Ankle Int
2018; 39(3): 376-86.

© Springer Nature Switzerland AG 2020 9
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_2
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Table 2.1 Typical effective Average US background radiation/yr 3.0 mSv
radiation dose [2] Single trans-Atlantic flight 0.04 mSv
Radiograph: chest (p.a.) 0.02 mSv
Radiograph: foot (single exposure) 0.001 mSv
Conventional computed tomography: 15 mSv
pelvis
Conventional computed tomography: 0.07 mSv
ankle
Weight-bearing cone beam computed 0.01-0.03 mSv
tomography: foot/ankle
Isotope (tc-99 m-MDP) bone scan 6.3 mSv

MDP methylene diphosphonate, mSV millisievert, p.a. pos-
teroanterior

The idea of visualizing the relative alignment of the bones of the foot and ankle
with a weight-bearing CT (WBCT) imaging is not new. Several investigators have
developed methods to simulate weight-bearing using custom-made loading frames
to assess foot and ankle pathologies (Table 2.2). The limitations of simulated
weight-bearing conditions have been well articulated by these authors. First, only
partial weight bearing can be applied so the observed deformities or pathologies are
potentially underestimated as compared to normal standing [3—-8]. Second, the load-
ing devices are generally passive, applying external loads without the muscle forces
active when standing [9-11].

In the last decade, cone beam CT technology has helped with both supine and
standing weight-bearing imaging of the lower extremity due to improved designs
with flexible gantry movements [19, 20]. This imaging technology has several
advantages, including the ability to obtain images with the patient standing, high
contrast resolution and spatial resolution, fast image acquisition time, decreased
radiation, a relatively small scanner size with portable design, and generally less
capitalization cost than conventional CT scan technology [19, 20].

Studies on Normal Controls

Colin et al. [21] performed WBCT in 59 patients without any history of hindfoot or
ankle pathology to describe the subtalar joint configuration. The shape of the poste-
rior facet and the subtalar vertical angle was measured in three different coronal
planes (center of the subtalar joint, 5 mm anterior, and 5 mm posterior to the center).
In this patient cohort, the posterior facet was concave in 88% of feet and flat in the
remaining 12%. In the middle coronal plane, the posterior facet was oriented in
valgus in 90% and in varus in 10% of cases. However, substantial intraindividual
differences in the subjects were observed with the subtalar vertical angle increasing
in valgus when the measurement was performed more posteriorly [6].
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Table 2.2 Literature review addressing the use of simulated weight-bearing computed tomography
in patients with foot and ankle disorders [1]

Study Patients Study objectives | Methods Findings
Ananthakrisnan | 4 healthy 3D position of | 75 N axial Patients with PTTD had
etal. [3] controls the talocalcaneal | force with a decreased contact surface
8 patients with | joint in patients | custom loading | in talocalcaneal joint
flatfoot with flatfoot frame in
deformity and | deformity supine position
rupture of PTT
Apostle et al. 20 healthy Morphology of |75 N axial Subtalar joint axis
[4] controls the subtalar joint | force with a orientation was more

20 patients axis custom loading | valgus in patients with
with peritalar frame in peritalar subluxation
subluxation supine position

Ferri et al. [5] | 8 healthy Forefoot and Special Forefoot arch angle 29%
controls hindfoot loading device |lower in flatfeet during
15 patients alignment with load of non-weight-bearing and
with 50% of body | 52% lower during
symptomatic weight weight-bearing
flatfoot
deformity

Geng et al. [12] | 10 healthy Mobility of the | Special frame | Ist TMT joint more
controls Ist TMT joint with full dorsiflexed and more
10 patients weight-bearing | supinated in HV
with HV in supine
deformity position

Greisberg et al. | 37 patients Assessment of |75 N axial Mean TN angle —1°

(6]

with flatfoot

deformity and

force with a

(10° to —34°)

deformity degenerative custom loading | Mean naviculocuneiform
changes frame in angle —15° (—1° to
supine position | —30°)
Average TMT
subluxation 9% (0-20%)
Katsui et al. 142 patients Alignment of the | Special frame | Sesamoid position: grade
[13] with HV tibial sesamoid | with one third | 1 (tibial sesamoid medial
deformity of patient’s to axis of 1st metatarsal)
(2609 feet) weight loading | 34 feet, grade 2 (tibial
sesamoid below the axis
of 1st metatarsal)
116 feet, grade 3 (tibial
sesamoid lateral to axis
of 1st metatarsal)
119 feet
Kido et al. [10] |21 healthy Bone rotation of | A custom foot | Patients with flatfoot
controls hindfoot joints | loading device | deformity: talus 1.7°

21 patients
with flatfoot
deformity

with

99.4 +11.6%
of the body
weight

more plantarflexed,
navicular 2.3° more
everted, calcaneus 1.1°
more dorsiflexed and
1.7° more everted

(continued)
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Table 2.2 (continued)

Study Patients Study objectives | Methods Findings
Kido et al. [11] |20 healthy Bone rotation of | Special frame | Patients with flatfoot
controls each joint in the | with full deformity: 1st metatarsal
24 patients medial weight-bearing | more dorsiflexed,
with flatfoot longitudinal arch | in supine navicular and calcaneus
deformity position more everted, and TN
joint more rotated
Kim et al. [14] | 138 patients Ist metatarsal Special frame | Significant difference in
(166 feet) with | pronation and with half of o angle with 21.9° (HV
HV deformity | sesamoid full weight- group) vs. 13.8° (control
19 healthy position bearing in group)
controls supine position
(19 feet)
Kimura et al. 10 patients 3D mobility of | Special frame | Patients with HV
[15] with HV the first ray with full deformity: TN and 1st
deformity weight-bearing | TMT joints more
10 healthy in supine dorsiflexed
controls position
Ledoux et al. 10 healthy Differences in Special frame | Significant differences
[7] controls bone-to-bone with 20% of were found in all
10 patients relationships weight-bearing | measurements regarding
with pes cavus | between in supine midfoot and hindfoot
deformity different foot position alignment
10 patients types
with
asymptomatic
pes planus
deformity
10 patients
with
symptomatic
pes planus
deformity
Malicky et al. |5 healthy Osseous 75 N axial Prevalence of sinus tarsi
[8] controls relationships in | force with a impingement 92% vs.
19 patients patients with custom loading | 0% in controls
with flatfoot frame in Prevalence of
symptomatic deformity and to | supine position | calcaneofibular
flatfoot evaluate impingement 66% vs.
deformity with | subfibular 5% in controls
lateral pain impingement
Van Bergeyk 12 healthy Radiographic Special frame | Hindfoot alignment
etal. [16] controls differences with | with full angle was different in
11 patients respect to weight-bearing | both groups: 6.4° + 4°
with chronic hindfoot varus/ | in supine varus (patients with
lateral valgus between | position instability) vs. 2.7° + 5°
instability patients with varus (controls)
chronic lateral
instability and
controls
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Table 2.2 (continued)

Study Patients Study objectives | Methods Findings
Yoshioka et al. | 10 healthy Forefoot and Special frame | Méary angle was
[17] controls hindfoot with full significantly lower in
10 patients alignment weight-bearing | flatfeet
with stage 11 in supine 1st metatarsal more
PTTD flatfoot position everted in flatfeet
deformity Calcaneus was more
everted and abducted in
flatfeet
Zhang et al. 15 healthy Rotation and Special frame | Significant differences in
[18] controls translation of with full position of talus,
15 patients hindfoot joints | weight-bearing | navicular, and calcaneus
with stage II in supine between both groups
PTTD flatfoot position
deformity

3D three-dimensional, HV hallux valgus, PTT posterior tibial tendon, PTTD posterior tibial tendon
dysfunction, TMT tarsometatarsal, TN talonavicular

Meanwhile, Lepojirvi et al. [22] used WBCT to investigate the normal anatomy
and rotational dynamics of the distal tibiofibular joint under physiological conditions
in a cross-sectional study including 32 asymptomatic subjects. Imaging acquisition
was performed in three different positions of the ankle: neutral, internal, and exter-
nal rotation. Measured parameters included sagittal translation of the fibula, anterior
and posterior widths of the distal tibiofibular syndesmosis, tibiofibular clear space,
and rotation of the fibula. In subjects with the ankle in a neutral position, the fibula
was located anteriorly in the tibial incisura in 88% of all measurements. During
ankle rotation, the mean anteroposterior motion was 1.5 mm, and the mean rotation
of the fibula was 3° [22].

In another study, Lepojirvi et al. [23] performed WBCT in the same subject
cohort to assess the rotational dynamics of the talus. The rotation of the talus, medial
clear space, anterior and posterior widths of the tibiotalar joint, translation of the
talus, and talar tilt were measured. When the ankle was rotated with a moment of
30 Nm, a talus rotation of 10° without substantial widening of the medial clear
space was observed [23].

Studies on Pathologic Conditions

In total, eight studies were reviewed (Table 2.3). All were published between 2013
and 2017 with four prospective and four retrospective studies. All studies but one
were single-center in design. For the included investigations, the level of evidence
ranged from II to IV. There was one level II study, five level III studies, and two
level IV studies.
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Table 2.3 Description of eight studies included into systematic literature review [1]

Data Level of | Conflict
Study Study type | collection evidence | of interest | Subjects
Burssens et al. | Multicenter | Retrospective | 111 None 60 patients (30 valgus and
[9] 30 varus malalignment)
Cody et al. Single- Retrospective | 111 None 45 patients with
[24] center adult-acquired flatfoot
deformity
17 healthy controls
Collanetal. | Single- Prospective | 11 None 10 patients with bilateral
[25] center hallux valgus deformity
5 healthy controls
Hirschmann | Single- Prospective | IV n.r. 22 patients with different
etal. [13] center hindfoot pathologies
Krihenbiihl Single- Retrospective | 111 None 40 patients with subtalar
et al. [26] center osteoarthritis
20 healthy controls
Lintz et al. Multicenter | Retrospective | III Yes? 135 patients: normal
[27] (57), varus (38), and
valgus (40) alignment
Richter et al. | Single- Prospective | IV Yes® 30 patients with foot/
[28] center ankle disorders
Richter et al. | Single- Prospective | IV Yes® First study: 30 patients
[29] center Second study:
50 patients

n.r. not reported

“The corresponding author received personal fees from CurveBeam during the conduct of the study
"The corresponding author is a consultant of Stryker, Intercus, and CurveBeam, proprietor of
R-innovation, and joint proprietor of 1st Worldwide Orthopedics

Collan et al. [25] used CT in weight-bearing and non-weight-bearing conditions
in ten patients with hallux valgus and five asymptomatic controls to assess the align-
ment of the first metatarsal bone. There were significant differences between
weight-bearing and non-weight bearing measurements of the first metatarsal align-
ment in patients with hallux valgus deformity. For instance, the 3D hallux valgus
angle was 35° + 3° in the weight bearing vs. 46° + 5° in the non-weight bearing
conditions [25].

Hirschmann et al. [13] performed a prospective study comparing CT of the
hindfoot in the supine non-weight-bearing position vs. the upright weight-bearing
position. Hindfoot alignment was independently measured by two musculoskele-
tal radiologists in 22 patients with different indications for CT assessment includ-
ing osteoarthritis of the hindfoot (n = 8), osteochondral defects of the talus (n = 6),
evaluation of foot pain (n = 5), and others (n = 3). Significant differences were
found for all measurements except the hindfoot alignment angle and tibiocalca-
neal distance when comparing weight-bearing and non-weight-bearing images.
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These included differences in fibulocalcaneal distance, lateral talocalcaneal joint
space, talocalcaneal overlap, and naviculocalcaneal distance [13]. The hindfoot
alignment angle was comparable when measured with and without weight bearing
(21.0° = 7.9° vs. 19.0° = 9.0°) [13]. These findings suggest that radiographic
assessment of impingement (e.g., using fibulocalcaneal distance) should be per-
formed using weight bearing conditions.

Kim et al. [14] used semi-WBCT to assess the preoperative forefoot alignment
in 138 patients (166 feet) with hallux valgus deformities and compared the results
to a control group with 19 patients (19 feet). In all persons, the o angle (first meta-
tarsal pronation angle) was measured to assess the forefoot alignment in coronal
view. Furthermore, the sesamoid position was evaluated using a four-stage grading
system. The o angle was significantly different between the hallux valgus and con-
trol groups (21.9° and 13.8°, respectively). Four different classification groups of
hallux valgus deformity were developed based on the first metatarsal pronation and
sesamoid subluxation, leading the authors to suggest that the use of semi-WBCT
may be helpful to assess the forefoot deformity in the coronal plane and guide treat-
ment choice.

Richter et al. [28, 29] recently published two studies examining WBCT. In the
first study, 30 consecutive patients were prospectively enrolled to assess forefoot
and hindfoot alignment using WBCT (Figs. 2.1 and 2.2), CT without weight-bearing,
and conventional weight-bearing radiographs [28]. Significant differences were

Fig. 2.1 PedCAT angle measurements. The 3D reformation (top left) demonstrates how the 3D
dataset was virtually rotated to allow for exact congruency of the plane of the reformations with
the bone axes as described before. Measurement of the dorsoplantar tarsometatarsal angle in hori-
zontal plane (top right) and in sagittal plane (bottom left). Hindfoot alignment measurement (bot-
tom right). The lines that define the centers of the bones proximally and distally are exactly 50%
of the measured bone thickness distance [1]
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Fig. 2.2 PedCAT angle and distance measurements. (a) Lateral tarsometatarsal angle in sagittal
plane. (b) Calcaneal pitch angle in sagittal plane. (¢) Minimum distance between 5th metatarsal
bone to footplate in sagittal plane. (d) Height of medial sesamoid in coronal plane. (e) Height of
2nd-5th metatarsal heads in coronal plane [1]

found in measured angles between imaging modalities (Table 2.4) [28]. For instance,
hindfoot alignment angle on WBCT was 10.1° + 7.1° while 5.4° + 5.6° on conven-
tional CT and 2.4° + 6.9° on weight-bearing radiographs. The second study was a
prospective consecutive study of 50 patients who underwent WBCT and simultane-
ous pedography [29]. The pedography consisted of the following computerized
mapping: hindfoot, midfoot, 1st metatarsal head/sesamoids, 2nd metatarsal head,
3rd metatarsal head, 4th metatarsal head, 5th metatarsal head, 1st toe, 2nd toe, and
3rd-5th toes. No substantial correlation was found between WBCT measurements
and pedography values, leading the authors to conclude that WBCT is not useful in
assessing plantar force and pressure distributions [29].

Burssens et al. [9] recently described a clinically relevant and reproducible
method to measure hindfoot alignment using WBCT. Sixty patients were enrolled
into this prospective study including two groups: 30 patients with varus alignment
and 30 patients with valgus alignment. Hindfoot alignment was measured using
three different angles (Fig. 2.3): by the bisector of the Achilles tendon and the cal-
caneus (HAACL), by standard method using an inclination set at 45° (to simulate
the long axial view) (HAALA), and a novel method by combining the inclination of
the tibia (anatomical axis) and inclination of the talus and calcaneus (talocalcaneal
angle) (HAANOV). The novel hindfoot angle assessment demonstrated a positive
correlation with previous hindfoot angles, a high correlation with clinical alignment
assessment, and an excellent reliability. The authors concluded that WBCT can be
used to objectively measure hindfoot alignment similar to plain films [9].
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Table 2.4 Radiographic assessment of the forefoot using weight-bearing computed tomography

[1]

Radiographic Interobserver | Intraobserver | Correlation with
measurement reliability reliability other measurements | Clinical findings
o angle (Ist MT | n.a. n.a. vs. HVA, 0.076" ; HV group, 21.9%
pronation P value <0.1 [14] control group, 13.8°
angle) vs. IMA, 0.144° ; [14]
P value <0.1 [14] HV group, 8° + 2°
vs. sesamoid (4°-12°); control
position, 0.019° ; group, 2° + 3°
P value <0.1 [14] (—4°-8°) [25]
Ist MT/ground | n.a. n.a. n.a. HV group, 18° + 1°;
angle control group,
21°+ 1° [25]
HVA (2D) n.a. n.a. n.a. HV group, 35° + 3°;
control group,
13° + 4° [25]
HVA (3D) n.a n.a vs. HVA on plain HV group, 35° +3°
radiographs, 0.95% | (WB), 46° = 5°
P value <0.05 [25] | (NWB); control
vs. HVA (2D), 0.94% | group, 15° +4° (WB),
P value <0.05 [25] |32°+8° (NWB) [25]
IMA (2D) n.a. n.a. n.a. HV group, 19° = 1°;
control group,
11°+1°[25]
IMA (3D) n.a. n.a. vs. IMA on plain HV group, 17° + 1°
radiographs, 0.72% | (WB), 14° = 1°
P value <0.05 [25] | (NWB); control
vs. IMA (2D), 0.81% | group, 11° + 1° (WB),
P value <0.05 [25] | 8° +2° (NWB) [25]
9.3° £3.5° (WB),
7.8°+£3.9°
(NWB) [29]
Max. horizontal | n.a. n.a. n.a. HV group, 98 + 1
width (mm) (WB), 89 +2 (NWB);
control group, 86 + 2
(WB), 78 £3
(NWB) [25]
Sesamoid n.a. n.a. vs. aangle, 0.019°; | HV group: true
position in P value <0.1 [14] sesamoid subluxation
coronal plane vs. HVA, 0.477" ; 71.7%, no sesamoid
P value <0.01 [14] | subluxation 28.3%
[14]
TMT angle n.a. n.a. n.a. —5.0° £ 12.0° (WB),
dorsoplantar 4.3°+£10.0°
(NWB) [29]
TMT angle n.a. n.a. n.a. —7.6° £ 8.2° (WB),
lateral 0.5° = 8.4 (NWB) [29]

HYV hallux valgus, HVA hallux valgus angle, IMA intermetatarsal angle, MT metatarsal, n.a. not
available, NWB non-weight-bearing, TMT talo-1st metatarsal, WB weight-bearing

“Pearson correlation coefficient
bSpearman rank correlation coefficient
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Fig. 2.3 Hindfoot alignment measurements in weight-bearing computed tomography. (a) HAA(; :
According to the clinical position by the intersection of the bisecting axis through the Achilles
tendon and calcaneal surfaces measured in posteroanterior view. (b) HAA; ,: Hindfoot alignment
measured using a simulated long axial view. (¢) HAAyoy: Determined by combination of the tibia
inclination (blue line, anatomical tibial axis) and inclination of the talus and calcaneus (orange
line, talocalcaneal axis connecting the inferior calcaneus point and the middle of the talar dome) in
a person with neutral alignment in anteroposterior view. (d) HAAyoy in a patient with varus align-
ment. (e) HAAyoy in a patient with valgus alignment. (f) HAAyoy in a patient following surgical
correction of valgus alignment [1]

Cody et al. [24] used WBCT to analyze the talar anatomy and subtalar joint
alignment in patients with adult-acquired flatfoot deformity. In total, 45 patients
with stage II flatfoot deformity and 17 control patients were enrolled into this study.
The subtalar joint alignment was assessed using two angles: (1) angle between the
inferior facet of the talus and the horizontal and (2) angle between the inferior and
superior facets of the talus. Both angles were significantly different in both groups.
Specifically, it was demonstrated that patients with flatfoot deformity had more
innate valgus in their talar anatomy and more valgus alignment of the subtalar joint.
This information might potentially be used to identify patients who have a higher
risk for underlying deformity progression [24].

Krihenbiihl et al. [26] analyzed the orientation of the subtalar joint in 40 patients
with tibiotalar osteoarthritis and 20 healthy controls. The subtalar joint was assessed
by measurement of the subtalar vertical angle using WBCT. When comparing varus
and valgus joints, significant differences of the subtalar vertical angle were found
when comparing to healthy controls. The findings of this study suggest that the
orientation of the subtalar joint may be an important factor in the development of
ankle joint osteoarthritis [26].

Lintz et al. [27] described a new 3D biometric tool for hindfoot alignment assess-
ment using WBCT. Datasets from 135 patients were analyzed: 57 with normal hind-
foot alignment, 38 with varus hindfoot alignment, and 40 with valgus hindfoot
alignment. Foot and ankle offset represents the lever arm of the torque generated in
the ankle from the combined actions of body weight and ground reaction force. It
was measured using a specific software. In patients with neutral hindfoot alignment,
the offset was 2.3% + 2.9%. In patients with valgus varus and valgus alignment, the
offset was —11.6% =+ 6.9% and 11.4% =+ 5.7%, respectively. The findings of this
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pilot study suggest that the measurement of the foot and ankle offset can be used as
a tool for hindfoot alignment assessment. However, further clinical studies should
highlight its importance and relevance in clinical use. Furthermore, it needs to be
addressed whether WBCT is superior to plain films with regard to assessment of
hindfoot alignment [27].

Radiographic Measurements Using Weight Bearing CT

In the available literature, several measurements have been described to assess the
forefoot alignment (Table 2.4) and midfoot/hindfoot alignment (Table 2.5) using
WBCT (Fig. 2.4). The forefoot measurements include specifically assessment of
hallux valgus deformity (o angle, hallux valgus angle, intermetatarsal angle, and
tarsometatarsal angle). The hindfoot measurements include foot and ankle offset,
hindfoot alignment angle, and osseous relationship (e.g., talocalcaneal overlap and
tibiocalcaneal distance).

Table 2.5 Radiographic assessment of the midfoot and hindfoot using weight-bearing computed
tomography [1]

Correlation with

Radiographic Interobserver | Intraobserver | other

measurement

reliability

reliability

measurements

Clinical findings

Calcaneal pitch
angle

n.a.

n.a.

n.a.

17.8° £ 5.4° (WB),
16.5° £5.0°
(NWB) [29]

Calcaneofibular
distance (mm)

0.61* [13]

0.3 £6.0 (WB),
3.6+£5.2
(NWB) [13]

Foot and ankle
offset (%)

0.99 = 0.00°
[27]

0.97 £0.02
[27]

n.a.

23 +£29(95% CIL:
1.5-3.1) (patients
with neutral
alignment) [27]
—11.6 £6.9 (95%
CI: —13.9t0 -9.4)
(patients with varus
alignment) [27]
11.4+£5.7 (95% CI:
9.6-13.3) (patients
with valgus
alignment) [27]

HAA

0.83*[13]

n.a.

21.0°+7.9 (WB),
19.0° £9.0°
(NWB) [13]

10.1° £ 7.1° (WB),
5.4°£5.6°
(NWB) [29]

(continued)
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Table 2.5 (continued)
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Correlation with

Radiographic Interobserver | Intraobserver | other
measurement reliability reliability measurements Clinical findings
HAAq 0.72 (valgus), |0.73 (valgus), |n.a. 25.2° (valgus),
0.69 (varus) | 0.67 (varus) 22° (varus) [9]
[9] [9]
HAA, 0.7 (valgus), |0.71 (valgus), ' n.a 16.4° (valgus),
0.71 (varus)¢ | 0.72 (varus) 11.9° (varus) [9]
[9] [9]
HAAyov 0.69 (valgus), |0.67 (valgus), 'n.a 17.7° (valgus),
0.6 (varus)© 0.67 (varus) 13.5° (varus) [9]
[9] [9]
Lateral talocalcaneal | 0.82% [13] n.a. n.a 2.2+ 1.1 (WB),
joint space width 29+ 1.7(NWB)
(mm) [13]
Naviculocalcaneal | 0.85%[13] n.a n.a 15.3+4.7 (WB),
distance (mm) 13.5+4.0 (NWB)
[13]
Subtalar inferior n.a n.a No correlation Stage I AAFD
facet-horizontal with any group, 15.9° £ 5.7°;
angle weight-bearing control group,
radiographic 5.7° £ 6.7° [24]
measures [24]
Subtalar inferior- n.a n.a vs AP coverage Stage I AAFD
superior facet angle angle: P value group, 21.2° £ 6.7°;
0.003 [24] control group,
vs. AP talar-first 10.7° = 6.4° [24]
MT angle: P value
0.003 [24]
vs. calcaneal
pitch: P value
0.014 [24]
vs. Méary angle:
P value <0.001
[24]
vs. medial column
height: P value
0.007 [24]
Subtalar vertical 0.975% [26] 0.989 [26] n.a. 91° (72°-109°)
angle 0.72 (valgus), |0.77 (valgus), (varus OA group),
0.73 (varus)® | 0.78 (varus) 109° (97°-120°)
[9] [9] (valgus OA group),
98° (85°-114°)
(controls) [26]
74.3° (valgus),
69.1° (varus) [9]
Talar tilt 0.92 (valgus), |0.89 (valgus), | n.a 5.9° (valgus),
0.89 (varus) | 0.89 (varus) 4.8° (varus) [9]
[9] [9]
Talar translation 0.86 (valgus), |0.87 (valgus), | n.a 21 (valgus),

(mm)

0.82 (varus)®
[9]

0.88 (varus)
[9]

19 (varus) [9]
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Table 2.5 (continued)

Correlation with
Radiographic Interobserver | Intraobserver | other
measurement reliability reliability measurements Clinical findings
Talocalcaneal 0.81"[13] n.a. n.a. 1.4+3.9 (WB),
overlap (mm) 4.1 £3.9 (NWB)
[13]
Tibiocalcaneal 0.72°[13] n.a. n.a. 20.6 = 4.2 (WB),
distance (mm) 21.7+6.2 (NWB)
[13]

AAFD adult-acquired flatfoot deformity, AP anteroposterior, HAA hindfoot alignment angle,
HAA; hindfoot alignment angle measured by the bisector of the Achilles tendon and the calcaneus
[9], HAA, hindfoot alignment angle measured using an inclination set at 45° to simulate the long
axial view [9], HAAyoy hindfoot alignment angle measured by combining the inclination of the
tibia (anatomical axis) and inclination of the talus and calcaneus (talocalcaneal angle) [9], MT
metatarsal, n.a. not available, NWB non-weight-bearing, WB weight-bearing

Intraclass correlation coefficient to assess the interobserver reliability (measurements of one
orthopedic resident, one medical student, and one scientific associate)

®Intraclass correlation coefficient to assess the interobserver reliability (measurements of two mus-
culoskeletal radiologists)

“Intraclass correlation coefficient to assess the interobserver reliability (measurement of two inde-
pendent observers)

Future Directions

Standardization of Measurements Using WBCT

First, all forefoot, midfoot, and hindfoot alignment measurements using WBCT
should be standardized by reliable identification of anatomic landmarks. All mea-
surements should be then performed in healthy asymptomatic person to identify the
normal values. Furthermore, the intraobserver and interobserver reliability for all
measurements at different training levels including research associate, medical stu-
dent, orthopedic resident, orthopedic foot and ankle surgeon, and musculoskeletal
radiologist should be assessed. Finally, clinical studies should clarify whether fore-
foot, midfoot, and hindfoot measurements using WBCT are clinically relevant and
superior to using plain films.

WBCT vs. Plain Films

All forefoot, midfoot, and hindfoot alignment measurements using WBCT should
be correlated with those using conventional weight-bearing radiographs. It still
remains unclear whether weight bearing has a substantial influence on alignment
measurements. WBCT offers the possibility to use digitally reconstructed radio-
graphs; however, those radiographs should be correlated with conventional
plain films.
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Conclusions

The use of WBCT has steadily increased over the last 5 years. WBCT has been
shown to offer several advantages including imaging in the physiological standing
position, high spatial resolution, fast imaging acquisition time, low radiation dose,
and modest costs. Cone beam CT technology with current design and flexible gan-
try movements allows both supine and standing weight-bearing imaging of the
lower extremity with comparable quality but lower radiation than with conventional
CT scanning. WBCT can be used to investigate the normal anatomy and dynamics
(e.g., rotational dynamics) of the hindfoot [22, 23]. In the clinic, WBCT can be used
to assess forefoot and hindfoot alignment. Further work needs to be done to validate
and standardize measurement approaches which will facilitate communication
between investigators and clinicians on the nature and treatment of foot and ankle
deformities.
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Chapter 3

Weight Bearing CT Allows for More
Accurate Bone Position (Angle)
Measurement than Radiographs or CT

Martinus Richter

Introduction

The standard for diagnostic radiographic imaging in foot and ankle surgery is radio-
graphs with full weight bearing [1, 2]. The three-dimensional relationships of the
bones in the foot are difficult to assess with standard radiographs due to superimpo-
sition of the different bones [1, 3]. Angle measurements with standard radiographs
could be inaccurate due to inaccuracies of the projection (orientation of (central)
beam) and/or foot orientation [1, 4-6]. 3D imaging with conventional computed
tomography (CT) allows for exact analysis within the 3D data that is not influenced
by projection and/or foot orientation but lacks weight bearing [1, 3, 7]. WBCT
(PedCAT, CurveBeam, Warrington, USA) is a new technology that allows 3D imag-
ing with full weight bearing which should be not influenced by projection and/or
foot orientation (Figs. 3.1 and 3.2) [1].

The aim of this study was to compare time spent on the image acquisition, and
comparison of specific angle measurements between the three methods (radio-
graphs, CT, WBCT), and to analyze and compare inter- and intraobserver reliability.

Methods

In a prospective consecutive study, 30 patients in which standard digital radiographs
with full weight bearing in standing position, CT without weight bearing in supine
position, and WBCT with full weight bearing in standing position were included,
starting July 1, 2013 [1]. The potential pathologies of the feet were registered but
not further analyzed.

Based on Richter M, Seidl B, Zech S, Hahn S. PedCAT for 3D-Imaging in Standing Position
Allows for More Accurate Bone Position (Angle) Measurement than Radiographs or CT. Foot
Ankle Surg 2014;20(3): 201-207.
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Fig. 3.1 WBCT scan and software screen. An X-ray emitter and a flat panel sensor on the opposite
side are rotating horizontally around the feet. Resolution and contrast which are the principal
parameters for image quality are comparable with modern conventional CT. Left, patient posi-
tioned in WBCT during scan. Sitting position is also possible for patients that are not allowed or
able to stand. The gray part is a sliding door that is opened before and after the scan. The patient
can walk into the device of the door is open. Right, software screen view with 3D reformation (top
left), axial reformation (top right, red frame), parasagittal reformation (bottom left, green frame),
and coronal reformation (bottom right, blue frame). The standard view is with 1 mm slice thick-
ness, shown by the red, green, and blue lines. The red lines are corresponding to the axial reforma-
tion in the red frame, the green lines are corresponding to the parasagittal reformation in the green
frame, and the blue lines are corresponding to the coronal reformation in the blue frame

Fig. 3.2 WBCT software screen view with increased slice thickness to create virtual radiographs.
Top right, in red frame, virtual dorsoplantar radiograph created by increased slice thickness that
contains entire foot (red arrow). Bottom left, in green frame, virtual lateral radiograph created by
increased slice thickness that contains entire foot (green arrow). Bottom right, in blue frame, vir-
tual metatarsal head skyline view radiograph created by increased slice thickness that contains the
metatarsal heads (blue arrow)
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Inclusion and Exclusion Criteria: Ethics

The inclusion criteria were age >18 years, presentation at the local foot and
ankle outpatient clinic, and indication for radiographs and 3D imaging (CT,
WBCT). The indication for radiograph and 3D imaging (CT, WBCT) was
defined following the local standard. For example, no indication for 3D imag-
ing (CT, WBCT) was given for isolated forefoot deformities, whereas indica-
tion for 3D imaging (CT, WBCT) was given for deformities in the midfoot
and/or hindfoot region.

The exclusion criteria were age <18 years, no indication for radiograph and/or 3D
imaging (CT, WBCT) and participation in other studies.

All three methods (radiographs, CT, WBCT) were approved by the relevant
authority for diagnostic use at the local institution. Approval from the local ethical
committee was granted for simultaneous use of all three methods (radiograph, CT,
WBCT) based on the indications as described above. Informed consent was obtained
from all subjects.

Image Acquisition

The radiographic image acquisition followed a standardized protocol with a fully
digital device (Model Buck Diagnost, Philips, Hamburg, Germany) [2, 8]. The
patient was positioned on a special step with a holding apparatus for the digital film,
the X-ray emitter was adjusted, and the images were taken (feet bilateral dorsoplan-
tar and lateral views and Saltzman hindfoot view) [8]. The radiation exposure time
was approximately 1/10th of a second for each image. For CT (Model Optima 520,
General Electric Healthcare, Solingen, Germany; helical technique, 20 lines), the
patient was positioned in supine position, and the feet were placed in a special hold-
ing device to ensure neutral foot and ankle position [9]. Both feet and ankles were
scanned from 10 cm proximal to the ankle level. The slice thickness was adjusted to
1 mm, and the pure scanning time was 60 seconds. For WBCT (PedCAT, CurveBeam,
Warrington, USA), the patient walked into the device and was positioned in bipedal
standing position as shown in Fig. 3.1. Technically, an X-ray emitter and a flat panel
sensor on the opposite side are rotating horizontally around the feet. Resolution and
contrast which are the principal parameters for image quality are comparable with
modern conventional CT. The scanning time was 68 seconds.

Time Spent

The time spent on the image acquisition was registered. Time spent was defined as
the sum of the time needed for positioning the patient for the imaging and the time
needed for the imaging as such as described above. The time for epidemiological
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data entry was not included. For the radiograph group, the times for all four images
(feet bilateral dorsoplantar, right foot lateral, left foot lateral, Saltzman hindfoot
view bilateral) were added up to a total time.

Angle Measurements

Theanglesweredigitallymeasured withspecificsoftware(Radiographs,JiveX,VISUS,
Bochum, Germany; CT, Syngo XS version VE31GSL19P21VC10ASL129P167SP1,
Siemens, Erlangen, Germany; PedCAT, CubeVue, version 2.4.0.5, CurveBeam,
Warrington, USA).

The following angles were measured for the right foot by three different investi-
gators three times: 1st—2nd intermetatarsal angle, talo-1st metatarsal (TMT) angle
dorsoplantar and lateral projection, hindfoot angle, and calcaneal pitch angle [8, 10].

The 1st-2nd intermetatarsal angle was defined as the angle created between the
axis of the Ist and the 2nd metatarsal in the dorsoplantar view (radiograph) or axial/
horizontal reformation (CT, WBCT). For CT and WBCT, the plane for the measure-
ment was virtually rotated within the 3D dataset to achieve an exact congruency to
the bone axes of first and second metatarsals.

The TMT angle was defined as the angle created between the axis of the Ist
metatarsal and the talus [10] (Fig. 3.3, image top right and bottom left). The dorso-
plantar TMT angle was measured in the dorsoplantar view (radiograph) or axial/

Fig. 3.3 WBCT software screen showing an example of some angle measurements. The 3D ref-
ormation (top left) shows how the 3D dataset was virtually rotated to allow for exact congruency
of the plane of the reformations with the bone axes as described in the methods section. Top right,
measurement of the dorsoplantar TMT angle; bottom left, measurement of the dorsoplantar TMT
angle; bottom right, measurement of the hindfoot angle also as described in the methods section.
The hindfoot angle measurement was typically performed in another plane which cannot be dis-
played simultaneously with planes for the dorsoplantar and lateral TMT angles. This modified
presentation was chosen for this figure for to allow simultaneous presentation of three angles
within one figure. The lines that define the centers of the bones proximally or distally are exactly
50% of the measured entire bone thickness
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horizontal reformation (CT, WBCT) (Fig. 3.3, image top right). The lateral TMT
angle was measured in the lateral view (radiograph) or parasagittal reformation (CT,
WBCT) (Fig. 3.3, image bottom left). For CT and WBCT, the plane for the mea-
surement was virtually rotated within the 3D dataset to achieve an exact congruency
to the bone axis of talus and 1st metatarsal.

The hindfoot angle was defined as the angle created between the axis of the distal
tibia and the line between the center of the talar dome and the posterior calcaneal
process (Fig. 3.3, image bottom right). This angle is defined to be positive for hind-
foot valgus and negative for hindfoot varus. It is measured Saltzman view (radio-
graph) or coronal reformation (CT, WBCT). For CT and WBCT the plane for the
measurement was virtually rotated within the 3D dataset to achieve an exact congru-
ency to the bone axis of the tibia and the axis of the hindfoot. This was typically the
case when this plane was congruent with the axis of the ankle, i.e. a line between
medial and lateral malleolus comparable to a mortise orientation but within a 3D
pace. Figure 3.3 (image bottom right) shows the orientation within the 3D dataset as
described above with the adjusted rotation with the fibula and tibia aligned in the
same virtual plane comparable to a mortise view.

The calcaneal pitch angle was defined as the angle created between a horizontal
line, between the lowest part of the posterior calcaneal process and the lowest part
of the anterior calcaneal process. The calcaneal pitch was measured in the lateral
view (radiograph) or parasagittal reformation (CT, WBCT). For CT and WBCT the
plane for the measurement was virtually rotated within the 3D dataset to achieve an
exact congruency to an exactly parasagittal plane.

All bone axes (tibia, talus, metatarsals) were defined as the straight line between the
centers of the bones proximally and distally. These bone centers were defined by linear
measurements (Fig. 3.3). The TMT angles were defined to be negative for abduction
in the dorsoplantar radiograph and for dorsiflexion in the lateral radiographs [10].

Statistics

The parameters were compared to intra- and interobserver and between the
different methods (radiograph, CT, WBCT) (ANOVA with post hoc Scheffe
test). The null hypothesis at a significant level of 0.05 was formulated that the
different angles did not differ between the three methods. For nonsignificant
findings, a power analysis was indicated. Sufficient power was defined as >0.8.

Results

Time Spent

The time spent for the image acquisition was 902 + 70 seconds for radiographs,
415 =+ 46 seconds for CT and 270 + 44 seconds for WBCT on average (ANOVA,
p <0.001).
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Angle Measurement: Differences Between Methods

The angles differed between radiographs, CT, and WBCT (ANOVA, all
p < 0.01) (Table 3.1). The angles differed between WBCT and both radio-
graphs and CT (post hoc Scheffe test, each p < 0.05) except for TMT dorso-
plantar and calcaneal pitch angles for WBCT versus radiographs. The null
hypothesis was rejected for all angles except for TMT dorsoplantar and calca-
neal pitch angles between WBCT and radiograph.

Angle Measurement: Intra- and Interobserver Reliability

Regarding intraobserver reliability, the angles did not differ between measurement
1, measurement 2, and measurement 3 for all three investigators and for all three
methods (radiograph, CT, WBCT) (ANOVA, each p > 0.9, power > 0.8).

Regarding interobserver reliability, the angles did not differ between the three
investigators for measurement 1, measurement 2, and measurement 3 for all three
methods (radiograph, CT, WBCT) (ANOVA, each p > 0.9, power > 0.8).

Table 3.1 One-way ANOVA radiographs versus CT versus WBCT and post hoc test WBCT
versus radiographs and CT

One-way ANOVA
Parameter Radiographs CT WBCT )/
Mean STD Mean |STD |Mean |STD
IM-angle 7.7 33 7.8 39 9.3 3.5 <0.001
TMT dorsoplantar -6.2 124 43 100 |-5.0 120 |<0.001
TMT lateral =52 8.2 0.5 8.4 -7.6 8.2 <0.001
Hindfoot angle 24 6.9 54 5.6 10.1 7.1 <0.001
Calcaneal pitch angle | 17.5 6.3 16.5 5.0 17.8 54 0.01
Post hoc Scheffe test
Parameter WBCT vs. P
IM-angle Radiographs | <0.001
CT <0.001
TMT dorsoplantar Radiographs | 0.561
CT <0.001
TMT lateral Radiographs | 0.003
CT <0.001
Hindfoot angle Radiographs | <0.001
CT <0.001
Calcaneal pitch angle | Radiographs | 0.701
CT 0.013

IM 1st-2nd intermetatarsal angle, TMT talo-1st metatarsal angle, STD standard deviation
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Discussion

This is the first study comparing bone position (angle) measurements between stan-
dard radiographs with weight bearing, standard CT without weight bearing and 3D
imaging with weight bearing (WBCT).

Time Spent

The image acquisition with WBCT (270 seconds) is 70% faster than with radio-
graphs (902 seconds) and 35% faster than with CT (270). This difference is not
caused by the scanning time as such which is much lower for radiographs (four
times 1/10 of a second) than for CT (60 seconds) or WBCT (68 seconds). The posi-
tioning of the patient and the adjustment of the X-ray emitter comprise the time
spent of the positioning of the patient and the adjustment of the device, specifying
the scan area and sliding the patient to the correct position for the scan for CT. For
the WBCT the patient positioning is the fastest and no further adjustments are
needed so that only pushing pressing a button is necessary to perform the scan.

Angle Measurement: Differences between Methods

The angles differed between radiographs, CT and WBCT. The difference as such is
a fact, but the difference does not show which one of the methods measures cor-
rectly. However, when considering technical issues, it is obvious that only WBCT is
able to detect the correct angles because WBCT obtains a 3D dataset which is inde-
pendent of foot position and projection. Consequently, the significant different
angles (Table 3.1) measured with radiographs or CT in comparison with WBCT
imply that radiographs or CT do not allow for correct angle measurement. The
incorrect angles measured with radiographs are probably caused by inaccuracies of
projection and foot orientation and the incorrect angles measured with CT by miss-
ing weight bearing (see detailed discussion below). WBCT includes weight bearing
in contrast to CT. WBCT countervails inaccuracies of projection and foot orienta-
tion in contrast to radiographs due to the 3D dataset which is principally indepen-
dent from projection and foot orientation. If a malposition of the foot during image
acquisition exists, the planes of the WBCT reformations (also CT) could be rotated
as described above to ensure exact angle measurement despite foot malposition. We
did not quantitatively assess the extent of plane rotation needed, but the investiga-
tors’ interpretation was that the least plane rotation was needed for dorsoplantar
TMT and calcaneal pitch angles and more plane rotation for the other angles. This
reflects the results that radiographs were not different for calcaneal pitch angle and
dorsoplantar TMT angles that are obviously less likely to be influenced by inaccu-
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rate foot position and/or projection which is also an issue for radiographs. Inaccuracy
of the projection, i.e., the (central) beam(s), is obviously an underestimated problem
for radiographic imaging. We were not able to isolate the factors inaccurate foot
position or inaccurate projection. The resulting different angles in comparison with
WBCT reflect probably a combination of both inaccuracies.

Ist-2nd Intermetatarsal Angle

This angle was lower for radiographs (7.7) and CT (7.8) than for WBCT (9.3). We
believe that the different angles for radiographs in comparison with WBCT reflect a
combination of both factors inaccurate foot position and inaccurate projection of the
radiographic image acquisition. A slight supination of the foot might cause this as
well as the bilateral dorsoplantar imaging that is performed with a central beam in
the middle between both feet and minimally oblique beams at both feet. For CT, the
missing weight bearing will probably cause a true lower angle because CT is inde-
pendent of foot position and projection as WBCT.

TMT Dorsoplantar

This angle was lower for radiographs (—6.2) and WBCT (—5.0) than for CT (4.3).
The higher or better less negative angles for CT than for radiographs and WBCT are
obviously caused by the missing weight bearing. For radiographs, inaccuracies of
foot position and projection are either not relevant or might abrogate each other. We
believe that these inaccuracies are more likely not relevant because the investiga-
tors’ interpretation was that the least plane rotation for measurement within the
WBCT data was needed for this angle (see above).

TMT Lateral

This angle was higher for radiographs (—5.2) and much higher for CT (0.5) than for
WBCT (—7.6). The much higher of much less negative angles for CT than for radio-
graphs and WBCT are obviously caused by the missing weight bearing. For radio-
graphs, a slight supination of the foot could possibly increase the angle or better
decrease the negative value of this angle. More probable seems to be that the axis of
the talus is “sticking out” of the plane of the 2D radiograph based on the abduction
of the mid- and forefoot in a flatfoot which is then positioned with the mid- and
forefoot parallel to the film but the talus in slight internal rotation and not parallel to
the film.
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Hindfoot Angle

This angle was lower for radiographs (2.4) and CT (5.4) than for WBCT (10.1).
Again, the higher angles for CT than for radiographs and WBCT are obviously
caused by the missing weight bearing. For, radiographs, the foot position with both
feet parallel to each other and the longitudinal foot axes perpendicular to the film
might be the most important reason for the lower angles. This position is typically
not a mortise view which would be more internal rotation of the ankle and foot. For
WBCT the plane for the measurement was virtually rotated within the 3D dataset to
achieve an exact congruency to the bone axis of the tibia and the axis of the hindfoot.
This was typically the case when this plane was congruent with the axis of the ankle,
i.e. a line between medial and lateral malleolus comparable to a mortise orientation
but within a 3D space. This is virtually more internally rotated than in the radiograph
group resulting in a higher angle at least for all hindfeet with valgus position which
were the majority of the cases as shown by the positive values on average.

Calcaneal Pitch Angle

This angle was higher for radiographs (17.5) and WBCT (17.8) than for CT (16.5).
The lower angles for CT than for radiographs and WBCT are obviously caused by
the missing weight bearing. For radiographs, inaccuracies of foot position and pro-
jection are either not relevant or might abrogate each other. We believe that these
inaccuracies are more likely not relevant because the investigators’ interpretation
was that the least plane rotation for measurement within the WBCT data was needed
for this angle (see above).

Angle Measurement: Intra- and Interobserver Reliability

The intra- and interobserver reliability is sufficient for all three methods. This is
probably based on the digital software based measurements, and the experience of all
three investigators regarding these kind of digital measurements. Based on the suf-
ficient intra- and interobserver reliability for all three methods, differences between
the methods are not influenced by differences in intra- and interobserver reliability.

Shortcomings of the Study

The shortcomings of this study are not the typical ones like missing analysis of
intra- and/or interobserver reliability or missing power analysis of the statistical
test. The low case number might be a shortcoming. We fell that a (much) higher case



36 3 Weight Bearing CT Allows for More Accurate Bone Position (Angle) Measurement. ..

number would have led to significant differences of the dorsoplantar TMT and cal-
caneal pitch angles comparing radiographs with WBCT. All other angles differed
already which led to the conclusions, so a higher case number would probably not
change the conclusions. The angular measurement as such could possibly be influ-
enced by the investigators in that manner that the investigators would have desired
that one method, for example, the WBCT, would perform better than the other meth-
ods. However, this kind of influence principally results in a low intra- and/or interob-
server reliability which were sufficient for all three methods. We did not measure
how difficult and time-consuming the measurements were. The reason for this is
that the type of software and version and above all the experience of the investigator
might influence this time much more than the method as such. Another shortcoming
might that we were not able to isolate the factors inaccurate foot or inaccurate pro-
jection of the radiographs group. The radiographic image acquisition followed a
standardized protocol which was not further assessed [2]. Finally, the potential foot
pathologies of the subjects were registered but not analyzed. The pathological
angles (not neutral or O for TMT dorsoplantar and lateral, hindfoot and calcaneal
pith angle on average) imply that relevant pathologies were present which are also
based on the inclusion criteria. However, we did not want to investigate different
pathologies but the technical parameters of the different imaging methods.

Radiation Dose

A comparison of the radiation dose of the WBCT with radiographs and a standard
CT scan was not performed in our study. The applied energy (product of amperage,
voltage, and time) is typically adjusted and registered during a CT scan, radiographs,
or WBCT. However, the dose as such depends on the structure of the scanned object
and is not measured during the imaging. Recently, the dose of foot/ankle radio-
graphs, CT and WBCT was measured and analyzed using a foot and ankle phantom
[11]. The dose for adults for three radiographs from one foot (anteroposterior/dorso-
plantar + lateral + oblique) was 0.7 puSv, the dose for a bilateral WBCT scan 4.3 pSv,
and the dose for conventional CT of one foot/ankle 25 puSv [11]. This means that a
bilateral WBCT scan has a comparable dose of 18 unilateral radiographs of the foot
and 17% of a unilateral CT of the foot and ankle [11]. This study did also measure
the dose of a unilateral WBCT scan which was 1.4 pSv comparable to six unilateral
radiographs of the foot and 5.6% of a unilateral CT of the foot and ankle [11]. For
the later clinical use this radiation dose is relativized because virtual radiography
could be created from the WBCT data as shown in Fig. 3.1.2. We have created the
following virtual radiographs from the WBCT scan data: entire foot dorsoplantar
and lateral views, ankle dorsoplantar, mortise and lateral views, Saltzman views,
metatarsal head skyline views, and Broden’s views (all views bilateral).
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Cost

Another issue is cost as always. A device for radiography is around 75,000 Euros, a
WBCT device is 150,000 Euros, and a CT device is starting at 200,000 Euros (all
prices exclusive VAT). However, devices for radiographs and CT can be used for
other body regions also, whereas the WBCT can only be used for the foot and ankle
region. The reimbursement is different for different countries and types of insur-
ance. In the country in which this study has taken place, the reimbursement for a
WBCT scan is comparable with a CT scan and 15 radiographs. Time spent is also a
cost factor. In our study the time spent for the WBCT scan was 70% faster than
radiographs and 35% faster than a CT scan. Still, a WBCT-device might be cost-
effective for institutions with one foot and ankle surgeon, but we think that groups
with two or more foot and ankle surgeons or foot and ankle departments might not
only be able to run a WBCT cost-effectively but create profit even when the quality
of the imaging is not taken into consideration. It has been demonstrated in many US
institutions and private practices that a single foot and ankle surgeon can operate the
WBCT cost-effectively and generate a sizable surplus. The same should apply to
other parts of the world. This can also be established by comparing the WBCT’s
typical lease or finance cost (between 3000 and 4000 Euros per month depending on
the lease terms) and reimbursement per scan (around 200 Euros). These example
figures would permit a practice to justify the cost with 15-20 scans a month, which
should be achievable even with a single surgeon. This model has been well estab-
lished for almost similar CBCT devices for dental/maxillofacial/ENT imaging, with
hundreds of such devices installed with single practitioners in Germany and
across Europe.

Approval for Use

Approval for imaging is specific for the WBCT. Actually, most countries classify
the device as a CT. However, a more common trend is to differentiate between con-
ventional CT and cone beam CT and apply exemptions for CBCT from typical CT
requirements due to its specialized and limited applications, coupled with low dose
and dramatically less complexity. This same model is very common and already
established with CBCT devices for maxillofacial and ENT imaging.

In some countries like the one where the institution of authors is located, this
device is not classified as a CT which allows non-radiologists to prosecute a WBCT
in their institution in contrast to CT which is mostly only approved for prosecution
by radiologists. In conclusion, everybody who is approved to run his or her radio-
graph device will be allowed to run a WBCT.
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Standard Imaging?

When considering the potential of the WBCT as faster image acquisition and more
accurate bone position representation than radiographs and CT with acceptable
radiation dose and cost-effectiveness, one could conclude the WBCT might have the
potential to become the standard diagnostic imaging in foot and ankle surgery.
When a WBCT-device is available as in our institution, CT which has no better
image quality (resolution and contrast) but 10 times radiation dose, 1.5 times time
spent for image acquisition, higher device cost, and radiologist needed is almost
obsolete. Since September 2013, we limited the use of a conventional CT to patients
with acute injury that are not able to stand or sit in the WBCT. We compared the
numbers of CT and WBCT over a 6-month period in which both were available at
our institution (September 2013 to February 2014) with a 6-month period in which
only CT was available (September 2012 to February 2013). In the period with only
CT, 148 CT scans were obtained, and in the period with both 16 CT scans and 135
WBCT scans. This corresponds to a reduction of conventional CT scans of almost
90%. We are expecting the same development with conventional radiographs. We
have not performed the same transposition from radiographs to WBCT as for CT to
WBCT because we do not have enough WBCT workstations for creation, presenta-
tion, and printout of the virtual radiographs. We do plan to switch completely from
conventional radiographs to virtual radiographs when these technical requirements
are fulfilled.

The results of this study call into question if the existing standard angles of
angles for pathology classification are also correct for the WBCT. The answer is no,
and the reason is obvious because the WBCT measures different angles as measured
with radiographs. For example, the 1st-2nd intermetatarsal angles were 7.7° on
average for radiographs and 9.3° on average for WBCT with a difference of 1.6°
(Table 3.1). What caused this difference? Again, we believe that the different angles
in comparison with WBCT reflect a combination of both factors inaccurate foot
position and inaccurate projection of the radiographic image acquisition as dis-
cussed above in detail. What does this mean? Are we able to perform a distal oste-
otomy of the Ist metatarsal for hallux valgus correction in cases with 1st-2nd
intermetatarsal angle 17.6° measured with WBCT comparing with 16° with radio-
graphs? What about the significant differences of the hindfoot angles? When it
comes to implantation of total ankle replacements and/or surgical corrections of the
hindfoot, this might be important information. We cannot answer these questions at
this stage, but we believe that the standard angles and angles for classification of
pathologies need to be defined for WBCT comparable technologies. Another impor-
tant part of the discussion based on the results of this study is whether conventional
radiographs could still serve as standard diagnostic imaging. The logical answer
from a scientific point of view is no because the angles that are measured with con-
ventional radiographs are not correct. Nevertheless, we believe that conventional
devices for radiographs will not disappear for a long time and this will be the same
with all the non-validated foot and ankle scores that are used again and again even
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though everybody knows that they are not validated, i.e., they are not correctly mea-
suring. In the end, conventional devices for radiographs might disappear as non-
validated scores, but nobody knows when validated scores and new imaging
technologies like WBCT might be used instead as already in our institution.

In conclusion, the bone position represented by the measured angles differed
between radiographs, CT, and WBCT, indicating that only WBCT is able to detect
the correct angles. WBCT includes weight bearing in contrast to CT. WBCT pre-
vents inaccuracies of projection and foot orientation in contrast to radiographs due
to the 3D dataset which is principally independent from projection and foot orienta-
tion. WBCT or a similar technology has the potential to become the standard diag-
nostic imaging.
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Chapter 4

Combination of Weight Bearing CT
(WBCT) with Pedography Shows No
Statistical Correlation of Bone Position
with Force/Pressure Distribution

Martinus Richter

Introduction

Analyzing the position of the bones radiographically allows conclusions regarding
the biomechanics of the foot [1-9]. However, static and dynamic pedography is
more effective for the analysis of the biomechanics of the foot [8, 10—12].

WBCT (PedCAT, CurveBeam, Warrington, USA) is a new technology that
allows 3D imaging with full weight bearing which should be not influenced by pro-
jection and/or foot orientation (Figs. 4.1 and 4.2) [9]. In an earlier study, specific
bone position (angle) measurements with WBCT were compared with measure-
ments of conventional radiographs with weight bearing and CT without weight
bearing (radiographs, CT, WBCT) [9]. The angles differed between radiographs,
CT, and WBCT, indicating that only WBCT is able to detect the correct angles [9].
WBCT includes weight bearing in contrast to CT. WBCT prevents inaccuracies of
projection and foot orientation in contrast to radiographs due to the 3D dataset
which is principally independent from projection and foot orientation [9].
Pedography is a measurement of the force distribution under the sole of the foot
which can be performed in a static or dynamic way [13, 14]. Over the years, a vari-
ety of methods have been employed to study foot pressure [15—17]. Many of these
techniques have already improved our understanding of the foot and its function and
have had an impact on the way we practice [8, 11, 15, 18]. The correlation between
3D bone position and pedographic measurements, i.e., force and pressure (distribu-
tion), has not been shown so far. For this study a customized pedography sensor
(Pliance, Novel, Munich, Germany) was inserted into the WBCT. The aim of this
study was to analyze the correlation of bone position and force/pressure
distribution.

Based on Richter M, Zech S, Hahn S, Naef I, Merschin D. Combination of PedCAT for 3D imag-
ing in standing position with pedography shows no statistical correlation of bone position with
force/pressure distribution. J Foot Ankle Surg. 2015;55(2): 240-246.
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Fig. 4.1 WBCT with
pedography sensor. An
X-ray emitter and a flat
panel sensor on the
opposite side are rotating
horizontally around the
feet. Resolution and
contrast which are the
principal parameters for
image quality are
comparable with modern
conventional CT. (a)
Shows a patient positioned
in WBCT during scan.
Sitting position is also
possible for patients that
are not allowed or able to
stand. The gray part is a
sliding door that is opened
before and after the scan.
The patient can walk into
the device when the door is
open. (b) The WBCT with
the sliding door open
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Fig. 4.2 WBCT software screen view with 3D reformation (top left), axial reformation (top right,
red frame), parasagittal reformation (bottom left, green frame), and coronal reformation (bottom
right, blue frame). The standard view is with 1 mm slice thickness. The red lines (bottom left and
bottom right) are corresponding to the axial reformation in the red frame (top right), the green lines
(top right and bottom right) are corresponding to the parasagittal reformation in the green frame
(bottom left), and the blue lines (bottom left and top right) are corresponding to the coronal refor-
mation in the blue frame (bottom right). The arrows show the illustration of the pedography sensor
hardware

Methods

In a prospective consecutive study starting July 28, 2014, 50 patients were included.
A WBCT scan with simultaneous pedography of both feet under full weight bearing
in standing position was performed. A customized pedography sensor (Pliance,
Novel, Munich, Germany) was inserted into the WBCT and connected to a PC with
the standard software installed (Expert, Novel, Munich, Germany). The potential
pathologies of the feet were registered but not further analyzed.

Inclusion and Exclusion Criteria: Ethics

The inclusion criteria were age >18 years, presentation at the local foot and
ankle outpatient clinic, and indication for WBCT. The indication for WBCT
was defined following the local standard [9]. For example, no indication for
3D imaging with WBCT was given for isolated forefoot deformities, whereas
indication was given for deformities in the midfoot and/or hindfoot region.

The exclusion criteria were age <18 years, no indication for WBCT imaging and
participation in other studies.
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Approval from the local ethical committee was granted based on the indications
as described above. Informed consent was obtained from all subjects.

Image Acquisition

The patient walked into the device and was positioned in bipedal standing position
as shown in Fig. 4.1a. Technically, an X-ray emitter and a flat panel sensor on the
opposite side are rotating horizontally around the feet. Resolution and contrast
which are the principal parameters for image quality are comparable with modern
conventional CT [9]. The scanning time was 68 seconds.

Pedography

The data of the pedography sensor (Fig. 4.1b) was gathered for the first 30 seconds
of the WBCT scan.

Measurements of Bone Position (Angles and Distances)

The bone positions (angles and distances) were digitally measured with standard
WBCT software (Cubevue, CurveBeam, Warrington, USA).

The following angles and distances were measured for the right foot by three
different investigators three times: lateral talo-1st metatarsal angle (TMT), calca-
neal pitch angle, minimum height of 5th metatarsal base, and 2nd—5th metatarsal
heads and medial sesamoid. The medial sesamoid was chosen instead of the first
metatarsal head because it is regularly closer to the foot sole/ground. The medial
sesamoid was chosen instead of the lateral sesamoid because it is less likely to
completely dislocate from underneath the 1st metatarsal head in forefoot deformi-
ties such as hallux valgus [19, 20].

The lateral TMT angle was defined as the angle created between the axis of the
first metatarsal and the talus (Fig. 4.3a) [9, 21]. The plane for the measurement was
virtually rotated within the 3D dataset to achieve an exact congruency to the bone
axis of talus and first metatarsal.

The calcaneal pitch angle was defined as the angle created between a straight
line, a line between the lowest part of the posterior calcaneal process and the lowest
part of the anterior calcaneal process (Fig. 4.3b) [9]. The plane for the measurement
was virtually rotated within the 3D dataset to achieve an exact congruency to a
parasagittal plane.

Bone axes (talus, first metatarsal) were defined as the straight line between the
centers of the bones proximally and distally. These bone centers were defined by
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Fig. 4.3 WBCT software screens showing examples of some angle and distance measurements.
(a) Lateral TMT angle (arrow); (b) calcaneal pitch angle; (¢) minimum height Sth metatarsal base
to footplate; (d) height medial sesamoid; (e) height 2nd—5th metatarsal heads. The lines that define
the centers of the bones proximally or distally are exactly 50% of the measured entire bone
thickness

linear measurements (Fig. 4.3a). The TMT angles were defined to be negative for
angle corresponding to a dorsiflexion [21].

The minimum height of 5th metatarsal base, 2nd—5th metatarsal heads, and
medial sesamoid was defined as the minimum distance between the footplate and
the 5th metatarsal base (Fig. 4.3c), medial sesamoid (Fig. 4.3d), and 2nd—5th meta-
tarsal heads and (Fig. 4.3e). The plane for the measurement was virtually shifted
within the 3D dataset to display the lowest part of the relevant bone.
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Measurement of Pedographic Parameters

A standard computerized mapping to create a distribution into the following foot
regions was performed with the standard software (Automask, Novel, Munich,
Germany): hindfoot, midfoot, 1st metatarsal head/sesamoids area, 2nd metatarsal
head, 3rd metatarsal head, 4th metatarsal head, 5Sth metatarsal head, 1st toe, 2nd
toe, and 3rd-5th toe (Fig. 4.4) [22]. This mapping process does not include man-
ual determination of landmarks [22]. The outlines of the foot and the different
regions are determined by the software using an algorithm as reported [17]. This
software algorithm is based on geometric characteristics of a maximum pressure
picture using an individual sensing threshold [22]. The following parameters
were registered within the defined foot regions: midfoot contact area, maximum
force midfoot, maximum force midfoot lateral, maximum force entire foot, and
maximum pressure Ist to 5th metatarsal head area. The parameter maximum
force midfoot was defined as the maximum force in the entire midfoot region
(Fig. 4.4). The parameter maximum force midfoot lateral was defined as maxi-
mum force in the lateral sensor row of the midfoot region (Fig. 4.4).

Fig. 4.4 Image from the pedography after computerized
mapping. The following regions are defined by the
mapping process: M1, hindfoot; M2, midfoot; M3, 1st
metatarsal head/sesamoids area; M4, 2nd metatarsal
head; M5, 3rd metatarsal head; M6, 4th metatarsal head;
M7, 5th metatarsal head; M8, 1st toe; M9, 2nd toe; M10,
3rd-5th toe
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Correlation Analysis of WBCT Parameters
with Pedography Parameters

Lateral TMT, calcaneal pitch angle, and minimum height of fifth metatarsal base
were each correlated with midfoot contact area, maximum force midfoot, maximum
force midfoot lateral, and maximum force entire foot (Fig. 4.5). The minimum
height of 2nd—5th metatarsal heads and medial sesamoid was correlated with the
maximum pressure of the corresponding 1st to Sth metatarsal head area.

Fig. 4.5 Correlation of WBCT ((a) slice
thickness increased for better visualization)
and pedography (b). The height of the medial
sesamoid was 20.3 mm (mean), and the
height of the 2nd—5th metatarsals was higher
(2nd, 27.6 mm; 3rd, 27.4 mm; 4th, 27.0 mm;
5th, 26.4 mm, measurement not shown). The
maximum pressures were 116.7 kPa for the
1st metatarsal and lower for the 2nd—5th
metatarsals (2nd, 73.3 kPa; 3rd, 45.0 kPa; 4th,
30.0 kPa; 5th, 13.3 kPa). In conclusion, the
lower 1st metatarsal/medial sesamoid resulted
in higher pressure than the higher 2nd—-5th
metatarsals
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Statistics

The statistical analysis was performed in cooperation with the Institute for Biometry
and Statistics of the affiliated university with IBM® SPSS® Statistics (Version
22.0.0.0, IBM, Armonk, NY, USA). The WBCT parameters were compared for
intra- and interobserver (ANOVA with post hoc Scheffe test). The correlation of the
WBCT parameters with the pedography parameters was performed with Pearson
test. Significant correlation was considered as p < 0.05. Sufficient correlation was
considered as r > (0.8 or <—0.8.

Results

Table 4.1 shows the descriptive statistics of all WBCT and pedography parameters.

Measurements of Bone Position (Angles and Distances): Intra-
and Interobserver Reliability

Regarding intraobserver reliability, the angles and distances did not differ between
measurement 1, measurement 2, and measurement 3 of all measured WBCT param-
eters for all three investigators (ANOVA, each p > .8, power >.8).

Regarding interobserver reliability, the angles and distances did not differ
between the three investigators for measurement 1, measurement 2, and measure-
ment 3 of all measured WBCT parameters (ANOVA, each p > .8, power >.8).

Correlation of WBCT Parameters with Pedography Parameters

Table 4.2 shows the correlation of WBCT parameters with pedography parameter.
The correlation between angles and heights from the WBCT data with force/pres-
sure distribution from the pedography data was not significant (each p > 0.05)
except for lateral talo-first metatarsal (TMT) angle versus midfoot contact area
(p = 0.02) and maximum force entire foot (p = 0.01) and minimum height fifth
metatarsal base versus maximum force midfoot lateral (p = 0.05). The correlation
coefficient for these correlations was not sufficient (lateral talo-first metatarsal
(TMT) angle versus midfoot contact area (r = —0.32) and maximum force entire
foot (r = 0.38) and minimum height fifth metatarsal base versus maximum force
midfoot lateral (r = —0.27)). In conclusion, no sufficient correlation was found.
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Table 4.2 Correlation of WBCT parameters with pedography parameters

MC (cm?) MF (N) MFLAT (N) FMAX (N)
TL (°) r -0.32 -0.14 —0.14 —0.38
P 0.02 0.34 0.33 0.01
C(°) r —0.11 -0.13 —0.11 0.00
P 0.46 0.37 0.44 0.98
HS5P (mm) r -0.24 —0.26 —0.27 0.06
p 0.09 0.07 0.05 0.68
P1 (kPa) P2 (kPa) P3 (kPa) P4 (kPa) P5 (kPa)
HI1 (mm) r —0.02
P 0.90
H2 (mm) r —-0.22
P 0.13
H3 (mm) r —0.11
P 0.45
H4 (mm) r -0.22
P 0.12
HS5 (mm) r —0.14
p 0.35

The bold values are statistically significant values

Parameters, 7L lateral talo-1st metatarsal angle (TMT) angle, C calcaneal pitch angle, H5P mini-
mum height 5th metatarsal base, H/ height medial sesamoid, H2—-H5 height 2nd-5th metatarsal
heads, MC midfoot contact area, MF maximum force midfoot, MFLAT maximum force midfoot
lateral, FMAX maximum force entire foot, P/—P5 maximum pressure 1st to Sth metatarsal

Discussion

This is the first study analyzing the direct correlation of bone position and force/
pressure distribution with simultaneous radiographic 3D imaging and pedography
and full weight bearing. This correlation as such seems to be logical, but it has not
been shown from a scientific point of view.

Angle Measurement: Intra- and Interobserver Reliability

The intra- and interobserver reliability was sufficient for the measurements with
WBCT. This is probably based on the digital software-based measurements and
the experience of all three investigators regarding these kinds of digital measure-
ments. In the future, an automatic software-based angular measurement between
bones in the 3D dataset will be implemented. This will allow for investigator-
independent analysis of these angles. The advantage of investigator-independent
definition of parameters has been shown for the pedography as described
above [17].
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Correlation of WBCT Parameters with Pedography Parameters

The correlation between angles/heights from the WBCT data with force/pressure
distribution from the pedography data was not significant except for lateral talo-first
metatarsal (TMT) angle versus midfoot contact area and maximum force entire foot
and minimum height fifth metatarsal base versus maximum force midfoot lateral.
However, the correlation coefficient for these correlations was not sufficient with
—0.32, —0.38, and —0.27. In conclusion, no sufficient correlation was found. When
analyzing all single cases in more detail, some typical associations between bone
position and pressure or force distribution were observed as, for example, shown in
Fig. 4.5. Still, these case limited parameters did not lead to statistical significant
(p < 0.05) and sufficient (r > 0.8 or <—0.8) correlation. This finding is very surpris-
ing and disturbing. Everybody would expect, as we did before the study, that there
must be a high correlation between bone position and force/pressure distribution.
We did extensively discuss the reasons for the missing statistical correlation within
our study group. We could not find a convincing explanation. We wondered if we
possibly choose the wrong parameters. One could argue that parameters like lateral
TMT angle or calcaneal pitch angle might not be appropriate. However, the height
of the metatarsal heads, medial sesamoid, or proximal fifth metatarsal seems to be
very comprehensive parameters to correlate with forces and pressures under these
bony structures. We thought that different body weight might influence the results.
So we also used individual multiplication factors to standardize all pedography
parameters patients to a standard weight or better total force (data not shown).
However, this did also not lead to any statistical sufficient correlation.

There is no comparison of our results with results from the literature possible
because no such measurement has been performed and reported so far.

Shortcomings of the Study

The shortcomings of this study are not the typical ones like missing analysis of
intra- and/or interobserver reliability or missing power analysis of the statistical
test. The low case number might be a shortcoming. We feel that a (much) higher
case number would also not have led to more significant correlations of WBCT
parameters with pedography parameters. With 50 patients, we “reached” very low
correlation coefficients of less than 0.4 (or more than —0.4, respectively), which
questions if any higher case number may lead to a sufficient correlation of >0.8 or
<—0.8. We did not measure how difficult and time consuming the WBCT measure-
ment were. The reason for this is that the type of software and version and above all
the experience of the investigator might influence this time much more than the
method as such. Finally, the potential foot pathologies of the subjects were regis-
tered but not analyzed. The pathological angles (lateral TMT angle, —8.3°, calca-
neal pitch angle, 18.1° on average) imply that relevant pathologies were present
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which is also based on the inclusion criteria. However, we did not want to investi-
gate different pathologies but the correlation of WBCT parameters with pedography
parameters. Pedography to date is a dynamic method utilized for the detection and
analysis of the entire stance phase during gait and not only for standing position,
i.e., static pedography. We measured a static quality of the foot, and we are aware
that this is not directly related to the dynamic mechanics of the foot [9]. We did not
design the introduced method to mimic a dynamic pedography [9]. It has been pre-
viously shown and was discussed above that a static pedography also allows conclu-
sion about the biomechanics of the foot [8, 9, 13, 14].

Radiation Dose

The radiation dose of the WBCT was not investigated in this study. However, the
radiation dose is a principal concern [9]. Recently, the dose of foot/ankle radio-
graphs, CT, and WBCT was measured and analyzed using a foot and ankle phantom
[23]. The dose for adults for three radiographs from one foot (dorsoplan-
tar + lateral + oblique) was 0.7 puSv, the dose for a bilateral WBCT scan 4.3 pSv, and
the dose for conventional CT of one foot/ankle 25 pSv [23]. This means that a
bilateral WBCT scan has a comparable dose of 18 unilateral radiographs of the foot
and 17% of a unilateral CT of the foot and ankle [23]. This study did also measure
the dose of a unilateral WBCT scan which was 1.4 nSv comparable to six unilateral
radiographs of the foot and 5.6% of a unilateral CT of the foot and ankle [23]. For
the later clinical use, this radiation dose is relativized because virtual radiography
could be created from the WBCT data [9]. We have created the following virtual
radiographs from the WBCT scan data: entire foot dorsoplantar and lateral views,
ankle dorsoplantar, mortise and lateral views, Saltzman views, metatarsal head sky-
line views, and Broden’s views (all views bilateral) [9].

In conclusion, 3D bone position did not correlate with force and pressure distri-
bution under the foot sole during simultaneous WBCT scan and pedography.
Consequently, the bone positions measured with WBCT do not allow conclusions
about the force and pressure distribution. Vice versa static pedography parameters
do not allow conclusions about the 3D bone position. Further investigations with
higher case number and more parameters should be carried out to further validate
these surprising findings.
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Chapter 5

Combination of Weight Bearing CT
(WBCT) with Pedography Shows
Relationship Between Anatomy-Based Foot
Center (FC) and Force/Pressure-Based
Center of Gravity (COG)

Check for
updates

Martinus Richter

Introduction

Weight bearing CT (WBCT) is a technology that allows 3D imaging with full
weight bearing which is not influenced by projection and/or foot orientation [1, 2].
In the first published study, specific bone position (angle) measurements using
WBCT were compared with conventional weight bearing radiographs and conven-
tional non weight bearing CT [2]. The angles differed between radiographs, CT, and
WBCT, indicating that only WBCT is able to detect the correct angles, i.e., bone
position [2]. In a subsequent study, the correlation between 3D bone position and
pedographic measurements, i.e., force and pressure (distribution), has been investi-
gated [3]. In that study, 3D bone position did not correlate with force and pressure
distribution under the foot sole during simultaneous WBCT scan and pedography
[3]. Consequently, the bone positions measured with WBCT did not allow conclu-
sions about the force and pressure distribution in this static configuration [3]. Vice
versa, pedography parameters did not allow conclusions about the 3D bone position
[3]. One conclusion was that further investigations with higher case number and
more other parameters should be carried out to further validate these surprising
findings [3]. Meanwhile, center of gravity (COG) and foot center (FC) were dis-
cussed to be important parameters for biomechanical assessment around foot and
ankle and consequently as basis for diagnostics and planning of corrective surgeries
and/or joint replacement [4, 5]. In particular, a semiautomatic system (TALAS,
CurveBeam, Warrington PA, USA) designed to measure hindfoot alignment as a 3D
biometric uses the anterior midline of the forefoot (which joins the FC with the
midpoint between the first and the fifth metatarsal heads) as a landmark for hind-
foot alignment [4]. The aim of this study was to analyze the difference between

Based on Richter M, Lintz F, Zech S, Meissner SA. Combination of PedCAT weight bearing CT
with pedography shows relationship between anatomy-based foot center (FC) and force/pressure-
based center of gravity (COG). Foot Ankle Int. 2018;39(3): 361-368.
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morphology- and anatomy (bone/WBCT)-based FC, calculated as the intersection
of the median lines of the triangular-based pyramid model of the foot and force/pres-
sure (pedography)-based COG. Motion of COG during WBCT/pedography scan
should also be assessed as potential source for bias. For this study, a customized
pedography sensor (Pliance, Novel, Munich, Germany) was inserted into a WBCT
as described previously [3]. Our hypothesis was that the FC should be a good predic-
tor of mediolateral position of the COG but not longitudinal since the anatomy of the
hindfoot allows free anteroposterior movement but limited mediolateral.

Methods

In a prospective, comparative, and consecutive study starting November 28, 2016,
90 patients (180 feet) were included [6]. A WBCT scan with simultaneous pedogra-
phy with full weight bearing in standing position was performed (Fig. 5.1). A cus-
tomized pedography sensor (Pliance, Novel, Munich, Germany) was inserted into
the WBCT and connected to a PC with the standard software installed (Expert,
Novel, Munich, Germany) (Fig. 5.1) [3]. Demographic data and underlying foot and
ankle pathologies were registered.

Inclusion and Exclusion Criteria, Ethics

The inclusion criteria were age >18 years, presentation at the local foot and ankle
outpatient clinic, and indication for WBCT. The indication for WBCT was defined
according to local practice as described previously [2]. These indications have
recently evolved to include all the patients presenting at our institution except initial
postoperative follow-up radiographs without weight bearing.

Fig. 5.1 WBCT with
pedography sensor (arrow).
An X-ray emitter and a flat
panel sensor on the
opposite side are rotating
horizontally around the
feet. Resolution and
contrast which are the
principal parameters for
image quality are
comparable with modern
conventional CT

A



Methods 57

The exclusion criteria were age <18 years, no indication for WBCT imaging, and
participation in other studies.

Approval from the local ethical committee was granted based on the indications
as described above. Informed consent was obtained from all subjects.

Image Acquisition: Foot Center (FC)

The patients walked into the device and were positioned in bipedal standing posi-
tion (Fig. 5.1). Technically, an X-ray emitter and a flat panel sensor on the opposite
side are rotating horizontally around the feet. Resolution and contrast which are the
principal parameters for image quality are comparable with modern conventional
CT [2]. The acquisition time was 52 seconds. The morphology-based definition of
the FC was performed with the WBCT data following the Torque Ankle Lever Arm
System (TALAS) algorithm (Fig. 5.2a) [4]. The software takes four bony landmarks
into consideration (lowest point of posterior calcaneal process, center of ankle joint,
lowest or weight bearing points of metatarsal heads 1 and 5). These landmarks are
manually pointed out by the clinician using the MPR windows. This remains neces-
sary as part of a semiautomatic process with the early version of the TALAS
(CurveBeam, Warrington PA, USA) software used for this study. Future versions of
this will include automatic detection of the landmarks. This defines a 3D volume as
opposed to a 2D angle and allows for precise evaluation of hindfoot alignment,
given as the foot ankle offset (FAO) (Fig. 5.2b) [4]. The software includes a semiau-
tomatic database (requiring manual input of the clinical record) which stores the 3D
coordinates of the points, allowing further anonymous retrieval of the latter and
secondary calculation of FC position.

Pedography: Center of Gravity (COG)

The data of the pedography sensor was gathered during the entire WBCT scan
(52 seconds). The force/pressure-based COG was defined with the pedography data
using a software-based algorithm (Fig. 5.3) [3]. COG motion during data acquisi-
tion was recorded and analyzed.

Comparison of FC/COG

The images with the FC (Fig. 5.4a) and COG (Fig. 5.4b) were semiautomatically
superimposed (Fig. 5.4c). The average position of COG during acquisition time was
used for this superimposition. The distance between FC and COG (Fig. 5.4c) and
the direction of a potential shift (distal-proximal; mediolateral) were measured and
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Fig. 5.2 (a) The WBCT software screen view with foot center (FC) definition with TALAS (top
left), axial reformation (top right, red frame), parasagittal reformation (bottom left, green frame)
and coronal reformation (bottom right, blue frame). The standard view is with 1 mm slice thick-
ness. For the definition of FC (F in image), the following landmarks are used: lowest point of
posterior calcaneal process (C), center of talar dome/tibial plafond (T), lowest point of the first
metatarsal head (M1), and lowest point of the fifth metatarsal head (M5). (b) The triangular-based
pyramid model of the foot with foot ankle offset (where D is the projection of the center of the
ankle, C the calcaneus weight bearing point, A the first metatarsal head, B the fifth metatarsal
head), FC (foot center), E is the midpoint between M1 and M5
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Fig. 5.3 Pedography software screen view showing the center of gravity (COG) for each foot
(circles)
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analyzed. The pedographic images include a raster with 10 x 10 mm squares that
correspond to the different sensor fields with this exact geometric size (e.g.,
Fig. 5.3b, c). This raster was used as reference for the measurements.

Statistics

The statistical analysis was performed with Microsoft Excel 2016 (Microsoft,
Redmond, WA, USA) and SPSS 24.0 (IBM, Rochester, MN, USA). The data (dis-
tances/shift between FC and COG) was successfully tested for normal distribution
with a Shapiro-Wilk test. A bilateral paired t-test was used to compare data from the
left to the right foot. One-way ANOVA with potential post hoc Scheffe test was used
for data comparison between different pathologies. Pearson test (two sided) was
used for correlation of BMI with measured data (distances/shift between FC and
COQG). Correlation was defined as significant when p < 0.05 and when significant
then sufficient when » > 0.5 or r <—0.5.

Results

Mean age of patients was 53.8 on average (range, 17-84) years, and 57 (63%) were
female. Height was 171 cm on average (range 169-184), weight 71.4 kg (range,
43-108), and BMI 24.3 kg/m? (range, 15.6-34.8). Table 5.1 shows the registered
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Fig. 5.4 (a) An exported image from TALAS with FC of both feet (yellow points in red circles,
labelled with G). The right foot is displayed on the left side. For the definition of FC, the following
landmarks are used: lowest point of posterior calcaneal process (C, green triangles), center of talar
dome/tibial plafond (T, black point), lowest point of the first metatarsal head (M1, blue rhombus),
and lowest point of the fifth metatarsal head (M5, red square). (b) An exported image from the
pedography software with the COG (white/blue points in red circles) of each foot. The right foot
is displayed on the right side. The squares have a size of 10 x 10 mm. The numbers in some squares
show the measured pressure (kPa), and the different colors are coding different pressure values. (¢)
The superimposition of the TALAS and pedography images (a, b). FC (red points) and COG
(white/blue points) both surrounded by red circle. The TALAS image was horizontally mirrored
for superimposition of the same foot side. The right foot is displayed on the right side for the
TALAS and pedography image

pathologies. Fifty-two patients (29%) had unilateral pathologies and 128 (71%)
bilateral pathologies. Maximum COG motion during the 68 seconds pedography
scan was 1.2 mm on average (range, 0—4.8 mm). Table 5.2 shows measurements of
position differences of COG and FC. The distance between FC and COG was
28.7 mm on average (range, 0—60). FC was distal to COG in 175 feet (97%) (mean,
27.5 mm; range, —15 to 60) and lateral in 112 feet (52%; mean, 2.0 mm; range, —18
to 20). No distal or proximal shift of FC occurred in 4 feet (2%) and proximal shift
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Table 5.1 Registered foot Pathology n %
and ‘fmkle p ath ologies in 180 Isolated hallux valgus 10 | 6
feet in 90 patients :
Complex forefoot deformity |24 |13
Hallux rigidus 513
Flatfoot 18 |10
Cavus foot 10 | 6
Other combined deformities | 18 | 10
Ankle instability 20 |11
Osteoarthritis without 23 |13
relevant deformity
None 52 |29

Complex forefoot deformity, hallux valgus plus lesser ray defor-
mities. Hallux rigidus, only cases without deformity, i.e., hallux
valgus. Flatfoot might include hindfoot valgus. Cavus foot might
include hindfoot varus. Ankle instability, only cases without rel-

evant deformity such as hindfoot valgus/varus

Table 5.2 Measurements of position differences of the center of gravity (COG) and foot center

(FC)
Parameter Right (n =90) | Left (n=90) |Bilateral (n=180) | t-testr/l
mm mm mm P

Distal-proximal | Mean | 27.3 27.8 27.5 0.8
std 13.3 13.4 13.3
min 0 —15 -15
max 60 60 60

Mediolateral Mean 1.8 2.2 2.0 0.5
std 4.9 4.5 4.7
min -18 —11 —18
max 10 20 20

Distance Mean |28.1 29.0 28.7 0.7
std 134 12.8 12.9
min —-16 0 0
max 60 60 60

Parameter distal-proximal, distance in exact distal to proximal direction between COG and
FC. Positive value means that COG is proximal to FC and negative value that COG is distal to FC
Parameter mediolateral, distance in exact medial to lateral direction between COG and FC. Positive
value means that COG is medial to FC and negative value that COG is lateral to FC

Parameter distance, distance between COG and FC. Negative value not possible, value “0” means
no distance between COG and FC

std standard deviation, min minimum, max maximum, z-fest 1/l t-test right foot versus left foot

in 1 (1%). No lateral or medial shift of FC occurred in 35 feet (19%) and medial
shift in 33 (18%). The variation was high as shown by high standard deviations. No
difference between the right and left side occurred (t-test, each p > 0.5). No differ-
ence between pathology groups occurred (One-way ANOVA, distance FC/COG,
p = 0.62; mediolateral shift, p = 0.48; distal-proximal shift, p = 0.53, post hoc test
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not applicable). No significant correlation with BMI occurred (Pearson, distance
FC/COG, p = 0.36; mediolateral shift, p = 0.91; distal-proximal shift, p = 0.20,
R-value irrelevant due to missing significance).

Discussion

This is the first study analyzing the correlation between the positions of the force/
pressure-based COG and the anatomy/morphology-based FC.

Center of Gravity (COG)

COG is an important biomechanical parameter [7—11]. It is principally a function of
force, related to body weight (COG force (N) = body weight (Kg) x g (acceleration
of gravity). COG is typically related to the entire body which is the typical case dur-
ing unipedal stand or the stance phase during gait [7-11]. During bipedal stand,
each foot can be considered for a COG. It correlates with axes of the entire leg, tibia
(lower leg), and hindfoot axis. It is influenced by deformities of the leg (varus/val-
gus/antecurvation/recurvation) and/or foot (hindfoot valgus/valgus, flatfoot, etc.)
[12]. It changes its position in relation to the foot during the stance phase of gait.
COG has itself influence on forces/torques/moments, for example, in the ankle with
or without replacement. COG is adequately defined with software-based analysis of
pedography data [13]. It can be considered that strictly from the point of view of
physics, if we do not take into account the actions of the muscles and the soft tis-
sues, the COG of the whole body has to be situated vertically above the mathemati-
cal center of gravity of the weight bearing surface of the foot [14]. However, in
reality, the activity of the muscles will have an influence on the position of COG. In
this case, what should be observed is that this activity maintains the COG laterally.
The longitudinal position should be more variable since the anteroposterior axis
corresponds to the main degree of freedom of the ankle joint.

Foot Center (FC)

FC is defined based on a “function” of the morphology of the foot and mainly the
bone shape and position [15, 16]. It corresponds to the mathematical center of a
simple, triangular-based pyramid model of the foot. As COG, it is principally an
important biomechanical parameter [4]. It is influenced by foot deformities (hind-
foot valgus/valgus, flatfoot, etc.) [12]. In contrast to COG, FC is not influenced by
deformities of the leg above the ankle (varus/valgus/antecurvation/recurvation) and
does not change during the gait stance phase [16]. As COG, FC has influence on
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forces/torques/moments, for example, in the ankle with or without total joint
replacement. FC is adequately defined with a semiautomatic software (TALAS,
CurveBeam, Warrington PA, USA) based on WBCT data and a mathematical algo-
rithm [4]. TALAS was designed to provide computerized, semiautomatic, and auto-
matic 3D biometrics of the foot and ankle [4].

As outlined above, both COG and FC are potentially important parameters for
foot morphology and especially biomechanics. Both have been investigated but not
together in one investigation as far as we know [4, 7-11, 13, 15, 16]. The technical
possibilities have not been present before 2016, the combination of WBCT and
pedography has been firstly established in 2014, and TALAS was developed in 2016
[3, 4]. One would expect that COG and FC are not completely congruent because
they are a function of different parameters (force/morphology). As expected, there
was a spatial difference between FC and COG. This “expected” finding was quanti-
fied with this study (Table 5.2). The shift between COG and FC in the investigated
180 feet was relevant in the longitudinal axis (FC was 27.5 mm distal to COG) and
relatively minor in the mediolateral axis (average shift of 2 mm) with a high vari-
ability, which probably accounts for individual variations of the rest position among
patients. FC was distal to COG in 175 feet (97%) and lateral in 112 feet (52%;
mean, 2.0 mm; range, —18 to 20). No difference between the right and left side
occurred. The interpretation of this data is difficult, and no comparable data have
been reported in the literature so far. COG is the more biomechanical parameter and
is located proximally in almost all investigated feet and medially in the majority of
the feet in relation to FC, representing the more morphology-based parameter. This
finding is just a fact but what does this mean? We formulate the following explana-
tion: mediolateral shift is symmetrical, indicating simple oscillations of the mean
rest position across our population, which has a 50/50% chance of being measured
lateral or medial, while the anterior shift is explained by a spontaneous anterior shift
at rest to balance posterior chain muscular balancing mediated by the Achilles ten-
don. Our practical interpretation and recommendation is that this data and findings
stand alone to date as additional research and clinical parameters for foot and ankle.
The data could be a basis for prediction of COG based on FC without additional
pedography. The definition of COG might be taken into consideration for planning
and follow-up for corrections/fusion around the hindfoot and for total ankle
replacement.

In respect to the potential upcoming rise of weight bearing CT as the new standard
for foot and ankle imaging beyond the recent/current golden standard conventional
radiographs, these findings confirm the relationship between the TALAS algorithm
and the physics of gravitation as described by Newton. In this model, the foot is con-
sidered as its own referential in which weight (force) is repeatedly applied on the
center of the ankle joint and ground reaction force from the calcaneus weight bearing
point on strike, moving anteriorly throughout to the gait to the center of gravity of the
forefoot (approximated by the midpoint between M1 and M5), along a straight line.
This line has previously been found to be concurrent with experimental findings in
the literature and was called “gravitational line” (GL) [11, 14, 17]. According to the
TALAS theory, the COG has not to remain over the FC to maintain a standing posture,
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but over the GL during gait and in a static posture. Any other configuration would
cause the body falling over to one side. In normally aligned feet, this means that the
center of the ankle joint has to be also in over the GL. In fact, as confirmed by a previ-
ous clinical validation study, it is slightly medial in a static position to accommodate
the fact that the ankle joint is solidly contained by the medial collateral ligaments and
the fibular malleolus which acts as a lateral strut [4]. So, although the WBCT imaging
is static, and the FAO a static measurement of hindfoot alignment, this study confirms
that it provides relevant information on the biomechanical structure of the foot and
ankle, which directly influence its dynamic behavior. One can formulate the hypoth-
esis that if a more precise approximation of the forefoot center of gravity can be
integrated in the TALAS software, and the data merged with dynamic pedography, an
even closer correlation may be found in the future. Upcoming studies might also
investigate different foot and ankle pathologies, i.e., FC/COG and potential spatial
differences. We investigated the potential influence of the underlying pathology on
the measurements. An influence of different deformities, for example, was expected.
However, different pathologies did not show different measurements. Also, a correla-
tion between BMI and the measurements did not occur.

Shortcomings of the Study

The main shortcoming of the study is the semiautomatic superimposition of the dif-
ferent images with the FC from the WBCT/TALAS system and the COG from the
pedography system. It would be desirable that the superimposition is fully auto-
matic based on markers that are visible in both datasets (WBCT and pedography).
Also, FC definition using data from the TALAS software is also semiautomatic,
since the landmarks (lowest point of posterior calcaneal process, center and summit
of the talar dome, lowest point of metatarsal heads 1 and 5) are pointed out free-
handedly by the user. Even though this method has demonstrated excellent inter-
and intraobserver reliability (0.99 and 0.97, respectively), a fully automatic
software-based definition of the landmarks and consequently FC would be desir-
able, less time-consuming, and probably even more reproducible than the current
version which still relies on human intervention [4]. Pedography to date is a dynamic
method utilized for the detection and analysis of the entire stance phase during gait
and not only for standing position, i.e., static pedography. We measured a static state
of the foot, and we are aware that this is not directly related to the dynamic mechan-
ics of the foot [3, 17]. We did not design the introduced method to mimic a dynamic
pedography [3, 17]. It has been previously shown and was discussed above that a
static pedography also allows conclusion about the biomechanics of the foot [17-
19]. Another possible shortcoming could have been relevant motion of COG during
the 68 seconds of the data acquisition caused by patient’s motion. Our measure-
ments show that the COG did move 1.2 mm on average with a maximum of 4.8 mm
which was considered to be not relevant. However, individual variations of the rest
position between patients (patients settling down more anteriorly or more posteri-
orly or inclining more to one side than the other) may explain the observed varia-
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tions. We did not investigate difference in pressure loading left versus right foot in
this study. An earlier study dealing with pedography in bipedal stand showed no
pressure differences between the left and right foot [17].

Radiation Dose

The radiation dose of the WBCT was not investigated in this study. However, it
remains a concern to provide the best and less invasive methods of investigation for
our patients [2, 3]. Recently, the dose of foot/ankle radiographs, CT, and WBCT
was measured and analyzed using a foot and ankle phantom [20]. The dose for
adults for three radiographs from one foot (dorsoplantar + lateral + oblique) was
0.7 pSyv, the dose for a bilateral WBCT scan 4.3 pSv, and the dose for conventional
CT of one foot/ankle 25 pSv [20]. This means that a bilateral WBCT scan has a
comparable dose as 18 unilateral radiographs of the foot and 17% of a unilateral CT
of the foot and ankle [20]. This study did also measure the dose of a unilateral
WBCT scan which was 1.4 pSv comparable to six unilateral radiographs of the foot
and 5.6% of a unilateral CT of the foot and ankle [20]. For later clinical use, this
radiation dose is relativized because virtual radiography can be created from the
WBCT data [2].

In conclusion, despite the COG not relevantly moving during combined WBCT/
pedography scan in the investigated 180 feet, there was an anterior/distal translation
of COG relative to the FC. This expected finding was quantified with this study. FC
was 27.5 mm distally and 2 mm laterally relative to FC on average with a high vari-
ability. The data could be a basis for prediction of COG based on FC without addi-
tional pedography. It also validates the use of TALAS as a relevant and informative
hindfoot alignment measure in relation to the forces at stake in the foot and ankle,
at least from a static standpoint. Definition of COG might be taken into consider-
ation for planning and follow-up for corrections/fusion around the hindfoot and for
total ankle replacement, implying that it would be useful to systematically associate
WBCT imaging and pedography or try to merge data from dynamic pedography
with WBCT images. Upcoming studies might also investigate different foot and
ankle pathologies, i.e., FC/COG and potential spatial difference. Future studies
should also evaluate which parameter should be used in the future for preoperative
planning and for postoperative control.

References

1. Richter M, Lintz F, Zech S, Meissner SA. Combination of PedCAT weightbearing CT with
pedography assessment of the relationship between anatomy-based foot center and force/
pressure-based center of gravity. Foot Ankle Int. 2018;39(3):361-8.

2. Richter M, Seidl B, Zech S, Hahn S. PedCAT for 3D-imaging in standing position allows for
more accurate bone position (angle) measurement than radiographs or CT. Foot Ankle Surg.
2014;20:201-7.



66

10.

11.

13.

14.

16.

17.

18.

19.
20.

5 Combination of Weight Bearing CT (WBCT) with Pedography Shows Relationship...

. Richter M, Zech S, Hahn S, Naef I, Merschin D. Combination of pedCAT for 3D imaging in
standing position with pedography shows no statistical correlation of bone position with force/
pressure distribution. J Foot Ankle Surg. 2016;55(2):240-6.

. Lintz F, Welck M, Bernasconi A, Thornton BJ, Cullen NP, Singh D, Goldberg A. 3D biomet-
rics for hindfoot alignment using weightbearing CT. Foot Ankle Int. 2017;38(6):684-9. https://
doi.org/10.1177/1071100717690806.

. Baverel L, Brilhault J, Odri G, Boissard M, Lintz F. Influence of lower limb rotation on hind-
foot alignment using a conventional two-dimensional radiographic technique. Foot Ankle
Surg. 2017;23(1):44-9.

. Richter M, Lintz F, Zech S, Meissner SA. Combination of PedCAT weight bearing CT with
pedography shows relationship between anatomy based foot center (FC) and force/pressure
based center of gravity (COG). Foot Ankle Int. 2018;39(3):361-8.

. Davis BL, Cavanagh PR, Perry JE. Locomotion in a rotating space station: a synthesis of new
data with established concepts. Gait Posture. 1994;2:157-65.

. Yu J, Lee G. Comparison of pathway and center of gravity of the calcaneus on non-involved
and involved sides according to eccentric and concentric strengthening in patients with
Achilles tendinopathy. J Sports Sci Med. 2012;11(1):136-40.

. Tanaka T, Takeda H, Izumi T, Ino S, Ifukube T. Age-related changes in postural control asso-

ciated with location of the center of gravity and foot pressure. Phys Occup Ther Geriatr.

1997;15(2):1-14.

Salathe EP, Arangio GA. A biomechanical model of the foot: the role of muscles, tendons, and

ligaments. J Biomech Eng. 2002;124(3):281-7.

Caron O, Gelat T, Rougier P, Blanchi JP. A comparative analysis of the center of gravity and

center of pressure trajectory path lengths in standing posture: an estimation of active stiffness.

J Appl Biomech. 2000;16(3):234-47.

. Van Boerum DH, Sangeorzan BJ. Biomechanics and pathophysiology of flat foot. Foot Ankle

Clin. 2003;8(3):419-30.

Cavanagh PR, Ulbrecht JS, Caputo GM. Elevated plantar pressure and ulceration in diabetic

patients after panmetatarsal head resection: two case reports. Foot Ankle Int. 1999;20(8):521-6.

Lintz F, Barton T, Millet M, Harries WJ, Hepple S, Winson IG. Ground reaction force calca-

neal offset: a new measurement of hindfoot alignment. Foot Ankle Surg. 2012;18(1):9-14.

. Whittaker EC, Aubin PM, Ledoux WR. Foot bone kinematics as measured in a cadaveric

robotic gait simulator. Gait Posture. 2011;33(4):645-50.

Morris JM. Biomechanics of the foot and ankle. Clin Orthop Relat Res. 1977;(122):10-7.

Richter M, Frink M, Zech S, Vanin N, Geerling J, Droste P, Krettek C. Intraoperative pedog-

raphy: a validated method for static intraoperative biomechanical assessment. Foot Ankle Int.

2006;27(10):833-42.

Grieve DW, Rashdi T. Pressures under normal feet in standing and walking as measured by foil

pedobarography. Ann Rheum Dis. 1984;43(6):816-8.

Inman VT, Ralston HJ, Todd F. Human walking. Baltimore: Williams & Wilkins; 1981.

Ludlow BW, Ivanovic M. Weightbearing CBCT, MDCT, and 2D imaging dosimetry of the foot

and ankle. Int J Diagnostic Imaging. 2014;1(2):1-9.


https://doi.org/10.1177/1071100717690806
https://doi.org/10.1177/1071100717690806

®

Check for
updates

Chapter 6

A New Concept of 3D Biometrics

for Hindfoot Alignment Using Weight
Bearing CT

Francois Lintz

Introduction

The importance of hindfoot alignment (HFA) in the setting of hindfoot surgery has
been described and demonstrated in the literature due to the relationship between
alignment and surgical outcome [1-3], as in ankle arthrodesis and arthroplasty [4—
11] or in knee arthroplasty [12—16]. HFA measures based on 2D radiographs are
flawed by many anatomical and operator-related bias which have been extensively
investigated in the literature [17-29]. These include projection and rotation issues
[30, 31] mostly with regard to the use of the tibia as a reference axis [32]. Previous
studies on the HFA have focused on which technique to use and measurement meth-
ods [32-45].

Furthermore, 2D measures traditionally do not account for the contribution of
the forefoot in ankle biomechanics. Recently, two publications from different
authors [17, 31] have used HFA measures using the forefoot rather than the tibia as
a reference, which seems to be one step forward in reducing the bias related to pro-
jection and rotation. However, these techniques were still based on 2D radiographs
and were complicated to measure and thus were not usable in daily practice.

Today, 3D weight bearing computed tomography (3D WBCT) provides an
opportunity to solve the problems associated with 2D biometrics [46, 47]. This
could be done by creating a new generation of HFA measures or 3D biometrics
based on 3D coordinates rather than trying to force apply older HFA measurements
based on 2D angles to this new 3D environment. The ideal criteria for this new kind
of tool would be physically meaningful, designed for 3D WBCT, computerized, and
verifiable by data.

In this study, we investigated the efficacy of a new system: Torque Ankle Lever
Arm System (TALAS™, CurveBeam LLC, 175 Titus Ave, Suite 300, Warrington,

Based on Lintz F, Welck M, Bernasconi A, Thornton J, Cullen NP, Singh D, Goldberg A. 3D bio-
metrics for hindfoot alignment using weight bearing CT. Foot Ankle Int. 2018;38(6): 684—689
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PA 18976, USA) designed to satisfy those requirements and used to calculate a
computerized, semiautomatic 3D biometric—the foot ankle offset (FAO). It repre-
sents the lever arm or the torque generated in the ankle from the combined actions
of body weight and ground reaction force. This technique had been previously vali-
dated in a simulated 3D weight bearing (WB) environment on 2D radiographs, at a
time when 3D WBCT was not readily available [31]. The objective of this study was
to describe the distribution of FAO in a series of anonymized datasets from clini-
cally normal, varus, and valgus cases. We hypothesized that normal, varus, and
valgus cases should be significantly different and that the distribution should be
Gaussian in the normal population. We also assessed the interobserver and intraob-
server reliability of the FAO measurement.

Methods

This is a comparative study looking retrospectively at existing data captured as part
of routine clinical care. The study was conducted with institutional review board
approval.

We analyzed 135 anonymized consecutive datasets, of which 57 were from
patients with normal hindfoot alignment (42%), 38 from patients with varus hind-
foot alignment (28%), and 40 from patients with valgus hindfoot alignment (30%).
All scans were obtained from WBCT scans using the PedCAT™ unit (CurveBeam
LLC, 175 Titus Ave, Suite 300, Warrington, PA 18976, USA) installed in the outpa-
tients sector of an orthopedic Foot and Ankle Surgery referral center. The datasets
were obtained using the following cone beam scanner settings: voxel size, 0.37 mm;
field of view diameter, 350 mm; field of view height, 200 mm; exposure time, 9 sec-
onds; total scan time, 54 seconds. The datasets were extracted from the existing
database, containing the 3D image data (Fig. 6.1) and patient demographics limited
to side and clinical morphotype.

Datasets were screened by two independent observers using the built-in soft-
ware, CubeView™ (CurveBeam LLC, 175 Titus Ave, Suite 300, Warrington, PA
18976, USA) and collected the 3D coordinates of specific anatomical landmarks
required for the software to process and calculate FAO. Two independent observers
collected the 3D coordinates (x, y, z), for the following landmarks: First metatarsal
head WB point (A), Fifth metatarsal head WB point (B), Calcaneus WB point (C),
Talus centermost and highest point respectively in the coronal and sagittal planes
(D1). The WB point was defined in the ground plane by its x and y coordinates as
the lowest point (z coordinate nearest to 0) on the surface of the calcaneus and meta-
tarsal WB surfaces. The center of the talus was defined as the highest point (z coor-
dinate furthest to 0) on the talus in the centermost sagittal plane.

All these values were collected and stored anonymously in a spreadsheet, which
a third investigator then ran the through a beta version of the Torque Ankle Lever
Arm System, which calculated FAO values using an algorithm based on the inverted
3D pyramid model [31] (Fig. 6.2).
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Fig. 6.1 3D views obtained by the WBCT built in software

Fig. 6.2 Schematic
representation of FAO in
the transversal plane (see
the text for abbreviations)

“A) “B,)” “C,” and “D1” are defined as, respectively, the WB points of the first
metatarsal head, the fifth metatarsal head, the calcaneus, and the talus; the midpoint
“E” between “A” and “B” is found; the “CE” line is found, and the “CE” distance is
called “foot length”; “D” is the orthogonal projection of “D1” on the ABC plane
(i.e., the position of the center of the talus in the ground plane); the perpendicular
line to “CE,” which includes “D,’ is found (i.e., the line from the center of the talus
to the midline of the foot on the ground plane); “F” is the intersection of these two
lines, and thus “DF” is found, being positive when “D” is medial to “F” and nega-
tive when lateral; FAO is DF/CE x 100 and is given as a percentage.
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FAO therefore corresponds to the offset between the hindfoot-to-forefoot mid-
line and the talus. It is therefore given as a percentage of foot length and is theoreti-
cally representative of the torque, which is produced in the ankle by this offset. This
conversion to percentage of foot length is done to normalize the FAO value to foot
size so that it is comparable between feet of different sizes, since the FAO is a met-
ric, not an angle.

Statistical Analysis

FAO values in three groups were compared using a one-way ANOVA test. Normality
test was performed using the Kolmogorov-Smirnov test method on the normal foot
group. An intraclass correlation coefficient (ICC) two-way mixed model was used
to assess the intraobserver and interobserver reliability of FAO values. ICCs were
calculated with the measurements performed twice by two independent observers
on datasets in the three different groups: normal, varus, and valgus. ICC values
range from O to 1, with a higher value indicating a better reliability. ICCs below 0.40
were considered poor, 0.40-0.59 fair, 0.60-0.74 good, and 0.75-1.00 excellent.

Data are presented as mean, standard deviation, range, and 95% confidence
intervals (CI 95%). All analyses were carried out using STATA statistical software
package (Version 12.0, StataCorp, 2011). A P value <0.05 was considered to indi-
cate statistical significance.

Results

In normal cases, the mean value for FAO was 2.3% =+ 2.9 (CI 95%, 1.5-3.1; range,
—3.2 to0 9.0), whereas in varus and valgus cases, the mean was —11.6% + 6.9 (CI
95%, —13.9 to —9.4; range, —26.4 to —1.0) and 11.4% + 5.7 (CI 95%, 9.6—-13.3;
range, 2.0-24.5), respectively. The difference was statistically significant among the
three groups (P < 0.001). FAO values distribution in the normal population was
normal (P > 0.81) (Fig. 6.3).

The interobserver and intraobserver reliability of FAO measure were excellent,
with small standard deviations; the global mean ICC was 0.99 + 0.002 (CI 95%,
0.99-1.00) and 0.97 = 0.02 (CI 95%, 0.92—-1.02) for the inter- and intraobserver
assessment, respectively. ICC values for the normal, varus, and valgus groups are
showed in Table 6.1.

Discussion

This study confirmed our hypothesis: in a series of anonymized and independently
reviewed 3D WBCT datasets, the FAO was successful in discriminating clinically
normal from varus and valgus hindfoot alignment cases using a novel 3D biometric
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Fig. 6.3 Gaussian distribution of FAO values in the normal population

Table 6.1 Inter- and intraobserver reliability of FAO measurement in different groups

ICC | SD | 95% Cl1

Overall

Interobserver 0.99 0.00 0.99-1.00

Intraobserver 0.97 0.02 0.92-1.02
Normal

Interobserver 0.95 0.06 0.83-1.07

Intraobserver 0.96 0.04 0.88-1.05
Varus

Interobserver 0.98 0.02 0.94-1.02

Intraobserver 0.93 0.09 0.75-1.11
Valgus

Interobserver 0.99 0.00 0.99-1.00

Intraobserver 0.95 0.05 0.84-1.07

Abbreviations: FAO foot and ankle offset, /ICC intraclass correlation coefficient, SD standard devi-
ation

computerized, semiautomatic measurement. The distribution of FAO in the normal
population was Gaussian. Additionally, intra- and interobserver reliability has
proven excellent in all groups of normal, valgus, and varus cases.

In the authors’ opinion, the originality of this study lies in the description of an
entirely new concept (3D biometrics) for measuring HFA which avoids projection,
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rotation, and operator errors related to traditional 2D methods. This is concurrent
with previous literature in which Richter et al. [47] stated that WBCT imaging is a
more accurate method of measuring angles because it is not subject to rotation and
projection bias and because it is weight bearing.

Our technique’s purpose is to limit the drawbacks of 2D measurement relating to
rotational, projectional, and operative issues. With respect to HFA, there is no gold
standard or “true” measurement [30-32]. Rotation and other potential bias influence
the value of HFA measurements [30]. However, in most studies, reliability is assessed
using intra- and interobserver reliability carried out on the same radiograph for each
patient. So it is logical that the same observer (intraobserver), or two observers
(interobserver), given the same instructions, the same value is found. The real ques-
tion is rather if two radiographs of the same patient taken at different times would
result in the same value. To really assess reliability, the radiographs would therefore
have to be repeated on each patient, which would be ethically difficult to explain.
This was done in a previous study using a cadaveric setup [30] where a 30° difference
in rotation of the foot could result in a 50% difference in HFA value. So repeatability
truly lies in the radiographic setting. In setups where the position of the foot, the
height of the X-ray source (including angle), the distance of the X-ray source, the
individual practice of the radiographer, and the measurement technique all influence
the end result, repeatability may be impaired. Weight bearing CT may permit better
control over these variables through regular assessment, as is enforced by interna-
tional regulation by scanning templates which incorporate markers of known length,
angle, and spatial distribution so that it may be checked, without consequences for
the patients, that measurements made by the machine are reliable. There are other
advantages including reduced spatial footprint, radiation dose (comparable to a series
of five conventional radiographs), and time for acquisition (52 seconds). However,
the clinical and economic efficiency of this technology still remains to be proven.

The clinical relevance for this study is therefore to report the possibility of devel-
oping dedicated 3D biometrics to provide more accurate measurement tools for
planning foot and lower limb surgery in the future. This technology should also
enable reliable and accurate data recording for the purposes of research and clinical
audit. The software here described is a framework, in which 3D biometric tools such
as FAO may be adapted suitably for WBCT.

The authors acknowledge some limitations in this study such as the absence of a
post hoc sample size calculation and the absence of a gold standard comparator,
which is always an issue when developing new measurements. We did not compare
our measurements with traditional HFA measurements, for example, as determined
by the Saltzman view, which is generally accepted as the main method to assess
HFA alignment. This would have required additional irradiation of patients which
could not be justified in this study setting. In addition, since there is no “true” or
“gold standard” measure for HFA, it would not necessarily be an appropriate
comparison.

We believe that establishment of the “true” HFA measurement that has relevance
in clinical practice requires fully automatic measurement tools. A fully automated
system may enable the gathering of data in great quantities in order to correlate
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varying pathologies. A “better” HFA measure will be one that improves the dis-
crimination of a normal case from a pathological one. In the meantime, an interna-
tional collaborative effort has to be made to adapt traditional 2D measurements to
WBCT and validate their use in a clinical setting. This would provide the basic tools
and guidelines to evaluate and validate 3D biometrics.

In the future, the involvement of reference centers will be required to conduct
cost- and clinical-effectiveness analyses for this technology. Such an evolution was
seen over the last 15 years in the dental arena [48, 49].

In conclusion, a semiautomatic software was successfully used to assess HFA
using a 3D biometric measurement, FAO. This new concept may represent the way
forward to make the best of WBCT. Further research is warranted in order to prop-
erly validate such tools for clinical use. An international effort is required in order
to adapt traditional 2D HFA measurements so that a set of guidelines for assessing
new tools can be published. This is essential to make the research reproducible and
comparable.
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Chapter 7

3D Biometrics for Hindfoot Alignment
Using Weight Bearing Computed
Tomography: A Prospective Assessment
of 249 Feet

Francois Lintz

Introduction

Hindfoot malalignment is a common cause of foot and ankle disability [1, 2]. A reli-
able and precise measurement of hindfoot alignment (HA) is paramount for the
diagnosis and treatment of various foot and ankle pathologies, although the best
way to reach a correct assessment is still a matter of debate. Traditionally, HA can
be assessed from weight bearing measurements on plain radiographic views, such
as the calcaneal long axial view and HA view. These methods are used worldwide
for preoperative planning and postoperative evaluations [2-5]. However, radiogra-
phy has many flaws such as perspective distortion due to lower limb rotation, bone
superimposition because of two-dimensional (2D) visualization and some operator
related bias, which all affect the method of measurement making it imprecise and at
times unreliable [5-8].

The recent development of new radiographic imaging equipment such as 3D
weight bearing computed tomography (WBCT) has the potential to provide more
accurate anatomical information on full bipedal weight bearing scans, allowing for
more precise measurements with a similar total amount of radiation [9—13]. Recent
studies have shown how the different angles used to assess HA may differ substan-
tially between radiographs, traditional CT, and WBCT, suggesting that 3D weight
bearing measurements represent a major step forward to detect the “true alignment”
[2, 14, 15]. In addition, this technology can provide a digitally reconstructed radio-
graph, similar to traditional radiography with the advantage of no rotation bias [9,
16]. Common measurements, such as the long axial view (termed HACT), can be
taken using this reconstruction to evaluate HA.

Based on Zhang JZ, Lintz F, Bernasconi A; Weight Bearing CT International Study Group, Zhang
S. 3D biometrics for hindfoot alignment using weightbearing computed tomography. Foot Ankle
Int. 2019;40(6):720-726.
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A novel parameter used to assess HA on WBCT images is foot ankle offset
(FAO) [5, 17]. Technically, this is a semiautomatic 3D biometrics and is calculated
using semiautomatic software: Torque Ankle Lever Arm System or TALAS™
(CurveBeam®, Warrington, PA). This measurement considers the forefoot rather
than the tibia as the reference since the forefoot interacts with the ground like the
hindfoot and contributes to ankle biomechanics [5, 18]. In a previous retrospective
study, Lintz et al. found that FAO had excellent inter- and intraobserver reliability
and concluded that it was a precise and discriminating tool for measuring HA [5].
However, the clinical efficiency of FAO and the reference values for normal, varus,
and valgus hindfoot have not yet been confirmed.

The aim of this study was to assess FAO and HACT on a large population of
patients. We hypothesized that FAO would be a clinically relevant and reproducible
method and that the values would be comparable to previously published data in
normal, varus, and valgus cases.

Materials and Methods

Study Population and Design

Between September 2017 and April 2018, all consecutive patients undergoing a
WBCT investigation in our department as part of their standard care were enrolled
in this prospective comparative study.

Based on a standard physical examination, the patients were divided into three
groups: clinically normally aligned hindfoot group (G1); valgus alignment group
(G2); and varus alignment group (G3). This division was based on clinical examina-
tion by two experienced foot and ankle specialist orthopedic surgeons (one of the
two). When the assessment of the hindfoot alignment was unclear, a goniometer
was applied on the posterior aspect of the ankle and the hindfoot, measuring the
standing tibiocalcaneal angle (angle between the bisectors of the calf and the calca-
neus). Values between 0 and 7 degrees of valgus were considered normal. If greater
than O degrees, the hindfoot was varus. If lower than —7, it was valgus.

Clinical indications to perform bilaterally WBCT scans were the same as with a
conventional radiographic setup (obtaining comparative images).

The study was approved by the relevant Ethics Committee and was compliant
with the Health Insurance Portability and Accountability Act (HIPAA) and the
Declaration of Helsinki. Informed consent was signed by all participants to be
included in the study.

Patient Assessment

WBCT images were obtained from scans performed using a PedCAT® unit
(CurveBeam®, Warrington PA, USA) installed in the outpatients department of
the Foot and Ankle Orthopaedic Surgery and Paedorthic Centre of our institution.
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The data sets were obtained using the following cone beam scanner settings:
voxel size, 0.37 mm; field of view diameter, 350 mm; field of view height,
200 mm; exposure time, 9 seconds; and total scan time, 54 seconds. Using WBCT
patient datasets, 3D coordinates (x, y, z) required for the built-in software to pro-
cess and calculate FAO were manually collected for the following landmarks: first
metatarsal head WB point, fifth metatarsal head WB point, calcaneus WB point,
and talus centermost and highest point. To identify WB points, images were
scrolled through until the smallest contact area can be observed on the axial slice
closest to the ground plane. This was usually possible until the last voxel of bone.
When it was not, the center of the smallest area of contact was chosen. The soft-
ware processed and calculated FAO automatically, as described previously
(Fig. 7.1) [5].

HACT was measured on digitally reconstructed radiographs provided by the
software, selecting the sagittal view where the foot was aligned with the second ray
and inclined 45 degrees (Fig. 7.2). The same method used to measure the long axial
view on standard radiographs was adopted [19]. Angular measurement of FAO and
HACT was performed on the same day by two experienced investigators (in two
independent settings) and repeated 14 days later.

Our analysis included only patients who had a bilateral WBCT, in order to
minimize the risk of a nonphysiological static loading of the foot. Among these,
feet which had a previous surgery with some important metal artifacts were
excluded.

e paTe HOO AT o8 | mAM 1108

Fig. 7.1 PedCAT® software screen view with the Torque Ankle Lever Arm System (TALAS™)
(top left). For the definition of FAO, three-dimensional coordinates (x, y, z planes) were harvested
for the following landmarks: first metatarsal head WB point (Metl or M1), fifth metatarsal head
WB point (Met5 or M5), calcaneus WB point (C), and talus centermost and highest point (T). F
represents the ideal position of the center of rotation of the ankle joint that lies on a bisecting line
of the tripod
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Fig. 7.2 Measurement method for the long axial view on digitally reconstructed radiographs. (a)
Dorsoplantar radiograph from weight bearing CT (HACT); (b) foot aligned with the second ray
and inclined towards 45 degrees, and (c) then visualized from the back to assess the hindfoot align-
ment. The mid-diaphyseal axis of the tibia was identified by bisecting the tibia into two mid-
diaphyseal points (lines A and B) 30 mm apart (line E). The mid-diaphyseal axis of the calcaneus
was defined by a line through two points in the calcaneus. At a distance of 7 mm from the most
distal part of the calcaneus, a horizontal line was drawn (line D) and divided into a 40%: 60% ratio
(where the length of the 40% line was measured from the lateral side). Another line (line C) was
drawn horizontally, 30 mm from the posterior edge of the calcaneus. The calcaneus axis (line F)
was drawn by connecting the 40% mark at line D and the bisected line C. The hindfoot alignment
(G) was defined by the angle between lines E and F
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Statistical Analysis

Quantitative variables are reported as mean + standard deviation (SD), range, and
95% confidence intervals [95% Cls]. The Kolmogorov-Smirnov test was performed
to investigate the distribution of the normal foot group (G1). Regression analysis
was performed to calculate the correlation between FAO and HACT using
Spearman’s coefficient and visualization of a corresponding scatterplot.

To assess the reproducibility of FAO and HACT, inter- and intraobserver vari-
ability expressed by the intraclass correlation coefficient (ICC) was calculated. ICC
values range from O to 1, with a higher value indicating better reliability. An ICC
value >0.7 indicates good reliability and a value >0.9 excellent reliability. All analy-
ses were carried out using SPSS 20.0 software (Standard version; IBM, Armonk,
NY, USA). The significance level was set at p < 0.05.

Results

Overall, 249 feet (126 patients) were included in the study: G1 =115, G2 =78, and
G3 = 56 feet. Three feet from three patients were excluded from the analysis. The
mean values for FAO and HACT in the three groups are reported in Table 7.1
(Fig. 7.3).

Kolmogorov-Smirnov analysis showed a normal distribution for both FAO and
HACT in G1 (p > 0.05) (Fig. 7.4).

The correlation between FAO and HACT was good (Spearman’s correlation
coefficient = .863). Linear regression analysis showed a good linear relationship
between FAO and HACT (R? = 0.744), and the regression slope was 1.064 (Fig. 7.5).

The intraobserver and interobserver ICC values demonstrated excellent reliabil-
ity for FAO measurements and good to excellent reliability for HACT (Table 7.2).

Discussion

In our study population, foot and ankle offset values assessed on WBCT images
correlated well throughout the spectrum of HAs. Furthermore, the cases considered
clinically to be normal were found to have a normal distribution. The FAO and

Table 7.1 Measurements of the foot and ankle offset (FAO) and hindfoot alignment through a
long axial view (HACT) in the three groups, expressed as mean value, standard deviation (SD),
95% confidence interval (95%CI), and range of values

Mean SD 95% CI Range
Groups | FAO | HAct | FAO | HAct| FAO HAct FAO HAct
1 1.17 |3.18 |2.82/3.12 |0.65t01.70 | 2.60to 3.76 —4.49t09.40 | —4.70 to 10.5
2 8.10 /9.69 |3.69 4.85 |7.271t08.93 8.59t0 10.8 3.35t0 19.07 |2.1t024.5
3 —6.64| —8.15/4.83 1 6.62 | =7.93 to =5.35/ =9.92t0 —6.37 | =27.2t02.29 | -29.3t0 4.9
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Fig. 7.3 Boxplots showing (a) HACT and (b) FAO values in the three groups of our cohort. On
each box, the central mark indicates the mean value, and the bottom and top edges of the box
indicate 95%CI. The whiskers extend to the most extreme data points in the range (minimum and
maximum values)

a Group 1 b Group 1

50 40 -

40

30 -

g g
2 30 - 2 _—
5 g
g S, 20
® 20 4 &

10 4 10 7

0 ' i f f T 0 T T T T T T 1 T
5.0 0 50 100 15.0 400 -2.00 .00 2.00 400 6.00 8.00 10.00
HAct

FAO

Fig. 7.4 (a) Gaussian distribution of the hindfoot alignment assessed through a long axial view
(HACT) (b) and foot and ankle offset (FAO) values in the normal population

HACT mean values were very close to data published previously (mean value for
clinically normal cases of 2% valgus FAO [5] and 9 degrees of valgus HACT [15])
(Fig. 7.3). Intra- and interobserver reliability was excellent, equivalent for both
measurements, however slightly superior for FAO (being excellent in the overall
and group analysis, while HACT was only good in the group analysis).

Different radiographic methods and measurements have been described to evalu-
ate hindfoot malalignment, such as the Méary view, HA view (Saltzman view), and
long axial view [20-22]. However, these tools have shown poor inter-test correla-
tion [23]. These methods greatly depend on the accuracy of positioning the X-ray
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Fig. 7.5 Linear regression analysis of long axial view (HACT) and foot and ankle offset (FAO)
values

Table 7.2 Intra- and interobserver reliability of foot and ankle offset (FAO) and hindfoot
alignment through the long axial view (HACT) measurement in different groups, expressed as
intraclass correlation coefficient values and 95%CI

Intraobserver Interobserver
Groups FAO HAct FAO HAct
Overall 0.987 0.949 0.988 0.949
1 0.949 0.809 0.941 0.756
2 0.976 0.837 0.969 0.858
3 0.949 0.866 0.972 0.927

beam projection, which is difficult to standardize. In order to make projections more
reliable, authors have repeatedly published modifications and new techniques such
as the lateral Fick correction method, the metal wire and malleolar pincers on Méary
view, and the modified Van Dijk and Robinson correction on HA view, with little
success [8, 24]. Dagneaux et al. recently reported that the Fick correction did not
counteract the influence of tibial rotation and caused a greater range of results with
a mean ICC of 0.59 [8]. Therefore, there is currently no golden standard method to
evaluate HA.
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WBCT has inherent advantages including the absence of rotational and projec-
tion bias and of technical and operative mistakes. This is due to industrial standard-
izing processes such as quality assurance testing. In these procedures, templates
with known density and dimensions are used to regularly test that the machine accu-
rately measures known values. This increased reproducibility led to the develop-
ment of novel measurement methods in WBCT, such as the FAO [5, 16]. Lintz et al.
suggested that FAO is a reliable measurement of HA when acquired using a semi-
automatic software tool in varus and valgus deformity, with excellent interobserver
(0.99) and intraobserver (0.97) reproducibility [5].

In clinical practice, an accurate and reproducible method of measuring HA is
essential for diagnosis and treatment, especially in certain subtle ankle conditions.
Colville has demonstrated how in a chronically unstable ankle treated by surgical
reconstruction a varus hindfoot may predispose to failure, given the severe inversion
forces [25]. Similarly, Van Bergeyk found a correlation between a varus alignment
of the hindfoot and chronic lateral ankle instability using a simulated weight bear-
ing condition [26]. However, as reported in a recent review, this kind of simulation
also presents a few biases, essentially because of the lack of physiological muscular
contraction and the application of a partial load [9].

Our findings in terms of FAO values confirm the reference values reported previ-
ously in the literature [5], with the mean of normal cases of around 2%. As a 3D
biometrics, FAO has overcome the inherent errors in 2D measurements, which
makes it possible to develop more 3D tools to plan foot and lower limb surgery with
greater accuracy in the future. However, larger number of patients and multicenter
studies are required to distinguish between different degrees of hindfoot malalign-
ment as precisely as possible, targeting the “true alignment.”

Our study has several limitations. The use of a simulated long axial view as a
control for FAO is open to debate since it does not represent the current gold stan-
dard for HA. As mentioned previously, it is hard to describe “true” HA without 3D
biometrics. Long axial view is one of the most widely used tools for the clinical
assessment of HA, and for that reason we selected it for comparison with
FAO. Secondly, no sample size calculation was performed prospectively in this
study. However, we feel that our findings on over 240 feet are appropriate to support
our conclusions.

In conclusion, our study is the first prospective assessment of FAO as a 3D
biometric tool. It shows that FAO has excellent reproducibility and good correla-
tion with clinical findings, confirming the values reported previously. The use of
WBCT can help to characterize HA objectively using semiautomatic software or
digitally reconstructed radiographs. Future research in this field will define the
reference values further and open future perspectives for larger data sets and
multivariate analysis in foot and ankle pathologies.
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Chapter 8

Relationship Between Chronic Lateral
Ankle Instability and Hindfoot Varus
Using Weight Bearing Cone Beam
Computed Tomography:

A Retrospective Study

Francois Lintz

Introduction

Ankle sprain is one of the most common pathologies in orthopedic practice, account-
ing for 15-20% of all athletic injuries [1]. It is usually treated successfully with
conservative protocols (rest, ice, compression, and elevation), even though 15-20%
of cases may develop chronic ankle lateral instability (CLAI) [1]. A few studies
have investigated intrinsic predictors of CLAI; however, to date only the severity of
the initial sprain and participation in physical training seem to predict re-sprain [2,
3]. The value of hindfoot alignment (HFA) in the setting of CLAI has been reported
in the literature, [4, 5] with a varus hindfoot deformity suggested as a possible risk
factor [5-10]. Study of the relationship between the varus alignment and clinical
instability has usually relied on 2D plain radiographs, which are commonly used in
daily practice. However, these are flawed by anatomical bias, which includes pro-
jection, rotation distortion, and a fan effect, as well as operator-related technical
bias [11, 12]. In 2002, Van Bergeyk suggested computed tomography (CT) as a
better imaging method to evaluate HFA being reliable, accurate, and reproducible
[5]. In his study, he used a footrest to simulate weight-bearing conditions as no other
technology was available at that time [5].

Recently introduced weight-bearing cone beam CT (WBCT) has been described
as a major step forward in lower limb imaging and analysis, as it provides images
comparable to ordinary CT scans but with a reduced radiation dose and under physi-
ologically loaded conditions.1 In addition, new HFA measurements such as the foot
and ankle offset (FAO), which is performed through 3D structural analysis of the
foot-ankle complex using a semi-automated software (Talas®, CurveBeam, LLC),

Based on Lintz F, Bernasconi A, Baschet L, Fernando C, Mehdi N; Weight Bearing CT International
Study Group, de Cesar Netto C. Relationship between chronic lateral ankle instability and hindfoot
varus using weight-bearing cone beam computed tomography. Foot Ankle Int.
2019:1071100719858309. doi: 10.1177/1071100719858309. [Epub ahead of print].

© Springer Nature Switzerland AG 2020 87
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31949-6_8&domain=pdf

88 8 Relationship Between Chronic Lateral Ankle Instability and Hindfoot Varus Using...

have proven to be reliable and reproducible in the clinical setting, demonstrating
excellent intra- (0.97-0.98) and interobserver (0.98-0.99) agreement [11-13].

The primary objective of our study was to analyze HFA in relation to CLAI using
the FAO measurement on WBCT images. We hypothesized that there is a positive
correlation between varus alignment and history of CLAIL

Material and Methods
Study Design

This comparative, retrospective, and nonselective study analyzed existing data
recorded prospectively as part of routine clinical care. All procedures were per-
formed in accordance with the ethical standards of the institutional research com-
mittee and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Ethical approval from the relevant Institutional
Review Board was obtained (IRB number OS-RGDS-2017-10-001).

Study Population

Datasets were obtained for 370 consecutive feet (189 patients) referred to a special-
ized orthopedic surgery center in our institution between July 2016 and October
2018, who underwent a WBCT investigation. Weight bearing cone beam CT was
performed on patients requiring comparative weight bearing imaging when adequate
imaging had not already been provided elsewhere. Indications to perform a WBCT
were the same as a conventional comparative bilateral radiographic assessment.

History of CLAI was based on medical history, clinical symptoms, physical
examination, and imaging studies including radiography (weight-bearing antero-
posterior and lateral views, varus stress test, radiological anterior drawer test),
arthro-CT, or MRI and ultrasonography, according to each patient’s follow-up. For
this study we included patients who had reported at least three repeated episodes of
ankle “giving way” in the previous 6 months, complaining of ankle instability asso-
ciated with pain or not, with at least one prior initial ankle sprain requiring active
treatment. Patients who had pain and discomfort but no history of ankle giving way
were not diagnosed with CLAI. Clinical examination was performed by a senior
orthopedic surgeon and was independent from hindfoot alignment measurements.

Out of 378 feet investigated through WBCT, one foot from a patient with medial
ankle instability, one with syndesmotic instability, and those (six) who had a his-
tory of hindfoot realignment surgery or traumatic malalignment were excluded.
Feet were divided into two groups: (i) patients with CLAI and (ii) all other patients.
Out of 370 feet, 43 (12%) had CLALI, in 34 patients (18%). No extra investigation
other than the standard of care in our institution was required in this study.



Material and Methods 89
Investigations and Measurements

WBCT scans were performed using a PedCAT™ unit (CurveBeam LLC, 175 Titus
Ave, Suite 300, Warrington, PA 18976, USA) installed in the outpatient depart-
ment. The datasets were obtained using the following cone beam scanner settings:
voxel size, 0.37 mm; field of view diameter, 350 mm; field of view height, 200 mm;
exposure time, 9 sec; and total scan time, 54 sec. The datasets were extracted from
the existing database, containing the 3D image data and patient demographics
including age, sex, body mass index (BMI), and history of CLAI and other clinical
conditions. Datasets were screened using the manufacturer’s visualization
(CubeView™) and measurement (Talas®) softwares, and FAO was calculated
using specific software, as described previously [12]. FAO is a semiautomated tool
that measures offset between the center of the ankle joint and the center of the foot
weight-bearing surface (Fig. 8.1). The offset is given as a percentage to normalize

Rotate / 180

Save to Database] Export Daubmllmport Pathologwes

Strictly follow the point click sequence in MPR imagery to assure proper foot laterality detection!
The graph depicts tomy in radiology view orientati

Fig. 8.1 A picture showing the basic elements required to calculate the foot and ankle offset
(FAO). The following landmarks must be identified: the first metatarsal head WB point (M 1), the
fifth metatarsal head WB point (M2), the calcaneus WB point (C), and the talus centermost and
highest point, respectively, in the coronal and sagittal planes (T). These values are elaborated
through a specific software (Talas®; CurveBeam LLC), which calculates FAO values using an
algorithm based on the inverted 3D pyramid model
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its value according to foot length. In the first published study, normally aligned feet
had a FAO value of 2.3 +2.9% [12]. We also recorded the calcaneal offset (CO) and
hindfoot angle. CO represents the distance (in mm) between a theoretically neutral
position of the calcaneus (in terms of mechanical lever arm at the level of the ankle)
and the actual position of the calcaneus. Hindfoot angle is an angle whose end-
points are the apex of the center of the talar dome projected on the ground plane (as
the vertex), the ideal position of the calcaneus, and the actual position of the calca-
neus, which is comparable to mainstream hindfoot angles used on 2D traditional
radiographs.

Statistical Analysis

Data are reported as mean, standard deviation, and range values (min-max).
Univariate analysis was conducted to compare patients with and without CLAI
against the following variables: sex (Fisher test) and age and BMI (Student’s t-test).
To compare feet with and without CLAI against FAO, generalized mixed model was
used to take into account correlation between the 2 feet of the same patient, unad-
justed and adjusted on age and sex. A subgroup analysis was performed to assess the
relationship between (1) a negative FAO and clinical varus and (1) a negative FAO
and diagnosis of CLAI (Fisher test). p = 0.05 was considered significant. All statisti-
cal analyses were performed by an independent statistician using SAS for Windows
(Version 9.4; SAS Institute Inc.).

Results

The final analysis included 43 (12%) feet with CLAI in 34 patients (18%). The main
characteristics of the two groups are shown in Table 8.1.

Sex (p = 0.012) and age (p = 0.0003) were risk factors to have CLAI in at least
one side; patients with CLAI were mostly men (59.8%) compared to patients with-
out CLAI (65.2% of women) and were 10 years younger. FAO (p = 0.0008) was a
significant risk factor for CLAI in univariate analysis (Table 8.2).

The proportion of patients with CLAI who were female was higher than those
without CLAI (65.2% vs. 41.2%, respectively). Mean age was 46 years + 14 and
56 years + 15 for patients with and without history of CLAI, respectively. Mean FAO
was —2.2% =+ 5.4 (varus) and 2.6% = 4.7 (valgus) in feet with and without a history
of CLAL respectively (Fig. 8.2). No significant differences in BMI were observed.

After verification of log-linearity between the odds ratio (OR) for CLAI and
FAO, multivariable logistic generalized model, adjusted for sex and age, demon-
strated a 35% increase in OR for CLAI per 1% decrease in FAO value (towards
varus) [adjusted OR = 0.64; 95%CI, 0.49-0.84; p = 0.001] (Fig. 8.3) and no signifi-
cant effect of sex [adjusted OR = 0.52; 95%CI, 0.04—6.80; p = 0.617] and age
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Table 8.1 Demographic characteristics of the patients enrolled in this study

Parameters CLAI Other Total p value?
No. of patients (%)° 34 (18) 155 (82) 189
Age,y
Mean + SD 45.6 = 14.1 56.0+15.2 54.1+15.5 .0003¢
Range 25-76 16-86 16-86
Females, n (%) 14 (41.2) 101 (65.2) 115 (60.8) .0018¢
BMI
Mean + SD 26.8 4.3 259 +4.1 26.1 £4.2 .2875¢
Range 19-37 17-37 17-37

Patient pathologies (several
possible), n (%)

Pes cavus (varus) 13 (38.2) 17 (11.0) 30 (15.9)
Pes planus (valgus) 3(8.8) 50 (32.3) 53 (28.0)
Others 18 (52.9) 128 (82.6) 146 (77.2)

No. of feet 43 (12) 327 (88) 370

Side, R/L 21/22 162/165

FAO, %
Mean + SD -22+54 26+4.7 20+5.0 <.0001¢
Range —1931t0943 |-18.1t019.8 | —19.3t0 19.8

CO, mm
Mean + SD -32+84 6.7+9.8 43+104 <.0001°
Range -21.2t016.3 |-205t037.1 |—-20.5t037.1

HA, degrees
Mean + SD -59+1538 10.6 = 16.0 65+174 <.0001¢
Range —-39.1t030.8 | —38.9t059.3 | —39.1t059.3

Abbreviations: BMI body mass index, CLAI chronic lateral ankle instability, CO calcaneal offset,
FAO foot and ankle offset, HA hindfoot angle, L left, R right, SD standard deviation

Significant p values are in bold

At least I side

°Student  test

dFisher exact test

*Linear mixed model taking into account correlation between patients’ feet

[adjusted OR = 0.94; 95%CI, 0.86—1.03; p = 0.165] (Table 8.2). In this study, there
was a significant association between negative FAO and clinical varus hindfoot
(p < 0.001) and between negative FAO and diagnosis of CLAI (p < 0.001)
(Table 8.3).

Discussion

This study is the first to describe a positive linear relationship between hindfoot
varus and the risk of developing CLAI. The modern tool represented by WBCT in
association with semiautomated HFA and a clinical database proved effective at
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Table 8.2 Univariate and multivariable generalized mixed model to predict risk of chronic lateral
ankle instability (N = 370)*

Unadjusted OR Adjusted OR
Variable (95% CI) p value | (95% CI) p value
FAO (%) (by additional unit) | 0.63 (0.49-0.83) <.001 |0.65 (0.50-0.84) .001
Sex (F vs. M) 0.35 (0.04-2.98) .346 0.52 (0.04-6.80) .617
Age (years) (by additional 0.95 (0.89-1 02) .189 0.94 (0.86-1.03) .165
unit)

Abbreviations: CI confidence intervals, F female, FAO foot ankle offset, M male, OR odds ratio
“Random effect on patients to take into account correlation between feet. Logit link of risk of
chronic ankle instability

80 @ Other ankles (n=327)

O CLAI ankles (n=43)

60

Number of ankles
I
o

20

-20 -10 0 10 20
FAO (%)

Fig. 8.2 Comparison of foot and ankle offset value distribution curves between subjects diag-
nosed with chronic lateral ankle instability and controls

achieving this objective using a retrospective study approach. This seems to match
previous hypotheses based on clinical and radiographic evaluations but never dem-
onstrated in a three-dimensional environment under physiological loading conditions
[5-10]. The relationship between a varus momentum and risk of instability has a
well-known rationale. In terms of biomechanics, a varus hindfoot is universally
recognized as a “stiff”” hindfoot, compared to a valgus/flatfoot morphotype, which
is considered “supple.” This stiffness contributes to reduced shock absorption power
and also increases the risk of damage to the lateral structures of the hindfoot through
increased supinating moment. As a result, weakened lateral support becomes a pre-
disposing factor for recurrent inversion injuries [6].
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Fig. 8.3 Relation between the log odds of chronic lateral ankle instability and foot and ankle
offset values

Table 8.3 Relationship between (1) FAO sign and clinical assessment and (2) FAO sign and
diagnosis of CLAI (N =370)

Clinically | Clinically No of
Total varus neutral or valgus | p value | CLAI CLAI p value
Total 370 49 321 <.001 |43 327 <.001
Positive 260 (70.3) | 3 (6.1) 257 (80.1) 14 (32.6) | 246 (75.2)
FAO, n (%)
Negative 110 (29.7) | 46 (93.9) |64 (19.9) 29 (67.4) | 81 (24.8)
FAO, n (%)

Abbreviations: CLAI chronic lateral ankle instability, FAO foot ankle offset

Hindfoot alignment assessment was primarily based on clinical examination. When unclear, a
goniometer was applied on the posterior aspect of the ankle and the hindfoot, measuring the stand-
ing tibiocalcaneal angle (angle between the bisectors of the calf and the calcaneus). Values between
0° and 7° of valgus were considered normal. If greater than 0°, the hindfoot was varus. If lower
than —7°, it was valgus

Up to a few years ago, there was little evidence for this, mainly due to flaws
related to the clinical and radiographic assessment of HFA [11]. The idea that CT
might enhance our understanding and diagnostic power around the hindfoot dates
back over three decades [14, 15]. Non-loading conditions and the significant differ-
ence in amount of radiation when compared to plain radiographs have always lim-
ited the usefulness of CT in this field. However, this has been overcome by the
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recent development and expansion of WBCT [11, 12]. Some authors have already
documented its role in common foot and ankle pathologies, such as ankle fractures,
hallux valgus, hallux rigidus, peritalar subluxation, and flatfoot [16-20]. To the best
of our knowledge, no study has investigated the relationship between a varus hind-
foot and CLAI using the WBCT technology.

In 2002, Van Bergeyk stated that hindfoot varus was more common in patients
with CLAI compared with normal controls [5]. These authors found a statistically
significant difference in the central calcaneal varus angle (CCVA) between varus
hindfeet and controls. In this study, a footrest was utilized to simulate weight-
bearing conditions. A few years later, Strauss retrospectively assessed 180 ankles
diagnosed with CLAI, focusing on various extra-articular related conditions and
found clinical hindfoot varus alignment in 15 cases (8%). Interestingly, among
those requiring revision after surgery, 28% had a varus hindfoot [5].

Our analysis represents a step forward from Van Bergeyk’s work, for at least
three reasons. First, the use of a WBCT machine helped to overcome the flaws
related to weight-bearing simulation, namely, the application of a partial load and
the absence of active muscle contraction [11]. Second, our approach enabled us to
define an individual continuous predictive value for FAO towards CLAI and not just
a difference between the groups. Finally, measurement of FAO has excellent intra-
and interobserver reliability (0.97-0.98 and 0.98-0.99, respectively) [12, 13], as
opposed to CCVA (0.62 and 0.49) used in the previous study [5]. Bearing in mind
Strauss’ considerations, WBCT would definitely help in the recognition of some
associated intra- (osteochondral lesions) or extra-articular conditions, such as os
trigonum lesions, os subfibulare, and other ossicles, anterior tibial spurs, and tarsal
coalitions that are often underestimated and could be addressed at the same time as
CLALI if properly diagnosed [4]. In our case, WBCTs were all part of standard fol-
low-up for these patients, and no extra cost was generated. They were bilateral when
a bilateral assessment was required, as it would have been using a conventional
radiographic setup.

Noteworthy, in this study we found that about 94% of clinically varus hindfoot
had negative FAO (Table 8.3). Although two studies have already well focused on
the relationship between FAO and clinical assessment of hindfoot [12, 13], no spe-
cific study has been published on WBCT measurements in cavovarus feet so far. A
recent analysis by de Cesar Netto et al. has suggested that WBCT measurements of
hindfoot alignment may demonstrate significantly more pronounced valgus than the
clinical evaluation, potentially explaining the positive value of FAO in 6% of clini-
cally varus hindfeet [17].

Our study has several limitations. First, its retrospective design. Second, mea-
surements were performed by a single author, which did not allow us to assess
intra- or interobserver reproducibility. However, this was not an aim of the current
analysis, and the latter has been assessed previously in the literature [12, 13].
Third, we investigated HFA in a relatively small sample size (only 43 feet with
CLAI); however, the results were statistically significant and support the perti-
nence of our approach. No power estimation was done a priori to the study; how-
ever, performing an a posteriori analysis with power of 90%, a Type I error at 5%,
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and a normal distribution with mean 2 and standard deviation 5, for 12% feet with
ankle instability, the required sample size for 0.85 odds ratio associated with each
additional FAO unit would be 160. Fourthly, we included patients with a history of
three ankle sprains over a 6-month period, corresponding to the criterion that we
adopt in our clinical practice. To the best of our knowledge, CLAI is usually
described as a combination of pain or discomfort, sensation of instability, and
recurrent episodes (imprecise number) of ankle giving way [21, 22]. The lack of an
unambiguous definition of CLAI and the absence of international consensus guide-
lines make certainly more difficult to define standardized inclusion criteria for a
study on this condition. Lastly, we are aware that our results were generated from
a specific population (patients referred to a specialized center). As such, an alterna-
tive explanation to our results might be that, among patients having CLAI, those
with a varus morphotype would have a higher risk to become symptomatic and to
seek medical attention. We acknowledge that the design of our study does not
allow to disprove this scenario, and for this we encourage further research on ankle
instability.

In conclusion, our study found that a varus hindfoot represents a risk factor for
CLALI, with a 35% increased OR per 1% reduction of FAO (towards varus). The use
of WBCT coupled with semiautomated measurements and a dedicated clinical data-
base may improve the diagnostic accuracy and prognostic power while enabling the
assessment of associated conditions in order to address all components of
CLAL Future research will need to focus on the development of intelligent software
to improve exhaustiveness of clinical data collection and to render the measurement
systems fully automatic.
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Chapter 9

Normal Hindfoot Alignment Assessed
by Weight Bearing CT: Presence

of a Constitutional Valgus?

Arne Burssens

Introduction

Hindfoot alignment has classically been determined using a long axial or hindfoot
alignment view [1]. Studies using these radiographic methods in normal asymptom-
atic feet report values between 2° and 5° of valgus in the general population [2].
Clinical measurements of the hindfoot are situated between 5.61° and 6.50° of val-
gus [3]. These findings give the impression of a physiological valgus alignment of
the hindfoot. However, results are based on small cohorts [2, 4], lack a clear correla-
tion between clinical/radiographical data [5], and impose important measurement
errors due to bony superposition present in plane weight bearing radiographs [6].
The latter is currently overcome by the use of weight bearing CT which provides an
accurate bone position and allows a natural stance of the patient [7]. Various meth-
ods now have been described to determine hindfoot alignment using weight-bearing
CT [7, 8]. This study will use a method composed out of the anatomical axis of the
tibia and the talocalcaneal axis based on the inferior point of the calcaneus as
described previously [9]. To investigate not only the radiological relevance of this
point but also a possible biomechanical role, a density analysis will be performed.
An increased ossification around the inferior point would indicate a higher load
application as stated by Wolff’s law [10]. Currently the measurement method was
only used in malalignments of the hindfoot and lacks reference values. Therefore,
the goal of this study is to obtain measurements from a population with clinical and
radiological absence of hindfoot pathology. These will be compared to hindfoot
measurements obtained from the long axial view based on the anatomical axis of
the tibia and the calcaneal axis, to point out possible differences attributed to the
measurement method [1]. Although surgical hindfoot corrections are frequently
performed either extra-articular by osteotomies or intra-articular by arthrodesis, still

Based on Burssens A, Van Herzele E, Leenders T, Clockaerts S, Buedts K, Vandeputte G, et al.
Weight bearing CT in normal hindfoot alignment—Presence of a constitutional valgus? Foot and
Ankle Surgery 2018;24(3) 213-218.
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numerous debate exists on the amount of correction and the ideal foot position after
arthrodesis [11, 12]. Per-operative tools are already used to obtain a more accurate
correction [13] or a physiological load distribution [14], but a preoperative planning
remains paramount. This study will contribute to the preoperative planning by pro-
viding further insights into a physiological hindfoot alignment. The null hypothesis
is the existence of an overall physiological valgus alignment in the hindfoot.

Materials and Methods

Study Population and Design

Forty-eight patients, mean age of 39.6 = 13.2 years, with clinical and radiological
absence of hindfoot pathology were included. Indications for imaging consisted out
of minor foot and ankle trauma with persistent complaints in purpose to rule out an
occult fracture, but appeared to be negative or nonsignificant (n = 31), suspicion of
osteoartrosis but not detectible on weight bearing CT imaging (n = 11), and MTP I
fusion to assess consolidation (n = 4) (Table 9.1).

Patient Characteristics

Each time the contralateral not affected foot was used for analysis. This was per-
formed using CurveBeam® software applied on the images retrieved from the weight
bearing CT (pedCAT®). Ethical committee gave permission in performing the study
(OG10601102015). Following imaging protocol was used: radiation source was set
at 4 mAs and 50 kV, with a focus distance of 100 cm, with the beam pointed at the
ankle joint. PedCAT used the following settings: tube voltage, 96 kV; tube current,
7.5 mAs; CTDIvol 4.3 mGy; matrix, 160,160,130; pixel size, 0.4 mm; and slice
interval 0.4 mm. At the department of radiology, patients were asked to attain a natu-
ral stance with both feet parallel to each other and straight ahead at shoulder width.
Hindfoot measurements were performed by two authors AB and EDV. Each mea-
surement was repeated three times; after the complete set of measurements, the mean
out of three measurements was used for further analysis. The hindfoot angle was

Table 9-1 P atient Characteristic Total (N = 48)
characteristics Age (+) SD 39.6 = 13.2 years
Sex (M/F) 28/20
Minor trauma 31
Absence osteoarthritis 11
MTP I fusion 4
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determined based on the inferior point of the calcaneus (HAc) as described previously
[9]. In brief the foot is positioned according to the second ray, and the angle is com-
posed out of the intersection between the anatomical tibial axis (TA,) and the talocal-
caneal axis (TCA,) (Figs. 9.1a and 9.2a). The latter is formed by connecting the
inferior point of the calcaneus with the middle of the upper surface of the talus
(Fig. 9.3a, b). This will be compared to the hindfoot angle measured on the long axial
view (HA_,), for which firstly the foot needed to be aligned with second ray and
inclined 45° by applying the reconstruction mode built in to the used software
(Figs. 9.1b and 9.2b, c). Secondly the calcaneus needed to be divided 50-50% in the

Fig. 9.1 (a) Overview of the measurement method (HA,c) based on the inferior calcaneal point
(lower right quadrant) after alignment of the foot according to second ray (upper right quadrant,
green line) (b). In comparison to the long axial method (HA, ,) based on dividing the calcaneus
(lower right quadrant) after inclination of the feet towards 45° and aligning with the second ray
(upper right quadrant, green line)
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Fig. 9.2 (a—c) Correlation between both measurement methods showed to be good with an
R?=10.74, indicating that both can be used to determine hindfoot alignment but with higher valgus
values obtained in the HA| o
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upper part and 40-60% in the lower part to determine the calcaneal axis (CA,) as
described by van Dijk et al. [1] (Fig. 9.3¢c). The HA; » was composed out of the inter-
section between the TA, and the CA, on the inclined foot (Fig. 9.3d).

To investigate the relevance of the inferior calcaneus point, a bone density analy-
sis was performed by calculating the pixel density of this region of interest (ROI) in
the coronal plane and comparing it to a regional area with the same surface window
by using an OsiriX®-based plug in software (Fig. 9.4a, b). A higher pixel density
would concur with an increased calcium/bone density, and by applying Wolff’s law,
this would indicate a higher load exposure [10]. To avoid the influence of traction
exerted by the fascia plantaris on the bone formation in this inferior calcaneal
region, the ROI was set at a distance of 5 mm from the medial calcaneal tuberosity
in the sagittal plane (Fig. 9.4c, d).

Hindfoot characteristics in the tibiotalar joint were measured as the talar tilt (TT)
and the tibial inclination (TT) of the articular surface towards the horizontal axis as
described previously [9]. In the subtalar joint the subtalar vertical angle (SVA) was
measured in the middle coronal plane when started at the level of the highest point
of the talar dome according to the method described by Knupp et al. [15]

Statistical Analysis

A Kolmogorov-Smirnov test was used to analyze if the data were normally distrib-
uted. Depending on the outcome, a parametric Student’s t-test or a nonparametric
Wilcoxon signed rank test will be conducted to compare the means of the two used
hindfoot angles. Regression analysis was performed to correlate the relative change
of both angles by calculation of the Spearman’s coefficient and visualization of a
corresponding scatterplot. To assess the density analysis between the inferior calca-
neus point and the regional calcaneal area, the dependent Student’s t-test was used.
Inter- and intraobserver variability of the obtained measurements was analyzed
using interclass correlation coefficient (ICC). This was interpreted as follows:
ICC < 04, poor; 0.4 < ICC < 0.59, acceptable; 0.6 < ICC < 0.74, good; and
ICC > 0.74, excellent [16]. The SPSS (release 20.0.0. standard version, SPSS, Inc.,
Chicago, IL, USA) statistical package was used to analyze the results. A probability
level of P < 0.05 was considered significant.

Results

Hindfoot Alignment

Kolmogorov-Smirnov analysis shows a P > 0.05 for both hindfoot parameters indi-
cating that the measurements are normally distributed, and therefore further para-
metric testing could be used. The mean HAIC equaled 0.79° of valgus + 3.2 with a
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Fig. 9.4 (a) 3D overview (b). Density of the WBC compared to the regional calcaneal area (c).
ROI was set at a distance of 5 mm from the medial calcaneal tuberosity to avoid bone formation by
traction influence of the fascia plantaris (d). Measurement of the hindfoot angle based on the osteo-
sclerotic weight bear point (WBC) of the calcaneus

Table 9.2 Mean hindfoot measurements in degrees and concomitant intraclass correlation
coefficients

Hindfoot measurements SD () 1CCiper 1CCiyira
HAc 0.79 32 0.73 0.81
TAx 2.7 2.1 0.76 0.83
TCAx 0.61 2.9 0.85 0.82
HA A 9.1 4.8 0.71 0.74
TAx 3.8 2.9 0.81 0.78
CAx 5.2 4.1 0.71 0.79
TI 24 0.84 0.81 0.86
TT 1.9 0.86 0.83 0.82
SVA 96.1 5.7 0.73 0.76

mean TACT of 2.7° varus + 2.1 and a mean TCAXx of 0.61° varus + 2.9 (Table 9.2,
Figs. 9.2a and 9.3). The mean HALA equaled 9.1° of valgus + 4.8° with a mean TAx
of 3.8° varus + 2.9 and a mean CAx of 5.2° valgus + 4.1.

Comparing both pointed out that HALA was significantly different P < 0.001
from the HAIC by showing an increased valgus value (Tables 9.2 and 9.3), whereas
the HAIC showed a more neutral alignment (Figs. 9.2 and 9.3). Correlation between
both was shown to be good by a Spearman’s correlation coefficient = 0.74.
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Table 9.3 Results of HACT crio/HAcrer. | ROIcale med/ROlcalc lat
independent Student t-testing value | <0.001 <0.001

P-value |<0.001 <0.001
ROI Density Analysis

The mean density of the WBP equaled 271.3 + 84.1 and was significantly higher
than the regional lateral calcaneal area 109.4 + 63.2 (P < 0.001).

Hindfoot Characteristics

Measurements in the tibiotalar joined showed a mean TI = 1.9° + 0.81° and a mean
TT = 2.4° = 0.86°. Measurements in the subtalar joint showed a mean
SVA =96,1° + 5.7°.

Discussion

This study shows a more neutral alignment of the hindfoot when applying the mea-
surement method based on the inferior point of the calcaneus (HAIC). Therefore,
the anatomical tibia axis and the inferior point as described by Saltzman in the
hindfoot alignment view were used [17]. Additionally, the talus was incorporated in
the measurement method, as an important component of the hindfoot and due to its
visibility on weight bear CT, as opposed to plane weight bear radiographs, where
it’s often superimposed by the midfoot [1, 17, 18]. The obtained results couldn’t
retain the null hypothesis of a physiological valgus alignment in the hindfoot as
reported by previous literature [2, 3]. This can be attributed to either the used mea-
surement method or to a physiological neutral configuration of the talus and calca-
neus towards the tibia. Previous studies and this study show that by using a
measurement based on dividing the calcaneus (HA_,), an increased valgus align-
ment will be obtained [12]. Additionally, it is pointed out that by altering the foot
position towards an increased endo-rotation, an overestimation of the valgus align-
ment occurs [12, 19, 20]. This advocates using the inferior calcaneus point, as it
requires no additional steps, such as dividing the calcaneus in half, and hence avoid-
ing possible measurement errors. Another relevance of the inferior weight bear
point is shown by the presence of an increased bone formation as shown by the pixel
density analysis suggesting an increased load exposure when following Wolff’s law
[10]. This makes it an interesting landmark as a reference point when planning an
osteotomy, considering that the goal of this procedure is to shift the load towards a
biomechanical more favorable position [13, 21]. An important disadvantage of the
used method is the absence of complete 3D measurement. Although each foot was
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positioned using the same method according to three planes, the actual hindfoot
angle was only determined in the coronal plane, possibly missing valuable spatial
data in the sagittal and transversal plane such as the calcaneal shape [21]. Further
translation of this method towards computer calculation of the inferior calcaneus
point therefore can take place when using 3D segmented models, which are cur-
rently used for morphological characterization or joint configuration [22-24].
Another shortcoming can be attributed to the study population. Although the num-
ber is comparable to previous studies [17], the population was mostly taken from
patients with persisting pain symptoms after sustaining a minor trauma such as an
ankle distortion. Although not shown to be a primary risk factor [25], this popula-
tion could have an intrinsic varus configuration and therefore be more prone in
sustaining an ankle distortion. However, the obtained results are comparable to pre-
vious findings in healthy subjects [17], and the load-bearing area was found on the
medial side of the calcaneus, which concurred with static podography study of
Cavanagh et al. [26] Despite this concordance, it was pointed out recently by Richter
et al. that a correlation between weight bearing CT images and podography was
absent when using an incorporated pressure plate [27]. Further research can there-
fore analyze the influence of various types of hindfoot alignments on their bone
distribution pattern using weight bearing CT compared to findings obtained from
pressure plates both statically and dynamically [27]. In conclusion this paper shows
a more neutral configuration of the hindfoot in the above population when using the
HAIC based on the inferior point of the calcaneus. This method is supported by
previous literature, a high reproducibility, and a load-bearing relevance as pointed
out by the pixel bone density analysis [9, 17]. Future research should be aimed at
translating the obtained measurement methods towards 3D segmented models to
allow a higher accuracy. This will aid in preoperative planning and allow for a post-
operative evaluation after multiplanar reconstructions. These findings should be
combined with patient reported outcome measures (PROMs) and podographic and
gait analysis to answer the question if the obtained neutral configuration should also
be used in surgical hindfoot correction or fusion as compared to the proposed valgus
position [12, 28].
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Chapter 10

Reliability and Correlation Analysis

of Computed Methods to Convert
Conventional 2D Radiological Hindfoot
Measurements to 3D Equivalents Using
Weight Bearing CT

Arne Burssens

Introduction

Exact radiographic assessment of hindfoot alignment remains a challenge [1, 2].
The various measurement techniques and hindfoot views (either inclined anteropos-
terior (AP) or posterioranterior (PA)) reflect the lack of a standardized and accurate
methodology [3]. All current methodologies try to overcome two main inaccuracies:
the superposition caused by the osseous structures in the midfoot and the rotational
errors created during the positioning of the foot, as demonstrated by several recent
studies [4-6]. Weight bearing CT (WBCT) of the foot and ankle has been shown to
be more accurate in hindfoot measurements [7]. This recent imaging technique
offers the advantage of a standing position as with weight bearing radiographs but
overcomes the disadvantages of the osseous superposition caused by the complex
anatomy of the foot and ankle [8—10]. This allows for complete visualization of the
hindfoot [11]. Additionally, WBCT software settings can rotate the foot and ankle
after the imaging process to acquire a standardized positioning of the hindfoot [7, 8].

Although computed tomography was introduced to orthopedic surgery in the
mid-1970s [12], its routine clinical and 3D use only started in the early 1990s with
the introduction of the spiral CT, which allowed better insight into complex fracture
patterns [13]. Further applications were lacking, which made some authors question
the added value of a 3D CT [14]. Reluctance to adopt 3D CTs was evident in foot
and ankle literature where most available measurements and reference angels were
still performed in 2D [8, 9, 15]. Nevertheless, the orthopedic field’s interest in 3D
printing and computer-assisted surgery (CAS) has grown in recent years [16, 17].
These tools allow for more precise preoperative planning and intraoperative surgical
procedures [18]. However, in order to successfully apply them, a better understand-

Based on Burssens A, Peeters J, Peiffer M, Marien R, Lenaerts T, WBCT ISG, Vandeputte G,
Victor J. Reliability and correlation analysis of computed methods to convert conventional 2D
radiological hindfoot measurements to a 3D setting using weight bearing CT. Int J Comp Assisted
Radiol Surg 2018;13(12): 1999-2008 [50].

© Springer Nature Switzerland AG 2020 107
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_10
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ing of 3D technology is required. Although the application of these techniques on
the skeletal system is generally well understood, their potential use on and subse-
quent insights from the hindfoot remain unclear; most weight-bearing research of
the lower limb has been focused on hip and knee joints [19-21].

The advantage of these methods is that they incorporate each plane according to
the region of interest with a high measurement accuracy [19].

Using WBCT, the previously described hindfoot measurements allow for correct
foot positioning in the coronal, sagittal, and axial plane, but the actual angles are
only obtained from one CT slice in one plane [7, 10, 22, 23].

Although interobserver reliability is high, important spatial data is not used, and
the manually drawn angles and foot positioning steps impose additional measure-
ment errors [8].

The aim of this paper is therefore to use computed methods to convert these
conventional 2D measurements to a 3D environment. This analytic process will be
assessed by rater reliability and regression analysis.

Materials and Methods

Study Population, Design, and Measurement Protocol

Forty-eight patients with clinical and radiological absence of hindfoot pathology
were included [24]. The mean age was 39.6 years (SD = 3.2, age range: 19-72 years).
The indications for imaging using WBCT were one of the following: minor foot and
ankle trauma (e.g., foot and ankle sprain or contusion) with persistent complaints
that were negative or nonsignificant for an occult fracture (n = 31), the suspicion of
osteoarthritis that was undetectable on CT slices (n = 11), or a MTP I fusion to
assess consolidation (n = 4) as shown in Table 10.1.

The contralateral unaffected foot was used for each analysis. The measurements
were performed on the images retrieved from the weight bearing pedCAT® cone
beam CT, using the incorporated Cubevue® software for the 2D analysis
(CurveBeam, Warrington, PA, USA). The 3D analysis was obtained after segmenta-
tion of the images using Mimics® 19.0 and analysis using 3-matic® software
(Materialise, Leuven, Belgium). The patient records were anonymized and deidenti-
fied prior to processing in accordance with the standard data release procedures of
the hospital involved in the study. All procedures performed in studies involving
human participants were in accordance with the ethical standards of the institutional

Table 10-.1 .Patient Characteristic Total (N = 48)
characteristics Age (+) SD 39.6 + 13.2 years
Sex (M/F) 28/20
Minor trauma 31
Absence osteoarthritis 11
MTP I fusion 4
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and/or national research committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards. The Institutional Review Board
of AZ Monica approved this study (OG10601102015), and formal consent was not
required for this type of study. The following imaging protocol was used: radiation
source was set at 4 mAs and 50 kV, with a focus distance of 100 cm, and the beam
pointed at the ankle joint. PedCAT used the following settings: tube voltage, 96 kV;
tube current, 7.5 mAs; CTDIvol 4.3 mGy; matrix, 160,160,130; pixel size, 0.4 mm;
and slice interval, 0.4 mm.

At the department of radiology, patients were asked to stand naturally with both
feet parallel to each other, shoulder width apart. Hindfoot measurements were per-
formed in 2D by authors AB and MP. Each measurement was repeated three times.
After the set of measurements was complete, the average of these three measure-
ments was used for further analysis. A similar test/retest methodology was per-
formed in other studies concerning hindfoot measurements [3, 5, 8, 25-27]. The
hindfoot angle was determined based on the inferior point of the calcaneus (HA2D),
as described previously [8]. In brief, the foot was first positioned in line with the
collinear axis of the shaft of the second metatarsal, which is considered as the lon-
gitudinal axis of the foot in the axial plane (Fig. 10.1). The hindfoot angle was

Fig. 10.1 Measuring hindfoot alignment in 2D. (a, b) Positioning of the foot in line with the axis
of the second metatarsal in the axial plane. (¢, d) The hindfoot angle (HA2D) is composed out of
the intersection between the anatomical tibia axis (TA2D, blue line) and the talocalcaneal axis
(TC2D, orange line). The TC2D connects the inferior point of the calcaneus with the middle of the
talar dome
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defined as the intersection between the anatomical tibia axis (TA2D) and the talo-
calcaneal axis (TC2D), which connects the inferior point of the calcaneus and the
middle of the upper surface of the talus in the coronal plane (Fig. 10.1c, d).

The varus and valgus alignment of the hindfoot was respectively defined as when
the TCA runs medial from the vertical axis and when the TCA runs lateral from the
vertical axis, which is often considered as a reference axis [28, 29]. Authors RM and
TL determined the 3D hindfoot angle (HA3D) by the use of computer-aided design
(CAD) operations (Fig. 10.2a—d).

The anatomical tibia axis (TA3D) was calculated by a best fit centroidal axis
along the diaphysis marked above the incisura fibularis (Fig. 10.2a). The talocalca-
neal axis (TC3D) was computed by connecting the inferior calcaneus point (ICP)
with central talus point (CTP). The ICP was obtained after the calculation of an
extrema analysis of the calcaneus (function to determine the most outer point of a
structure in the direction of a given axis) (Fig. 10.2b). The CTP was determined by
the calculated centroid of the talus (mean position of all the points in a given struc-
ture) (Fig. 10.2c). The computed intersection of both the TA3D and the TC3D

b

&'
».

Fig. 10.2 Measuring hindfoot alignment in 3D. (a) The anatomical tibia axis (TA3D) was com-
puter calculated as an axis based on the moment of inertia (depicted in the upper right quadrant)
through the distal end of the tibia marked above the fibular groove. (b) The inferior calcaneus point
was calculated by an extrema analysis (a software function to determine the most outer point in the
superior-inferior direction) (arrow). (¢) The center of the talus was calculated as a centroid
(depicted in the upper right quadrant) based on the mean position of all points in the talus. The
talocalcaneal axis (TC3D) was calculated by connecting the inferior calcaneus point with the cen-
troid of the talus. (d) The intersection of both axes became the HA3D
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became the HA3D (Fig. 10.2d). The TA and the TC were measured separately in the
hindfoot angle when comparing the 2D and the 3D angles in order to emphasize
possible inconsistencies attributable to either the tibial or talocalcaneal component.

The talocrural angle (TCr) was used as a radiographic parameter to assess the
ankle in the coronal plane [30]. TCr was measured in 2D (TCr2D) as the angle
between the intersection of the intermalleolar axis (obtained after connecting the
interior point of the medial with the most inferior point of the lateral malleolus) and
the horizontal axis of tibial joint line (Fig 10.3a).

In 3D (TCr3D), this measurement is performed in the same manner by the inter-
secting angle of the intermalleolar axis (the most inferior points of the malleoli were
computed using an extrema analysis) and the computed best fitted axis through the
horizontal contour of the tibial joint line (Fig. 10.3b).

Characteristics in the tibiotalar joint were measured as the inclination of the tib-
ial joint surface towards the vertical axis perpendicular to the floor (TI2D) and the
tilt of the talus towards the vertical axis perpendicular to the floor (TT2D) as
described previously (Fig. 10.3c) [8].

The TI3D and TT3D were similarly analyzed by reconstructing the joint surface
respective of the tibia and the talus in the coronal plane. This reconstruction allows
for the computation of the horizontal axis of both surfaces and the intersection with
the vertical axis perpendicular to the floor resulted in the TI3D and TT3D.

In the subtalar joint (STJ), the middle subtalar vertical angle (SVA2D) was deter-
mined in the coronal plane according to the method described by Colin et al. [9]. This
measurement required the length of the posterior facet of the STJ to be measured in

Fig. 10.3 Common ankle and hindfoot measurements. (a, b) The talocrural angle (TCr) was mea-
sured in 2D (TCr2D) by the intersection of the malleolar axis and the tibial joint line. The 3D
(TCr3D) was measured as the intersection between the malleolar axis, created by connecting the
inferior medial and lateral malleolus through an extremity analysis and the tibial joint line. (c)
Characteristics in the tibiotalar joint were measured as the tibial inclination (TI2D, upper line) the
talar tilt (TT2D, lower line). (d) Representation of the TI3D, TT3D. (e) Characteristics in the hind-
foot were measured as the SVA (SVA 2D). (f) Representation of the SVA3D
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the sagittal plane. In the midpoint of this distance, the inclination of the STJ surface
towards the vertical axis perpendicular to the floor in the coronal plane was deter-
mined (Fig. 10.3e). The SVA3D was analyzed similarly to the SVA2D with the same
methods as applied in the TI3D and TT3D, which is generalized in Fig. 10.3f and
detailed in Fig. 10.4.

By applying goniometric functions built into the software, commonly used mea-
surements from a 2D radiograph can be translated into a 3D angle and its subse-
quent projection. The general sequence is depicted and explained for the talocrural
angle as an example (Fig. 10.4a—d).

The coronal plane in these methods was derived from the Cartesian coordinate
system with the inferior calcaneus point as the origin. The z-axis was defined as
running through the origin perpendicular to the ground floor. The x-axis runs
through the origin perpendicular to the z-axis and lies in the sagittal plane, formed
through the center of the second metatarsal head and the origin perpendicular to the
ground floor. The y-axis goes through the origin, perpendicular to the x-axis and
z-axis (Fig. 10.5e—f).

Fig. 10.4 Sequence of translating commonly used 2D measurements to 3D angles. (a) Starting as
an example with an AP radiograph of the talocrural angle, which was measured as the intersection
between the axis connecting both malleoli and the axis parallel to articular surface of the distal
tibia in 2D. (b) Same measurement in 2D is applied by the use of weight bearing CT after correct
rotation. (¢) Computer-calculated points (blue) to determine the axes and 3D angle. (d) Schematic
representation of projecting a 3D angle in the coronal (yz-plane) through the used software by
applying build-in goniometric functions. (e—f) Cartesian coordinate system with the origin defined
in the inferior point of the calcaneus. The z-axis was calculated perpendicular to the floor through
the origin. The x-axis runs through the origin perpendicular to the z-axis and lies in the sagittal
plane, formed through the center of the second metatarsal head and the origin perpendicular to the
ground floor. The y-axis goes through the origin, perpendicular to the x-axis and z-axis
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Fig. 10.5 Measurement of the subtalar vertical angle in 3D (SVA;p). (a) The surface of the poste-
rior facet of the subtalar joint was marked (red contour). The most posterior and anterior point of
the marked surface was calculated in the direction of the AP (x-) axis (blue dots). This allowed to
determine the length of the posterior facet by a software-operated connection of both points. The
midpoint of this distance was calculated and used as an origin to fit a plane parallel to the coronal
plane at a distance of —5 mm, O mm, and + 5 mm to mimic, respectively, the posterior, middle, and
anterior SVA as described by Colin et al. [9]. (b) The contour of the posterior facet running in the
middle subtalar plane was used to determine the inclination (dashed line) by connecting the calcu-
lated most medial with the most lateral point. (¢) The intersection of this subtalar axis with the
vertical (z-) axis became the middle SVA. (d) Depiction of the middle SVA in a 3D hindfoot
configuration

Statistical Analysis

A Kolmogorov-Smirnov normality test was performed to determine if data were
normally distributed. A student’s t-test and Wilcoxon signed rank test were used for
comparison of normally and not normally distributed data (2D vs. 3D hindfoot
angles), respectively.

The correlation between the measured 2D and 3D angles was assessed by the
Pearson coefficient (r). Linear regression analysis was demonstrated by use of a
corresponding scatter plot and calculation of the r2.

Inter- and intraobserver variability of the obtained measurements were analyzed
using the interclass correlation coefficient [16]. Interpretations were as follows:
ICC < 04, poor; 0.4 < ICC < 0.59, acceptable; 0.6 < ICC < 0.74, good; and
ICC > 0.74, excellent [31].
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The SPSS (release 20.0.0. standard version, SPSS, Inc., Chicago, IL, USA) sta-
tistical package was used to analyze the results. A probability level of P < 0.05 was
considered significant.

Results

Hindfoot Alignment

The mean HA2D was 0.79° of valgus (SD = 3.2, range 12.7° of valgus—13° of
varus), and the HA3D was 8.08° of valgus (SD = 6.5, range 17.2° of valgus—11.3°
of varus). There was a statistically significant difference between the HA2D vs.
HA3D (P < 0.001). There was a good correlation between both angles (r = 0.72,
P < 0.001) (Fig. 10.6). The ICC3D proved to be excellent when compared to the
ICC2D, which was good (Table 10.2).

The mean TA2D was 2.7° of varus (SD = 2.1, range 2.5° of valgus—9.1° of varus),
and the TA3D was 5.1° of varus (SD = 4.9, range 0.68° of valgus—2.4° of varus). There
was a statistically significant difference between the TA2D and TA3D (P = 0.001).

There was a good correlation between both angles (r = 0.77, P < 0.001)
(Fig. 10.6b). The ICC2D and ICC3D were both excellent (Table 10.2).

The mean TC2D equaled 0.6° of varus (SD = 2.9, range 9.1° of valgus—12.2° of
varus) and showed to be 4.6° of valgus in 3D (SD =3.7, range 11.34° of valgus—10.71°
of varus). There was a statistically significant difference between the TC2D and
TC3D (P < 0.001). There was a good correlation between both angles (r = 0.71,
P <0.001) (Fig. 10.6c). The ICC2D and ICC3D were both excellent (Table 10.2).

Ankle and Hindfoot Characteristics

The mean TCr2D and TCr3D were 15.8° (SD = 4.7, range 10.8-23.1°) and 11.8°
(SD = 3.4, range 7.2-20.71°), respectively. There was a statistically significant dif-
ference between the TCr2D and TCr3D (P < 0.001). There was a good correlation
between both angles (r = 0.69, P < 0.001) (Fig. 10.6d). The ICC3D was excellent
when compared to the ICC2D, which was good (Table 10.3).

Table 10.2 Mean hindfoot measurements in degrees and concomitant intraclass correlation
coefficients

Hindfoot measurements SD (z) ICCiyer 1ICCiyia
HAp 0.79 32 0.73 0.81
TAsp 2.7 2.1 0.76 0.83
TCyp 0.6 2.9 0.85 0.82
HA;p 8.08 6.5 0.91 0.93
TAsp 5.1 4.9 0.86 0.89
TCsp 4.6 3.7 0.99 0.99
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Fig. 10.6 (a—f) Correlation analysis of the conventional radiographic hindfoot characteristics
measured in 2D towards the obtained 3D measurements

Table 10.3 Mean ankle and hindfoot characteristics in degrees and concomitant intraclass
correlation coefficients

Ankle/hindfoot measurements SD (z) ICCiper 1CCiyia
TCryp 15.8 4.7 0.69 0.73
Tp 87.6 39 0.81 0.86
TT,p 88.1 3.1 0.83 0.82
SVA,p 96.1 5.7 0.73 0.76
TCr3p 11.8 34 0.89 0.91
Thp 86.6 53 0.95 0.93
TTsp 87.2 3.9 0.89 0.94
SVA;p 98.4 8.1 0.81 0.84

The mean TI2D and TI3D were 87.6° (SD = 3.9, range 80.2-94.2°) and 86.6°
(SD = 5.3, range 79.46-94.76°), respectively. There was a statistically significant
difference between the TI2D and TI3D (P < 0.001). There was an excellent correla-
tion between both angles (r=0.83, P < 0.001) (Fig. 10.6e). The ICC2D and ICC3D
showed both to be excellent (Table 10.3).

The mean TT2D and TT3D were 88.1° (SD = 3.1, range 82.6-96.2°) and 87.2°
(SD = 3.9, range 82.9-99.1°), respectively. There was a statistically significant dif-
ference between the TT2D and TT3D (P < 0.001). There was a good correlation
between both angles (r = 0.79, P < 0.001). The ICC2D and ICC3D showed both to
be excellent (Table 10.1).

The mean SVA2D and SVA3D were 96.1° of valgus (SD = 7.2, range 87.6-112.4°
of valgus) and 98.45° valgus (SD = 5.6, range 85.9—110.5° of valgus). There was a
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statistically significant difference between the SVA2D and SVA3D (P < 0.001).
There was a good correlation between both angles (r = 0.73, P < 0.001). These
angles significantly differed from each other with a (P < 0.001). The ICC2D and
ICC3D were both excellent (Table 10.1).

Discussion

This study shows a good correlation between the HA2D and the HA3D, indicating
that both angles can be used to determine hindfoot alignment. However, the HA3D
overcomes the shortcomings encountered by 2D analysis such as the manual foot
position according to the longitudinal axis of the second metatarsal, operator-
dependent measurements, and projection of the bony hindfoot structures solely in
the coronal plane [8]. The latter imposes a loss of important spatial information such
as the shape of the calcaneus, which has been demonstrated to contribute to the form
or deformity of the hindfoot [32].

In our study, the HA3D was significantly higher than the HA2D. More spatial
volume data and variations in the positions of the bony structures, e.g., calcaneal
talar rotation, can partially explain these differences [33].

The extent that one measurement method is more accurate than the other remains
a subject of debate. Since the HA;p takes into account more data on volume posi-
tion, it may represent the anatomy more accurately when comparing non-weight
bearing with weight bearing hindfoot angles [7].

The main advantage of using the HA3D is its reproducibility, as shown by the
excellent to almost perfect intraclass correlation coefficients. High ICC values can
be attributed to the computer-aided design operations, which allowed for calcula-
tion of the best fitted centroidal axis of the tibia base, the most inferior point of the
calcaneus, and the centroid of the talus. Each calculation was repeated according to
the same mathematical algorithm, allowing for less user interference compared to
other studies [19, 34]. The only user-dependent aspect in determining the hindfoot
angle was marking the distal end of the tibia to determine the TA3D. This resulted
in a lower ICC when compared to the TC3D. Nevertheless, reliability coefficients of
the TA3D were still higher than the TA2D, and reliable landmarks were used based
on previous literature [35].

These findings were also observed in other hindfoot and ankle measurements, in
which complete computer-calculated angles, such as the talocrural angle, have a
higher reliability than angles requiring additional surface analysis such as the TT,
TI, and SVA. On the other hand, the talocrural angle showed a lower correlation
between 2D and 3D analysis due to the 2D CT measurement difficulties; in a 2D
CT, the fibula and the tibia do not lie in the same coronal plane but are angulated
20-30° towards each other [36].

This suggests that obtaining 3D volume data allows for a better multiplanar
insight, which is often required in clinical practice during foot and ankle sur-
gery [37].
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Another important factor that could influence the obtained measurements is the
process of manually segmenting CT slices to obtain volumes. However, these
methods have been shown to have a high accuracy in CT, CBCT, and MRI [38—40].
Recent developments even allow fully automatic segmentation of long bones
[34, 41].

The limitation of using only the distal part of the tibia in determining the hind-
foot alignment could contribute to the higher variation in tibia measurements and is
a general limitation of this study. Stufkens et al. [42] confirmed these variations by
the marked difference in the medial distal tibia angle (MDTA) measured on whole
lower limb radiographs compared to the MDTA in mortise radiographs of the ankle.
If the cone beam gantry could scan the entire tibia, more accurate measurements
could be obtained as pointed out by Victor et al. [43]. Another method to determine
hindfoot alignment overcomes this problem by using the forefoot as a reference
based on the tripod index [44, 45]. Recently, Lintz et al. [46] pointed the efficiency
out of this 3D biometric tool as part of the TALAS system. For both 3D methods,
the radiation dose remains the same and should be taken into account. When com-
pared to plane radiographs, this method is the equivalent of six radiographs for a
unilateral PedCAT cone beam CT and 5.6% of the dose from a classic foot and
ankle CT [7, 47].

In conclusion, this study shows that 3D measurement methods are more accurate
and reproducible than 2D methods. The technique is based on previously described
plane radiographs and CT measurements, which makes the interpretation and use for
clinical practice straightforward [2, 7, 8]. It should be taken into account that all new
3D measurements cannot be compared to previous measurements and should there-
fore be firstly evaluated in future radiological and clinical studies, before any strong
suggestions and guidelines can be made. The main advantage in clinical practice can
be appertained to an improved understanding of complex hindfoot pathology by the
provided 3D structural configuration in WBCT. Future research and clinical applica-
tions could therefore apply this measurement method in patients with a significant
malalignment of the hindfoot. This will provide more preoperative insights into the
multiplanar deformity, to facilitate the preoperative surgical planning of the correc-
tion, which is currently based on 2D measurements as pointed out by Barg et al. [48]
Computer-assisted surgical techniques could incorporate the obtained 3D reference
values per-operatively to help corrections of malaligned hindfoot fall within normal
angular parameters, as shown by Richter et al. [17]. Postoperative assessment of the
achieved correction by the same 3D measurement methods will provide a better
quantification and understanding of the surgical intervention.

These findings will prompt more evidence-based surgery and better treatment
guidelines. The latter are currently incoherent, reflecting the lack of structural
insight into hindfoot pathology [49].
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Introduction

A medializing calcaneal osteotomy (MCO) is a surgical procedure frequently per-
formed to correct an adult acquired flat foot deformity (AAFD) [1-3]. This condi-
tion is characterized by a complex 3D deformity resulting in a loss of the medial
longitudinal arch, valgus alignment of the hindfoot, and abduction of the midfoot
[4-7]. The initial treatment in mild deformities is conservative (e.g., insoles), but,
once progression of the deformity and impairment of functional activities occur,
surgery is advised [8]. In case a stage II AAFD, according to Johnson and Strom
classification (containing a posterior tibial tendon dysfunction), does not respond to
conservative treatment, a MCO is one of the surgical options available depending on
the deformity characteristics [9]. The main goal of the procedure is to correct hind-
foot alignment (HA) [3]. However, HA is markedly different among patients with
stage II AAFD, and thus understanding how a MCO influences hindfoot alignment
is essential. Chan et al. [10] have demonstrated a highly positive correlation between
the change in the hindfoot moment arm and the amount of millimeters translated
during a MCO. Although these findings have improved clinical practices, these
measurements are still only performed on 2D radiographs and thus can be improved
upon. Because 2D radiographs are a projection of a 3D deformity correction, 2D
radiographs are prone to rotational errors and manual measurements. Laquinto et al.
[11] addressed the limitations of 2D imaging but only for a 3D-simulated MCO
model. Expanding upon this concept, Kido et al. [12] and subsequently Zhang et al.
[13]utilized a 3D model in a clinical setting on patients with stage I AFFD. However,
surgical corrections could not be assessed, and a CT scan was used to simulate
weight bearing; the latter limitation can now be overcome by the use of a weight-

Based on Burssens A, Barg A, van Ovost E, Van Oevelen A, Leenders T, Peiffer M, Bodera I,
WBCT ISG, Audenaert E, Victor J. The Hind- and Midfoot Alignment Computed after a
Medializing Calcaneal Osteotomy using a 3D Weight bearing CT. Int J Comp Assisted Radiol Surg
2019;14(8) 1439-47.

© Springer Nature Switzerland AG 2020 121
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31949-6_11&domain=pdf

122 11 The Hind- and Midfoot Alignment Analyzed After a Medializing Calcaneal...

bearing cone beam CT (WBCT) in foot and ankle pathologies [14]. This novel
device allows for standing position images at a high resolution and at a relatively
low radiation dose [14—17]. The application of a WBCT combined with currently
available computed measurement techniques would overcome the aforementioned
shortcomings and be for the first time applied in assessing a surgical hindfoot cor-
rection in 3D.

Our aim is to analyze the pre- and postoperative hind- and midfoot alignment
after a MCO using a WBCT and 3D computed measurement techniques. We hypoth-
esize that there is a linear relationship between the amount of medial translation
during a MCO and the correction of both the hind- and midfoot alignment.

Material and Methods

Study Population, Design, and Measurement Protocol

Eighteen consecutive patients with mean age 41.8 years (SD = 17.3, range
19-62 years) were prospectively included between 2015 and 2017 after sustaining
a medializing calcaneal osteotomy (MCO) and concomitant inframalleolar proce-
dures (Table 11.1). Surgery was indicated for an adult acquired flat foot stage II
(N = 16) or posttraumatic valgus deformity (N = 2). Exclusion criteria consisted of
a tarsal coalition, age younger than 18 years or older than 65 years and concomitant
supramalleolar procedures.

A prospective pre-post study design was used: pre- and postoperative weight
bearing CT scans were collected before surgery and 12 weeks after surgery. The
local Institutional Review Board approved the study (EC15/49/537), and all patients
gave informed consent.

A PedCAT® weight bearing cone beam CT was used (CurveBeam, Warrington,
PA, USA) containing the following imaging protocol and settings: tube voltage,
96 kV; tube current, 7.5 mAs; CTDIvol 4.3, mGy; matrix, 160,160,130; pixel size,
0.4 mm; and slice interval, 0.4 mm. At the department of radiology, patients were
asked to assume a natural stance with both feet parallel to each other at shoulder
width apart.

Table 11.1 Patient demographics Characteristic Total
and concomitant procedures Age (+) SD 41.8. % 17.3 years
Sex (M/F) 4/14
TMT 1 fusion 2
Cotton osteotomy 4
Evans osteotomy 1

Gastroc release 1
FDL transfer 9
3
1

Spring ligament repair

Deltoid ligament reefing
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In order to perform a 3D analysis, it is required to segment the CT slices based
on their outer cortical surfaces. This was applied semiautomatic using the automatic
bone segmentation tool in Mimics® 20.0 software (Materialise, Haasrode, Belgium)
by manually appointing the cortical contour before Standard Triangulation Language
(STL) files could be acquired. These were exported in 3-matic® software
(Materialise, Haasrode, Belgium) to compute 3D goniometrical relationships.

A Cartesian coordinate system was acquired: the centroid of the talus was defined
as the origin after being projected on the segmented base plate of the WBCT, to
represent the ground floor [18]. The z-axis was defined as running through the origin
and perpendicular to the segmented base plate. The x-axis runs through the origin
and the projected centroid of the head of the second metatarsal, which simulates the
longitudinal axis of the foot. The Y-axis was defined as the cross product of the x-
and z-axis. The coronal plane was defined as the YZ-plane, the sagittal plane as the
XZ-plane, and the axial plane as the XY-plane (Fig 11.4a—c).

This coordinate system was incorporated in a custom build script, using Matlab®
2016b (The MathWorks, Inc., MA, USA), and aligned pre- and postoperatively, in
order to reference the computed angles and distances.

In general, each 3D measurement was determined pre- as well as postoperatively
and subsequently projected in the reference plane currently used in clinical practice,
to allow comparison and to optimize interpretation of the results.

The landmarks and axes necessary to calculate the following parameters were
automatically computed by using the three main functions called “Create point:
center of gravity,” “Extrema analysis,” and “Create line: fit inertia axis” function of
the 3-matic® software. These are based on goniometric functions to calculate
respectively the centroid of a generated volume, the most outer point of a structure
in the direction of a given axis and best fit centroidal axis on a 3D model.

The hindfoot angle (HA) was determined in 3D by the intersection of the ana-
tomical tibia axis (TA,) and the talocalcaneal axis (TC) (Fig. 11.1a), as described
previously [19]. The TA, was computed as the best fitted longitudinal axis of the
tibia shaft, manually marked above the incisura fibularis (Fig. 11.1b). Positive val-
ues equaled a valgus and negative values a varus hindfoot alignment. The TC, was
obtained after connecting computed centroid of the talus with the computed most
inferior point of the calcaneus defined by Saltzman et al. [20] (Fig. 11.1d).
Additionally, the TA, and TC, were measured separately towards the vertical axis in
order to detect spatial changes as a consequence of the MCO.

The rotation of the tibia (TR) was determined by creating an axis (TR,) connect-
ing the computed most medial point of both the anterior and posterior tubercle using
a build in goniometrical software function called (extrema analysis) (Fig. 11.1c,
Supplementary Fig. 11.2a, b).

The difference in the axial plane between the pre- and postoperative (TRy)
allowed to determine the rotation of the tibia. Positive values equaled an external
rotation and negative values an internal tibia rotation. The translations of the MCO
were determined by reconstruction of the osteotomy plane (Fig. 11.2a). This allowed
to divide the calcaneus in an anterior and posterior part (Fig. 11.2b). Based on the
anterior part, the pre- and postoperative calcaneus could be matched on top of each
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Fig. 11.1 Computed analysis of the hindfoot alignment (HA). (a) The (HA) was determined by
the intersection of the anatomical tibia axis (TA,) and the talocalcaneal axis (TC,). (b) The TA, was
computed as the best fitted longitudinal axis above the incisura fibularis of the tibia shaft. (¢) The
TR, was determined by connecting the computed most medial point of both the anterior and pos-
terior tubercle of the incisura fibularis. (d) The TC, was obtained after connecting the computed
most inferior point of the calcaneus with the computed centroid of the talus
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Fig. 11.2 Computing medial translation after a calcaneus osteotomy. (a) The osteotomy plane was
reconstructed from the postoperative calcaneus. (b) Division of the calcaneus into an anterior and
posterior part. The centroid of both posterior parts was computed. The anterior parts both preop-
erative (left) as well as postoperative (right) were fitted on top of each other. (¢) The computed
distance between the centroid of the pre- and postoperative posterior part of the calcaneus allowed
for determination of the medial translation of the calcaneus osteotomy. (d) A deviation analysis
depicting the range of the medial translation

other. The 3D distance between the computed centroid of the pre- and postoperative
part of the posterior calcaneus was used to resemble the translation obtained after
the MCO (Fig. 11.2¢).

An additional deviation analysis was performed using CloudCompare® v 2.0
open source software (CloudCompare, Paris, France) by selecting the preoperative
3D model as a “mesh.” This was automatically used as the reference and the post-
operative model as a “cloud.” The latter represented all vertices that form the 3D
postoperative model. The distance between these vertices and the reference was
determined by the CloudCompare®-software, and this analysis depicted the range
of medial translation obtained after a MCO (Fig. 11.2d).

Measurements in the midfoot consisted of the navicular height (NH), navicular
rotation (NR), and Méary angle (MA) [21].

The NH was determined as the distance between the computed most inferior
point of the navicular and the ground (defined by the baseplate of the WBCT)
(Fig. 11.3a). The NR was obtained by creating an axis (NR,) going from the
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Fig. 11.3 Computed analysis of the midfoot alignment. (a) The navicular height (NH) was deter-
mined as the distance between the computed most inferior point of the navicular and the base plate
(right); (b) the navicular rotation (NR) was obtained by creating an axis (NR,) going from the
computed most superior to inferior point of the navicular. The difference in the coronal plane
between the pre- and postoperative NR, helped determine the rotation of the navicular. (¢) The
Méary angle was determined preoperatively as the intersection of the best fitted longitudinal axis
from the talar neck TN, and the metatarsal axis MT},. (d) The same method was applied on the
postoperative correction

computed most superior point of the navicular to the centroid of the navicular.
The difference in the coronal plane between the pre- and postoperative NR,
allowed to determine the rotation of the navicular (Fig. 11.3b). Positive values
equaled an inversion and negative values an eversion of the navicular. The Méary
angle (MA) was determined in 3D by the intersection of the talus neck axis (TNy)
and the first metatarsal axis (MT,). Both axes were defined as a best fit centroi-
dal axis respectively along the manually marked talar neck and computed selec-
tion of the first metatarsal (Fig. 11.3c—d). Positive values equaled a planus and
negative values a cavus of the MA.



Material and Methods 127
Surgical Procedure

The calcaneus was exposed through a lateral approach. The osteotomy was initiated
with an oscillating saw blade 90° to the lateral calcaneal wall and inclined 45° in the
sagittal plane according to Myerson et al. [1]. A broad osteotome was used to com-
plete the medial cortex. The amount of medial translation of the calcaneum was
determined by the surgeon (TL), based on intraoperative assessment with a neutral
heel according to the longitudinal tibia axis. No additional rotation of impaction
was performed. The osteotomy was fixated with either a 5 mm, 7.5 mm, or 10 mm
calcaneus Step Plate® (Arthrex, Naples, FS, USA) with locking screws or was
fixated by the use of two 7 mm cannulated lag screws (Wright Medical, Memphis,
TN, USA). Postoperatively, patients were treated consistently with 6-8 weeks of
non-weight bearing in a removable boot. This was followed by progression to full
weight bearing between weeks 8 and 10, depending on healing.

Statistical Analysis

A Kolmogorov-Smirnov normal distribution test was performed for the hindfoot
angle, rotation of the tibia, navicular height and rotation, and Méary angle. These
demonstrated to be P > 0.05, indicating a normal distribution of the data and the use
of further parametric testing. A paired Student’s t-test was conducted to compare the
means of the preoperative versus the postoperative measurements of both the hind-
foot (HA, TAx, TCx, and TRx) and midfoot alignment (NH, NR, and MA).

The correlation between the measured hindfoot/midfoot alignment and amount
of medial translation after MCO was assessed by the Pearson coefficient (R). Linear
regression analysis was demonstrated by the use of a corresponding scatter plot and
calculation of the R?, when significant.

Inter- and intraobserver variability of the obtained midfoot measurements were
analyzed using the interclass correlation coefficient [22]; the reliability of the hind-
foot measurements was reported previously to be excellent [19].

Interpretations were as follows: ICC < 0.4, poor; 0.4 < ICC < 0.59, acceptable;
0.6 < ICC < 0.74, good; and ICC > 0.74, excellent [23].

The SPSS (release 22.0.0. standard version, SPSS, Inc., Chicago, IL, USA) sta-
tistical package was used to analyze the results. A probability level of p < 0.05 was
considered significant.

An a priori statistical power analysis was performed using GsPower (version
3.1.9.2; Dusseldorf University, Dusseldorf, Germany) [24]. Previously reported
data regarding regression analysis of the hind- and midfoot alignment were used for
sample size estimation [10]. Calculations have shown that a total sample size of
N =4 is needed for regression analysis of the hindfoot alignment and N = 47 for the
midfoot alignment, to reach the respectively calculated effect size of (f=0.96) and
(f=0.33) with a power level of 0.80 and a level of significance set at 0.05.
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Results

Hindfoot Alignment
Pre- and Postoperative Comparison

A statistically significant difference was obtained in the HA3D, TAX 3D (p <0.001),
and TR3D (p < 0.05), when comparing pre- towards postoperative hindfoot mea-
surements (Table. 11.2).

The intra- and interclass correlation coefficients were excellent both pre- and
postoperatively (Table 11.4). The mean 3D translation obtained by the calcaneal
osteotomy during surgery was 8.3 mm (SD =4.2).

Regression Analysis

The Pearson coefficient showed a significant (R = 0.926, p < 0.001) correlation
between the amount of medial calcaneal translation and the calculated change in
HA3D angle. Linear regression analysis demonstrated a significant relationship
(R*> = 0.84, p < 0.001). The estimated change in hindfoot angle was expected to
increase with 2.15° for every mm of MCO performed. The hindfoot angle could be
predicted from the amount of MCO by the following equation (Fig. 11.4d): Change
in hindfoot angle (degrees) = 2.15 (degrees/mm)- Amount of MCO (mm) — 3.39 3.2

Midfoot Alignment
Pre- and Postoperative Comparison

A statistically significant difference was obtained in the NH3D, NR3D (p < 0.001),
and TR3D (p < 0.05), when comparing pre- towards postoperative midfoot mea-
surements (Table. 11.3).

The intra- and interclass correlation coefficients were excellent both pre- and
postoperatively (Table. 11.4).

Table 11.2 Comparison of pre- and postoperative hindfoot measurements

Hindfoot Direction® preoperative Postoperative | Change

parameter | Measurement |Mean |SD | Mean SD |Mean |95% CI p-value
HA Valg+/Var— 18.2 6.6 9.3 6.1 8.9 [5.9,11.8] |<0.001
TA, Valg+/Var— 6.8 33 53 27 |15 [1.7,3.5] <0.001
TC, Valg+/Var— 11.4 6.4 5.3 6.5 6.1 [4.1, 8.0] <0.001
TR, Valg+/Var— 27.1 4.7 288 58 1.6 [0.4,2.9] 0.016

A+ and — denote the direction of the measurement, valg valgus, var varus
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Fig. 11.4 Overview of the Cartesian coordinate system and linear regression analysis. (a) The
centroid of the talus was defined as the origin after being projected onto the segmented base plate.
(b) The z-axis was defined as running through the origin and perpendicular to the segmented base
plate. (¢) The x-axis runs through the origin and the projected centroid of the head of the second
metatarsal, simulating the longitudinal axis of the foot. The Y-axis was defined as the cross product
of the x- and z-axis. The coronal plane was defined as the YZ-plane, the sagittal plane as the XZ-
plane, and the axial plane as the XY-plane. (d) Change in the hindfoot angle as a function of medi-
cal calcaneus translation. The obtained function can be used in clinical practice for preoperative
planning

Table 11.3 Comparison of pre- and postoperative midfoot measurement

Midfoot Direction® preoperative Postoperative | Change

parameter | Measurement |Mean |SD | Mean SD |Mean |95% CI p-value

NH Prox+/Dist— 33.1 7.6 37.1 75 |39 [2.5,5.2] <0.001
NR Inv+/Ev— 16.3 5.1 |22.7 65 |64 [4.2,8.4] <0.001
MA Plan+/Cav— 20.2 7.8 |15.0 93 |58 [8.4,2.0] <0.05

3+ and — denote the direction of the measurement; prox, proximal; dist, distal; inv, inversion; ev,
eversion; plan, planus; cav, cavus



130 11 The Hind- and Midfoot Alignment Analyzed After a Medializing Calcaneal...

Table 11.4 Midfoot intra- and interclass correlation coefficients

Midfoot Icc
parameter Preoperative Postoperative
Intra Inter Intra Inter
NH 0.999 0.999 0.999 0.999
NR 0.999 0.975 0.991 0.949
MA 0.849 0.848 0.896 0.868
Regression Analysis

The Pearson coefficient showed a nonsignificant (p < 0.05) correlation between the
amount of medial calcaneal translation and the calculated change in NH, NR, and
Méary angle (RNH =0.38, p=0.16; RNR =0.32, p =0.24; RMéary = 0.02, p = 0.94).

Discussion

This study shows an effective correction of the hindfoot valgus in an AAFD after a
MCO assessed by a 3D weight bearing CT. It appears that the correction is not only
situated in the calcaneus but also to a lesser extent in the tibia, resulting in 10% of
the achieved HA correction.

Additional changes in the midfoot alignment were detected after a MCO com-
bined with concomitant procedures: these could point a significant radiographic
improvement of the navicular height/rotation and Méary angle.

These novel findings can be attributed to the application of 3D weight bearing
and computed assessment of both the hindfoot and the midfoot correction, over-
coming the previously encountered superposition and manual measurement meth-
ods on 2D plane radiographs [25].

The proposed formula, based on the regression analysis of the hindfoot correc-
tion, can be used when performing a 3D preoperative planning of an AAFD, since
most of the current planning is based on intraoperative assessment [1, 3].

The obtained findings parallel previous research from Chan et al. [10], demon-
strating a higher linear relationship between the amount of medial translation during
a calcaneal osteotomy and the hindfoot correction when compared to the midfoot.
This was also pointed out in other clinical and computed studies assessing changes
in the midfoot alignment, which tended to be less pronounced compared to the hind-
foot alignment after an MCO [1, 11]. The detected rotation of the navicular was
consistent with previous reports demonstrating a higher eversion of the navicular,
ranging from 2.3° to 6.2°, when flat foot deformity was more pronounced [12, 13].
These studies applied a similar measurement method but demonstrated shortcom-
ings using a simulated weight bearing CT, which were overcome by a weight bear-
ing CT in the present study.
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The obtained results question the generally accepted osteotomy rule of 1 mm
translation causing 1° of correction in knee and foot deformities [26, 27]. This could
be attributed towards the 3D measurements containing more spatial data but was
previously already shown in other studies containing 2D measurements in defor-
mity corrections [10, 28].

We acknowledge that our study has several important limitations. Firstly, the
study group consists of a low case number and is heterogeneous. The sample size
calculation demonstrated to be sufficient towards regression analysis of the hindfoot
alignment, but not for the midfoot alignment. In addition, midfoot measurements
should be interpreted with respect to the performed concomitant procedures such as
a FDL transfer, cotton osteotomy, or TMT fusion. The relative contribution of each
procedure is difficult to analyze due to the size of the cohort and variation in full
activity of an FHL transfer [29]. However, the described computed method could
measure postoperative changes in the midfoot alignment, which were not detectible
using previous imaging techniques [10].

Two patients were included with a posttraumatic valgus deformity of the calca-
neus, containing a different pathoanatomy compared to an AAFD stage II. Despite
this difference, a medializing calcaneus osteotomy is indicated as one of the treat-
ment options in these posttraumatic deformities, and data concerning the radio-
graphic outcome are limited [30], advocating the use of the applied measurement
method. Moreover, the current preoperative planning is based on the classification
of Stephens which uses a non-weight bearing CT, possibly underestimating the
deformity during stance [31].

Second, all patients received a medial translation of the calcaneus, although
other displacements during the osteotomy were avoided and small rotational
changes could not be ruled out. Thirdly, not all radiographic measurement parame-
ters of an AAFD were obtained pre- and postoperatively, but the most relevant ones
for clinical practice were used [21]. Finally, the obtained results could have been
influenced by the absence of scales or devices used to assess quantitatively if the
patient was bearing full weight during the scanning process. However, postopera-
tive scans were obtained at 3 months after surgical corrections, in order to avoid
limitations in full weight bearing caused by antalgic reasons.

In conclusion, this study proposes a clinically relevant 3D method to compare
the preoperative with the postoperative hind- and midfoot alignment after a MCO. In
addition, a formula is provided to determine the required amount of medial
translation during a calcaneus osteotomy to obtain the desired hindfoot correction
and to prevent an overcorrection.

Future research can be aimed at validating this formula in clinical practice using
prospective studies in cohorts stratified according to the concomitant procedure
accompanying the MCO. These should incorporate patient-reported outcome scores
(PROMYS) to assess which amount of hindfoot correction is most beneficial for the
patient [32, 33]. Furthermore, technical improvements such as built-in pressure sen-
sors would allow to quantify and standardize the amount of weight applied on the
foot, as currently been used to perform pedography in a weight bearing CT [34].
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Additional 3D measurements can be aimed at the orientation of the osteotomy to
determine which plane is the most optimal biomechanically as was already assessed
in 2D by Reilingh et al. [35]. These data could be implemented to develop patient-
specific guides as well as protocols for a computer-assisted surgical correction
[36, 37].
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Is Load Application Necessary when Using
Computed Tomography Scans to Diagnose
Syndesmotic Injuries? A Cadaver Study
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Alexej Barg

Introduction

Injury to the distal tibiofibular syndesmosis is common and appears in up to 20% of
patients with an ankle sprain or ankle fracture [1-3]. If not treated appropriately,
long-lasting disabilities like chronic pain, instability, and ankle joint osteoarthritis
may occur [2, 4, 5]. Injury can occur to any of the four main components of the
distal tibiofibular syndesmosis: the anterior inferior tibiofibular ligament (AITFL),
interosseous membrane (IOM), posterior inferior tibiofibular ligament (PITFL), and
transverse tibiofibular ligament (TTFL) [2, 3, 6]. Additionally, a deltoid ligament
injury is also frequently present in patients with syndesmotic injury [7].

Conventional (weight-bearing) radiographs (anteroposterior and mortise view)
(Fig. 12.1), CT scans (Fig. 12.2), and magnetic resonance imaging (MRI) (Fig. 12.3)
are widely used for assessment of the distal tibiofibular syndesmosis [3].

While pronounced injuries can be reliably assessed using conventional radio-
graphs, the diagnosis of incomplete injuries, especially in the absence of a fracture
(e.g., high ankle sprain), is difficult [8—11]. In addition, measurements on conven-
tional radiographs do not reliably reflect the injury pattern, which limits the general
utility of conventional radiographs in assessing the distal tibiofibular syndesmosis
[12]. Correlating findings in magnetic resonance imaging (MRI) with patient com-
plaints can prove challenging [3]. Therefore, an accurate imaging modality to assess
patients with incomplete injuries to the distal tibiofibular syndesmosis is desirable.

With the introduction of weight-bearing CT scans, detailed assessment of foot
and ankle disorders under load-bearing conditions became possible [13-15].

Based on Krihenbiihl N, Bailey TL, Weinberg MW, Davidson NP, Hintermann B, Presson AP,
Allen CM, Henninger HB, Saltzman CL, Barg A. Is load application necessary when using com-
puted tomography scans to diagnose syndesmotic injuries? A cadaver study. Foot Ankle Surg,2019
Feb 18 [epub ahead of print]; and Krihenbiihl N, Weinberg MW, Davidson NP, Mills MK,
Hintermann B, Saltzman CL, Barg A. Imaging in syndesmotic injury: a systematic literature
review. Skeletal Radiol, 2018; 47(5): 63148
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Fig. 12.1 Frequently used measurement methods to assess the distal tibiofibular syndesmosis
using plain radiographs [3]

However, the impact of load on two-dimensional (2D) measurements performed on
axial CT images to assess the integrity of the distal tibiofibular syndesmosis is
debated [16, 17]. The purpose of this cadaver study was to assess the influence of
weight on the assessment of incomplete and more complete syndesmotic injuries
using 2D measurements on axial CT images. We hypothesized that weight would
significantly impact on the assessment of both incomplete and more complete inju-
ries to the distal tibiofibular syndesmosis.

Methods

Data Source

Seven pairs of male cadavers (tibia plateau to toe-tip) were included (mean age
62 + 7 [range 52-70] years; mean weight 84.9 + 15.3 [range 65.8-104.8] kg;
mean body mass index (BMI) 26.8 + 5.0 [range 19.7-32.5] kg/m?). Inclusion cri-
teria were 20-70 years of age and a BMI of less than 35 kg/m?. Exclusion criteria
were a history of any foot and ankle injuries or a history of surgery of the foot
and ankle.
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Fig. 12.2 Frequently used measurement methods to assess the distal tibiofibular syndesmosis
using computed tomography (CT) scans. Measurements were performed 1 cm above the distal
tibial plafond. (a) Measurement of the tibiofibular width anterior (a), middle (¢), and posterior (b).
(b) A 35-year-old patient with an acute syndesmotic instability following a high fibular and poste-
rior malleolar fracture. The syndesmotic injury was not addressed on the primary surgery. (c)
Measurement of the tibiofibular width. (d) Measurement of the anteroposterior translation (d—f)
and the rotation (angle A1) of the distal fibula. (e) A 47-year-old patient with an acute syndesmotic
injury following a high fibular fracture and small posterior malleolar avulsion. (f) Measurement of
the anteroposterior translation and rotation of the distal fibula. (g) Measurement of the tibiofibular
clear space (TFCS) and tibiofibular overlap (TFO). (h) A 37-year-old patient with an acute syndes-
motic injury following a high fibular fracture. (i) Measurement of the TFCS and TFO. Radiologists
and orthopedic surgeons should be aware that a distal fracture of the fibula and/or an additional
tibia fracture influence the measurements. It is important to mention that the rotation of the ankle
also influences the measurements [3]
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Fig. 12.3 Example of a 37-year-old man with an acute isolated syndesmotic injury. The conven-
tional radiographs (mortise view) cannot predict reliably the syndesmotic injury. (a) Normal tibio-
fibular clear space (TFCS). (b) Normal tibiofibular overlap (TFO). (¢) Normal medial clear space
(MCS). (d) Axial magnet resonance imaging (MRI) proton density with fat saturation demon-
strates full-thickness tear of both the anterior (white arrow) and posterior (grey arrow) tibiofibular
ligaments. (e) Coronal T2 fat-saturated MRI image shows heterogeneity and increased signal of
the syndesmotic ligaments (arrow), consistent with syndesmotic injury [3]
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Each specimen was thawed for 24 hours at room temperature before any experi-
ments were performed [18]. A radiolucent frame held the specimens in a plantigrade
position (Fig. 12.4). The cadaver was fixed with an Ilizarov apparatus that fit into
the frame. Four 1.5 mm Kirschner-wires (K-wires) were drilled through the tibia for
fixation to the frame. The K-wires were tightened using a dynamometric wire ten-
sioner (Smith & Nephew). The hindfoot was fixed using two 1.5 mm K-wires drilled
through the calcaneus, and two-part resin (Bondo®, 3 M) stabilized the soft tissue
envelope below the level of the syndesmotic ligaments. Non-weight-bearing and
weight-bearing CT scans were collected (PedCAT, CurveBeam LLC, Warrington,
USA, medium view, 0.3 mm slice thickness, 0.3 mm slice interval, kVp 120,
mAs 22.62).

First, intact ankles (native) were scanned. Second, one specimen from each pair
underwent AITFL transection (Condition 1A), while the contralateral underwent
deltoid transection (Condition 1B). Third, the lesions were reversed on the same
specimens, and the remaining intact deltoid ligament or AITFL was transected in
each ankle (Condition 2). Finally, the interosseous membrane (IOM) was transected

Fig. 12.4 Experimental setting. (a) The foot was fixed in an Ilizarov frame, which fit into a radio-
lucent frame that held the foot in a plantigrade position. The hindfoot was fixed with two Kirschner-
wires (K-wires) and a two-part resin (Bondo®, 3 M). (b) The frame was put into a weight-bearing
computed tomography (CT) scanner for data collection. Load was applied to the plate mounted on
top of the Ilizarov frame [1]
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in all ankles (Condition 3). Conditions 1A and 1B were considered to mimic incom-
plete injuries, while Conditions 2 and 3 were considered to mimic more complete
injuries. For each condition, non-weight-bearing, half-bodyweight (42.5 kg), and
full-bodyweight (85 kg) CT scans were taken. Loading levels were determined from
the average of specimen donor anthropometrics. Preconditioning of the specimen
was performed by statically loading the frame with 42.5 kg and 85 kg for 2 minutes
each before the experiments were performed.

Measurements for interobserver agreement calculation were done by a
fellowship-trained orthopedic surgeon and a research analyst. For calculation of the
intraobserver agreement, measurements were performed two times with an interval
of 3 weeks by a fellowship-trained orthopedic surgeon. Each observer completed a
computer-based training before measurements were performed.

Imaging and Measurements

Axial CT images 1 cm above the medial edge of the distal tibial plafond were
reconstructed (CurveBeam LLC, Warrington, USA, Version 3.2.1.0) and used for
the following measurements: distance between the most anterior point of the tibial
incisura and the nearest most anterior point of the fibula (ATFD), distance between
the most anterior point of the fibula and a line perpendicular to the most anterior
point of the tibial incisura (AFT), distance between the most anterior point of the
fibula and a line perpendicular to the connection of the most anterior and posterior
point of the tibial incisura (MFT), and distance from the same perpendicular line
to the most posterior point of the fibula (PFT, Fig. 12.5) [16, 17, 19]. In addition,
the angle between the fibular axis (the line between the most anterior and poste-
rior edge of the fibula) and the line between the anterior and posterior edge of the
tibial incisura were measured (Angle 1) [19]. Furthermore, the tibiofibular over-
lap (TFO, defined as the maximum overlap between the lateral tibia and medial
fibula) and the tibiofibular clear space (TFCS, defined as the distance from the
lateral border of the posterior tibial tubercle to the medial border of the fibula)
were measured on the same axial images [20]. On the level of the talar dome
(axial images), the angle between the fibula and medial malleolus (Angle 2) was
measured [19].

Statistical Analysis

Intraclass correlation (ICC) was used to quantify the agreement of measurements
between and within observers. Estimates and 95% confidence intervals (CI) were
calculated for each type of measurement. Interobserver agreement was modeled
with a two-way random effect model of absolute agreement with a single measure-
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Fig. 12.5 Measurements
using computed
tomography (CT) scans. (a)
Axial image 1 cm above of
the tibial plafond. The
anterior tibiofibular
distance (ATFD) represents
the distance between the
most anterior point of the
tibial incisura and the most
anterior point of the fibula.
The anterior fibular
translation (AFT) is defined
as the distance between the
most anterior point of the
fibula and a perpendicular
line to the anterior edge of
the tibial incisura. The
middle fibular translation
(MFT) is defined as the
distance between the most
anterior point of the fibula
and a line perpendicular to
the connection of the most
anterior and posterior point
of the tibial incisura. The
posterior fibular translation
(PFT) represents the
distance between the most
posterior point of the fibula
and the same perpendicular
line. Angle 1 represents the
angle between a line drawn
between the most anterior
and posterior point of the
tibial incisura and the axis
of the fibula. (b)
Tibiofibular clear space
(TFCS) and tibiofibular
overlap (TFO) measured

1 cm above the tibial
plafond. (c) Angle 2
measured between the
fibula and the medial
malleolus at the level of the
tibial dome [1]

ment per observation. Intraobserver agreement was modeled with a two-way mixed
effect model of consistency with a single measurement per observation. Agreement
was rated as excellent with an ICC >0.75; good with an ICC = 0.61-0.75; fair with
an ICC = 0.4-0.6; and poor with an ICC <0.4 [16].



142 12 Is Load Application Necessary when Using Computed Tomography Scans...

Linear mixed effect models were fit for responses. Cadaver, treated as a random
effect, and foot, (left or right) treated as a fixed effect, were included in all models
in addition to the variables presented lateral in the tables. Models were fit for sub-
sets of the data (with given weight or condition constant) and estimates and 95% CI
are given for differing levels of condition or weight. Confidence intervals were
calculated using a Tukey adjustment for multiple comparisons within each model.
Significance was determined based on a P-value of less than 0.05 after the Tukey
adjustment. All calculations were done in R 3.4.1, specifically using package psych
and ImerTest.

Results

Inter- and intraobserver agreement differed between measurements (Table 12.1).
Excellent agreement was evident for the TFCS and TFO (intraobserver agree-
ment, 0.79 and 0.94). Poor agreement was evident for Angle 1 (interobserver,
0.39). The agreement of the other measurements (inter- and intraobserver) was
either rated as fair or good and ranged from 0.44 to 0.71. Load application had no
significant influence on almost every measurement across all conditions (e.g.,
without subdividing into different conditions; Table 12.2). Divided into the tested
conditions, only the ATFD or TFO could identify more complete injuries
(Condition 3) from native ankles (Tables 12.3 and 12.4). No significant differ-
ences were evident between single AITFL and deltoid ligament transection for the
ATFD and TFO. No significant differences were observed within each condition
between non-, half-, and full-weight-bearing when using the ATFD or TFO (Tables
12.5 and 12.6).

Table 12.1 Agreement of computed tomography scans assessed by intraclass correlation
(ICC) [1]

Interobserver: Intraobserver:

ICC(2,1) Level of ICC(@3,1) Level of

Estimate (95% CI) agreement Estimate (95% CI) agreement
Angle 1 0.39 (0.12, 0.60) Poor 0.51(0.27, 0.69) Fair
Angle2 | 0.44 (-0.08, 0.74) Fair 0.67 (0.48, 0.80) Good
ATFD 0.54 (0.30,0.71) Fair 0.58 (0.35,0.74) Fair
AFT 0.65 (0.45, 0.79) Good 0.61= (0.39, 0.76) Good
MFT 0.65 (0.45, 0.79) Good 0.71x (0.53, 0.82) Good
PFT 0.53 (0.29, 0.70) Fair 0.54 (0.30,0.71) Fair
TFCS 0.61 (0.74,0.97) Good 0.79 (0.89, 0.97) Excellent
TFO 0.57 (0.53, 0.98) Fair 0.94 (0.97,0.99) Excellent

CT computed tomography, CI confidence interval, ATFD anterior tibiofibular distance, AFT ante-
rior fibular translation, MFT middle fibular translation, PFT posterior fibular translation, TFCS
tibiofibular clear space, TFO tibiofibular overlap

*Significant difference (P-value <0.05)
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Table 12.2 Influence of load on computed tomography measurements across all tested conditions
(difference between weight application in millimeters [mm]) [1]

Estimate (95% CI)
Mean (SD; mm) | Non-weight-bearing | Half-bodyweight
Angle I | Non-weight-bearing -13.3(5.8) - -
Half-bodyweight —13.4(5.3) 0.0(-1.8, 1.8) -
Full-bodyweight -13.8(5.4) -0.5(-2.2,1.3) -0.4(-22,14)
Angle 2 | Non-weight-bearing 10.3 (7.5) - -
Half-bodyweight 10.8(7.9) 0.5 (-0.8, 1.8) -
Full-bodyweight 11.1(7.4) 0.8 (-0.5,2.1) 0.3 (-1.0, 1.6)
ATFD Non-weight-bearing 4.6 (1.0) - -
Half-bodyweight 4.7 (1.3) 0.1 (-0.4,0.5) -
Full-bodyweight 4.5(1.0) —-0.1(-0.5,0.3) -0.2(-0.6,0.3)
AFT Non-weight-bearing 2.3(1.6) - -
Half-bodyweight 2.1(1.5) —0.1(-0.6,0.3) -
Full-bodyweight 1.0(1.5) —-0.3 (-0.7,0.2) -0.2 (-0.6,0.3)
MFT Non-weight-bearing 9.3(1.5) - -
Half-bodyweight 9.4 (1.4) 0.1 (=0.3,0.6) -
Full-bodyweight 9.7 (1.4) 0.4 (-0.1,0.8) 0.3 (-0.2,0.7)
PFT Non-Weight-bearing 8.1(1.2) - -
Half-bodyweight 7.9(1.1) —-0.1(-0.5,0.3) -
Full-bodyweight 7.6 (1.1) —0.4: (0.8, —0.0) —-0.3 (-0.7,0.1)
TFCS Non-Weight-bearing 4.5(1.6) - -
Half-bodyweight 4.7(1.5) 0.2 (-0.2,0.5) -
Full-bodyweight 4.7(1.5) 0.1 (=0.3,0.5) -0.1(-0.4,0.3)
TFO Non-Weight-bearing 6.2 (1.5) - -
Half-bodyweight 6.1(1.5) —0.1(-0.7,0.4) -
Full-bodyweight 6.2(1.4) 0.0 (0.5, 0.5) 0.1 (=0.4,0.7)

SD standard deviation, CT computed tomography, CI confidence interval, ATFD anterior tibiofibu-
lar distance, AFT anterior fibular translation, MFT middle fibular translation, PFT posterior fibular
translation, TFCS tibiofibular clear space, TFO tibiofibular overlap

*Significant difference (P-value <0.05)

Discussion

A cadaver study testing the impact of weight on assessment of syndesmotic injuries
using axial CT images was performed. The three most relevant findings were the
following: (1) weight did not improve the ability of most 2D measurements to diag-
nose syndesmotic injuries; (2) only more complete injuries could be identified using
weight-bearing CT scans; and (3) discrete AITFL and deltoid ligament injuries
could not be distinguished.

Multiple studies investigating the utility of weight-bearing radiographs or non-
weight-bearing CT scans in the diagnoses of injuries to the distal tibiofibular syn-
desmosis have been published [8-10, 12, 21, 22]. In contrast, only two studies
assessed the impact of load on the assessment of the distal tibiofibular syndesmosis
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Table 12.3 Influence of ligament resection on anterior tibiofibular distance (computed
tomography; difference between each condition in millimeters [mm]) [1]

Mean Estimate (95% CI)
ATFD (SD; mm) | Native Condition 1A Condition 1B | Condition 2
Non- Native 4.0(0.9) | - - - -
weight- Condition 1A [ 4.5 (0.7) | 0.5 (=0.5,1.5) |- - -
bearing [ dition 1B | 4.4 (0.6) | 04 (=0.6, 1.4) | —0.1 (=12, 1.0)| -
Condition2 | 4.5(0.9) 1 0.5(=0.3,1.3) |0.0(-1.0,1.0) | 0.1 (=0.9, 1.1)| —
Condition3 | 5.4 (1.0) | 1.4% (0.6,2.2) |0.9(=0.1,1.9) | 1.05 (0.0, 2.0) | 0.9: (0.1, 1.7)
Half- Native 3.8(1.0) |- - - -
bodyweight| condition 1A | 4.8 (1.2) | 1.0 (=0.2,2.2) |- - -
Condition 1B | 4.1 (1.0) | 0.4 (=08, 1.5) | —0.7 (=2.0,0.7)| - -
Condition2 | 4.7 (0.9) |0.93 (=0.02, | =0.1(=1.2,1.1)| 0.6 (=0.6, 1.7)| -
1.88)
Condition3 | 5.7 (1.4) | 1.9% (1.0,2.9) |0.9(=0.3,2.1) | L6 (0.4,2.7) | 1.0 (0.0, 1.9)
Full- Native 4.0(0.9) | - - - -
bodyweight| condition 1A | 4.6 (1.0) | 0.5 (=0.4, 1.5) |- - -
Condition 1B | 3.9 (0.9) | 0.1 (1.1, 0.8)| =0.7 (1.7, 0.4)| - -
Condition2 | 4.6 (0.9) 0.6 (=0.1,1.3) |0.1(=0.9,1.0) |0.7(=0.2,1.6)| -
Condition3 | 5.7 (1.0) | 1.1 (0.3,1.8) | 0.5 (=04, 1.4) | 1.2%(0.3,2.1) 0.5(=0.3, 1.2)

CT computed tomography, SD standard deviation, CI confidence interval, ATFD anterior tibiofibu-
lar distance
*Significant difference (P-value <0.05)

when using CT scans [16, 17]. Shakoor et al. did not find any significant differences
when load was applied for most measurements (asymptomatic ankles included),
while Malhotra et al. found that the fibula rotates posterolateral under weight-
bearing conditions [16, 17]. Of note, Malhotra et al. did use different CT scanners
for weight-bearing and non-weight-bearing imaging [17]. Also, the included cohort
was not uniform (e.g., ankles with different pathologies) [17]. This may impact on
the assessment of the distal tibiofibular syndesmosis when using axial CT images as
2D measurements are dependent on the position of the ankle joint (e.g., rotation and
plantar flexion/dorsal extension) [23, 24]. The present cadaver study supports the
findings by Shakoor et al. and showed no differences between 2D measurements
with and without load application.

Although loading may not be crucial, weight-bearing CT scans have several
advantages over other imaging options: first, the position of the foot can be stan-
dardized using weight-bearing CT scans, allowing imaging with the foot in a plan-
tigrade position in the same relative rotation to the body and/or scanner. Second,
some weight-bearing CT scans also allow both feet to be scanned at the same time.
As the anatomy of the tibial incisura varies between individuals, a left-right
comparison can highlight certain injuries and abnormalities that would otherwise go
unnoticed [25-29].

The inter- and intraobserver agreement between measurements differed in the
present study. Defining anatomical landmarks on axial CT images can be difficult.
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Table 12.4 Influence of ligament resection on tibiofibular overlap measurements (computed
tomography; difference between each condition in millimeters [mm]) [1]

Estimate (95% CI)

Mean Condition Condition
TFO (SD; mm) | Native 1A 1B Condition 2
Non-weight- | Native 6.8(1.6) - - - -
bearing Condition |5.9(1.2) |—0.9 - - -
1A (—2.4,0.6)
Condition |6.7(1.4) |—0.1 0.8 - -
1B (-1.6,1.4) | (-1.0,2.6)
Condition |6.3(1.7) |-0.5 04 -0.4 -
2 (-1.8,0.7) | (-1.2,1.9) | (-1.9,1.1)
Condition |5.5(1.3) |—1.3 -0.4 -1.2 -0.7
3 (=2.5, (-1.9,1.2) [(=2.7,0.4) |(-2.0,0.5)
—0.0)
Half- Native 6.7(1.6) | — - - -
bodyweight | Condition |6.0(1.6) |—0.7 - - -
1A (=2.0,0.7)
Condition |6.6(1.2) |—0.1 0.5 - -
1B (=1.5,1.2) | (=1.0,2.1)
Condition |6.0(1.5) |-0.7 -0.1 -0.6 -
2 (—1.8,04) | (-1.4,1.3) | (-1.0,0.8)
Condition |5.4(1.9) |—1.3x -0.6 -1.2 -0.6 (1.7,
3 (24, (-1.0,0.7) |(=25,0.2) |0.6)
-0.2)
Full- Native 6.9(1.5) |- - - -
bodyweight | Condition | 6.7 (1.0) | —0.8 - - -
1A (=2.2,0.6)
Condition |6.9(1.4) | —0.0 0.8 - -
1B (-1.4,1.4) (-0.8,2.4)
Condition |6.0(1.1) |—0.9 -0.09 -0.9 -
2 (-2.1,0.2) (-1.5,1.3) |(=2.3,0.5)
Condition |5.4(1.3) |—1.5% -0.7 —1.5% -0.6
3 (—2.6, (-2.1,0.7) |(=2.9,-0.1) (-1.7,0.6)
—-0.4)

CT computed tomography, SD standard deviation, CI confidence interval, TFO tibiofibular overlap
*Significant difference (P-value <0.05)

The anatomy of the fibula and the incisura of the tibia differ between individuals,
and edges can either be round or sharp (Fig. 12.6) [22, 25-28]. This may be the
reason why Angle 1 and Angle 2 showed the lowest agreement compared to the
other measurements: four anatomic landmarks had to be defined for each of these
two measurements while most other measurement only required two. Also, interob-
server agreement was lower compared to intraobserver agreement for every mea-
surement. As measurements were performed by a fellowship orthopedic surgeon
and a research analyst less experienced in imaging analysis, our results suggest that
the agreement of 2D measurements are dependent on the experience of the observer.
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Table 12.5 Influence of weight on anterior tibiofibular distance (computed tomography; difference
between weight application in millimeters [mm]) [1]

Mean Estimate (95% CI)
ATFD (SD; mm) | Non-weight-bearing | Half-bodyweight
Native Non-weight-bearing | 4.0 (0.9) - -
Half-bodyweight 3.8(1.0) -0.3(-0.8,0.3) -
Full-bodyweight 4.0(0.9) 0.0 (0.5, 0.5) 0.3 (=0.3,0.8)
Condition 1A | Non-weight-bearing | 4.5 (0.8) - -
Half-bodyweight 4.8(1.2) 0.3 (=0.3,0.9) -
Full-bodyweight 4.6(1.0) 0.1(-0.5,0.7) -0.2(-0.8,0.4)
Condition 1B | Non-weight-bearing | 4.4 (0.6) - -
Half-bodyweight 4.1(0.9) —-0.2 (-1.0,0.5) -
Full-bodyweight 3.9(0.9) -0.5(-1.3,0.3) -0.3 (-1.0,0.5)
Condition 2 Non-weight-bearing | 4.5 (0.9) - -
Half-bodyweight 4.7(0.9) 0.2 (0.5, 0.9) -
Full-bodyweight 4.6 (0.9) 0.1 (=0.6, 0.8) —0.1(-0.8, 0.6)
Condition 3 Non-weight-bearing | 5.4 (1.0) - -
Half-bodyweight 5.7(1.4) 0.3 (0.6, 1.2) -
Full-bodyweight 5.1(1.0) -0.3(-1.2,0.6) —0.6(-1.5,0.3)

CT computer tomography, SD standard deviation, CI confidence interval, ATFD anterior tibiofibu-

lar distance

*Significant difference (P-value <0.05)

Table 12.6 Influence of weight on tibiofibular overlap measurements (computed tomography;
difference between weight application in millimeters [mm]) [1]

Estimate (95% CI)
TFO Mean (SD; mm) | Non-weight-bearing | Half-bodyweight
Native Non-weight-bearing | 6.8 (1.6) - -
Half-bodyweight 6.7 (1.6) -0.1(-1.2,1.0) -
Full-bodyweight 6.9(1.5) 0.1 (-1.0,1.3) 0.2 (=09, 1.3)
Condition 1A | Non-weight-bearing | 5.9 (1.2) - -
Half-bodyweight 6.0 (1.6) 0.1 (-0.4,0.7) -
Full-bodyweight 6.1(1.0) 0.2 (=0.3,0.7) 0.0 (0.5, 0.6)
Condition 1B | Non-weight-bearing | 6.7 (1.4) - -
Half-bodyweight 6.6(1.2) —0.1(=0.7,0.4) -
Full-bodyweight 6.9(1.4) 0.2 (-0.3,0.8) 0.3 (=0.2,0.9)
Condition 2 | Non-weight-bearing | 6.3 (1.7) - -
Half-bodyweight 6.0(1.5) -0.3(-1.2,0.6) -
Full-bodyweight 6.0(1.1) -0.3(-1.2,0.6) 0.0 (=0.9, 0.9)
Condition 3 | Non-weight-bearing | 5.5 (1.3) - -
Half-bodyweight 5.4(1.2) —0.1(-1.0,0.8) -
Full-bodyweight 5.4(1.3) —-0.1 (1.0, 0.8) 0.0 (=0.9, 0.9)

CT computed tomography, SD standard deviation, CI confidence interval, TFO tibiofibular overlap
*Significant difference (P-value <0.05)
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Fig. 12.6 Axial CT images of three different cadavers 1 cm above of the medial edge of the distal
tibial plafond. (a) Sharp edges are evident anterior and posterior of the fibula (circles), allowing
accurate identification of the anteroposterior axis. The tibial incisura shows round anterior and
posterior edges (arrows), making a reliable identification of the anterior and posterior margins dif-
ficult. (b) The anterior and posterior edges of the tibial incisura and the anterior edge of the fibula
are well defined (circles), while the posterior edge of the fibula shows a rounded shape and is
therefore difficult to identify (arrow). Such findings may negatively impact on the agreement of
two-dimensional (2D) measurements on the level of the distal tibiofibular syndesmosis. (¢) The
native weight-bearing right ankle shows a different morphology on the level of the tibiofibular
syndesmosis (anterior part of the fibula, circle; tibial incisura, arrow) compared to the (d) corre-
sponding left side under the same conditions (anterior part of the fibula, circle; tibial incisura,
arrow) [1]

A more experienced observer (e.g., fellowship-trained orthopedic surgeon) can per-
form 2D measurement on the level of the distal tibiofibular syndesmosis more accu-
rately compared to a less experienced observer.

Our study has several limitations. First, the continuous loading and unloading for
each experimental condition may provoke relaxation of soft tissues, impacting mea-
surements. Second, freezing and thawing of tissue may further negatively impact
the soft tissue condition. Also, some donors may have been inactive before time of
death, which would negatively impact bone quality and, potentially, radiographic
measurements. Third, resection of ligaments in cadavers can be done precisely. In a
posttraumatic condition, different ligaments of the distal talo-fibular syndesmosis
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are variably torn or ruptured. Over time, scar tissue may also form. Such complex
injuries cannot be simulated accurately using cadaver models.

To conclude, load application does not impact on the ability of weight-bearing
CT scans to diagnose incomplete and also more complete syndesmotic injuries in a
cadaver model. Nevertheless, the ability to reliably position the foot during imaging
is an advantage of weight-bearing CT technology over other imaging options.
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Introduction

Chronic hindfoot instability is a frequent problem that is evident in up to 33% of
patients with a history of ankle sprains [1]. Hindfoot instability often includes the
ankle joint but can also affect the subtalar joint [2—4]. While ankle joint instability
can be diagnosed clinically, an accurate assessment of the subtalar joint remains
elusive [2, 3, 5]. To provide an adequate treatment for patients with post-traumatic
hindfoot instability, a meaningful assessment of the subtalar joint is desirable [2].

Two ligaments are the primary stabilizers of the subtalar joint: the interosseous
talocalcaneal ligament (ITCL) and the calcaneofibular ligament (CFL) [6-9]. Other
ligaments providing subtalar joint stability include the cervical ligament, lateral
talocalcaneal ligament, and deltoid ligament [6-8, 10, 11]. Recent cadaver studies
showed that the CFL is potentially the most important stabilizer of the subtalar joint
when subjected to inversion and external rotation stress [7, 8]. As the CFL crosses
both the ankle and subtalar joint, the stability of both joints is affected after injury.
In contrast, the ITCL only provides stability to the subtalar joint [10].

Variation in injury patterns and its complex anatomy make diagnosing subtalar joint
instability particularly challenging [2, 12]. Long-lasting instability of the lateral ligament
complex results in degenerative changes and chronic hindfoot pain [2, 12-14]. The impact
of subtalar joint instability on this development remains unclear [15]. This emphasizes
the relevance of a radiographic diagnosis, currently performed by several two-
dimensional (2D) measurements including tibiotalar tilt (TT), anterior talar translation
(ATT), and subtalar tilt (STT) [2, 4, 16-21]. However, these measurements are limited
in their ability to identify subtalar joint instability when using stress radiographs [2, 4].

Based on Krihenbiihl N, Burssens A, Davidson NP, Allen CM, Henninger HB, Saltzman CL, Barg
A (2019) Can weight bearing computed tomography scans be used to diagnose subtalar joint insta-
bility? A cadaver study. J Orthop Res, 2019 Jul 19 [epub ahead of print]; and Kridhenbiihl N,
Weinberg MW, Davidson NP, Mills MK, Hintermann B, Saltzman CL, Barg A (2018) Currently
used imaging options cannot accurately predict subtalar joint instability. Knee Surg Sports
Traumatol Arthrosc, 2018 Oct 26 [epub ahead of print]
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Fig. 13.1 Frequently used measurement methods in conventional radiographs and clinical exami-
nation of subtalar joint instability [2]

Our previous review demonstrated that currently used imaging options cannot
accurately predict subtalar joint instability [2]. In addition, most of the included stud-
ies (imaging and operative) did not differ between ankle and subtalar joint instability.
Studies investigating imaging options for chronic subtalar joint instability frequently
measured the tilt of the tibiotalar or the talocalcaneal joint on AP stress views of the
ankle joint or the anterior translation of the talus in the lateral stress view (Fig. 13.1) [2].

While conventional radiographs are limited in assessing the subtalar joint, weight
bearing computed tomography (CT) scans have demonstrated emerging diagnostic
applications as they offer an accurate representation of hindfoot joint alignment
under weight bearing conditions [22-25]. However, the clinical use of this imaging
modality to diagnose subtalar joint instability has yet to be investigated. We hypoth-
esized that isolated subtalar joint instability can accurately be diagnosed when using
weight bearing CT scans in a cadaver model.

Methods

Data Source and Specimens

Seven pairs of fresh frozen male cadavers (tibial plateau to toe-tip) were included
(mean age 63 + 5 [range 54—69] years; mean weight 77.2 + 6.9 [range 68.7-90.7]
kg; mean BMI 24.1 + 1.3 [range 22.2-25.7] kg/m?). Inclusion criteria were 20 to
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70 years of age and a body mass index (BMI) of less than 35 kg/m?. Only male
cadavers were included to ensure a homogeneous cohort. Exclusion criteria were a
history of foot and ankle injuries or previous foot and ankle surgery.

Experimental Setting

Each specimen was thawed for 24 hours at room temperature before experimentation
[26]. A radiolucent polyoxymethylene (Delrin™) frame held the specimens in a plan-
tigrade position. The frame consisted of a base plate and four pillars located laterally
to the foot (Fig. 13.2). To ensure consistent positioning, the cadaver was fixed with an
Ilizarov apparatus that fit into the frame (Fig. 13.1). Four 1.5 mm Kirschner wires
(K-wires) were drilled through the tibia for fixation to the Ilizarov apparatus. K-wires
were tightened using a Dynamometric Wire Tensioner (Smith & Nephew). The hind-
foot was fixed using six 1.5 mm K-wires drilled through the calcaneus (Fig. 13.2).

Fig. 13.2 Experimental setting. (a) The radiolucent frame (polyoxymethylene, an engineering ther-
moplastic providing high stiffness, low friction, and dimensional stability — Delrin™) used to hold the
Ilizarov apparatus consisted of a base plate and four pillars located lateral to the foot. This allowed the
Ilizarov apparatus to rotate in a concentric cylinder when torque was applied. While torque was manu-
ally applied, the Ilizarov apparatus was rigidly fixed to the frame through four slots (), each accept-
ing a clamp that fastened to the ring in order to maintain the torque over time. (b) The tibia was fixed
into an Ilizarov apparatus that fits into the frame. A post () was centrally positioned at the proximal
end of the Ilizarov to accept a torque wrench. The distal end of the post was placed in the line of the
axis of the tibial shaft (at the level of the tibial plateau). Two Kirschner wires (K-wires) were placed
on the level of the proximal ring through the tibia (from anteromedial to posterolateral and from
medial to lateral). The same fixation holes at the Ilizarov apparatus were used when possible for each
experiment. Then, the K-wires on the distal ring were placed similar. Loads were placed on a proxi-
mal plate fixed to the Ilizarov apparatus (arrow). The hindfoot was fixed using six 1.5 mm K-wires
drilled through the calcaneus using a standardized hole pattern in the side of the retaining box (s:). If
the tibia was fixed properly to the Ilizarov apparatus, the position of the heel was typically flush to the
bottom of the frame. (¢) The frame fit into the computed tomography (CT) scanner [1]
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First, intact ankles (Native) were scanned (pedCAT, CurveBeam LLC,
Warrington, USA, medium view, 0.3 mm slice thickness, 0.3 mm slice interval, kVp
120, mAs 22.62, Fig. 13.2). Second, one specimen from each pair underwent ITCL
transection, while the contralateral underwent CFL transection (Fig. 13.3). Third,
the lesions were reversed on the same specimens, and the remaining ITCL or CFL
was transected (Fig. 13.3). Finally, the deltoid ligament (superficial and deep) was

Fig. 13.3 Transection of
the ligaments providing
stability to the subtalar
joint. (a) Transected
calcaneofibular ligament
(CFL, =); posterior facet
of the subtalar joint ().
(b) Additional transection
of the interosseous
calcaneofibular ligament
(ITCL); talus (x); sinus
tarsi showing the
transected ITCL (x:x);
posterior facet of the
subtalar joint (k).

A lamina spreader was
used to ensure good
visualization of the sinus
tarsi (including the medial
aspect). (¢) Transection
of the deltoid ligament;
tibialis posterior tendon
(x); transected deltoid
ligament (:); flexor
digitorum longus tendon

() [1]
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transected in all ankles (Fig. 13.3). While transection of either the ITCL or CFL
mimic incomplete injuries, transection of both or all three ligaments mimic more
complete injuries.

Non-weight bearing and weight bearing (85 kg; determined from the average of
specimen donor anthropometrics) CT scans with and without application of 10
Newton meter (Nm) internal torque applied at the Ilizarov apparatus (corresponding
to external torque of the foot and ankle) were collected [27]. Ten Nm torque was cho-
sen for consistency with cadaver studies testing the stability of the distal tibial syndes-
mosis [27, 28]. Preconditioning of the specimen was performed by consistent loading
of the frame with 42.5 kg and 85 kg for 2 minutes each before experimentation.

Imaging and Measurements

Digitally reconstructed radiographs (DRRs) were automatically created using the
CT scan dataset (CurveBeam LLC, Warrington, USA). The anteroposterior (AP)
view of the ankle joint was generated perpendicular to a line connecting the center
of the calcaneus (midway between the medial and lateral process of the tuber calca-
nei) and the second metatarsal base on a dorsoplantar (DP) view [29]. By virtually
externally rotating the foot 90 degrees, a lateral view was generated. Additionally, a
30/40-degree Broden view was reconstructed (30 degrees internal rotation and 40
degrees upward tilt of the foot) [19]. The TT and ATT were measured on the AP and
the lateral view, while the STT was assessed on the 30/40-degree Broden view [2,
4, 19-21]. TT and ATT measurements were performed to additionally evaluate the
effect of ligament transection (CFL and deltoid ligament) on ankle joint congruency.

Single CT images underwent a similar reconstruction. The same longitudinal
axis of the foot used to reconstruct DRRs was created. Based on the longitudinal
axis, a sagittal plane was reconstructed. On this plane, the ATT was measured
(Fig. 13.4). The TT was measured on a plane perpendicular to the sagittal plane

Fig. 13.4 Measurements performed on single computed tomography (CT) images (discrete calca-
neofibular ligament [CFL] dissection). (a) Lateral view showing the measurement of the anterior talar
translation (ATT). (b) Anteroposterior (AP) view showing the measurement of the tibiotalar tilt (TT).
(c) 30/40-degree Broden view (middle plain) showing the measurement of the subtalar tilt (STT) [1]
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(Fig. 13.4). The Broden view was reconstructed out of the AP view by 30° internal
rotation and 40° upward tilting of the foot to measure the STT (Fig. 13.4). Because
of the screw-shaped anatomy of the posterior facet of the subtalar joint, three dif-
ferent planes were reconstructed: a middle plane reflecting the middle of the pos-
terior facet (defined on the initially reconstructed sagittal plane by identifying the
anterior and posterior border of the articular surface of the posterior facet of the
calcaneus), an anterior plane (5 mm anterior to the middle plane), and a posterior
plane (5 mm posterior to the middle plane) [29, 30]. A similar reconstruction was
used in previous studies investigating the configuration of the subtalar joint
[29, 30].

Statistical Analysis

Intraclass correlation (ICC) was used to quantify the agreement of measurements
between and within observers. Estimates and 95% confidence intervals (CI) were
calculated for each type of measurement within each view. Interobserver agree-
ment was modeled with a two-way random effect model of absolute agreement
with a single measurement per observation. Intraobserver agreement was modeled
with a two-way mixed effect model of consistency with a single measurement per
observation. Agreement was rated as very good with an ICC > 0.80; good with an
ICC =0.61-0.80; moderate with an ICC = 0.41-0.60; fair with an ICC =0.21-0.40;
and poor with an ICC < 0.20 [31]. Measurements for interobserver agreement cal-
culation were done by a fellowship trained orthopedic surgeon and a research ana-
lyst. For calculation of the intraobserver agreement, measurements were performed
two times with an interval of 3 weeks by a fellowship trained orthopedic surgeon.

Linear mixed effect models were fit for responses. Within DRR and CT measure-
ments, separate models were fit for each measurement (TT, ATT, and STT) and, for
DRR measurements, within each view. Cadaver, a random effect, foot (left or right),
and a fixed effect were included in all models in addition to the variables presented.
Models were fit for subsets of the data, and estimates and 95% CI were given for
differences in measurements in different levels of a specific variable. For each
model, only the differences in response that were associated with either different
load application, different torques, or different conditions were calculated; the data
was subset by the other two variables, and they remained constant within each
model. The first set of models compared the differences in response for full versus
non-weight bearing with no torque applied (condition constant within each model).
The second set compared the differences in response to 10 Nm versus 0 Nm of
torque applied with full weight bearing load (condition constant within each model).
The last set compared the differences between Conditions 1 through 3 and the native
ankles, with full weight bearing load (torque constant within each model).
Coefficients and 95% confidence intervals were reported, and statistical signifi-
cance (marked by an asterisk in all tables and graphs) was determined based on a P
value less than 0.05. All calculations were done in R 3.4.1, specifically using pack-
ages psych and ImerTest.
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Results

Digitally Reconstructed Radiographs

Inter- and intraobserver agreement for measurements made on DRRs were rated as
fair for the TT, good for the ATT (interobserver agreement), very good for the intrao-
bserver agreement of the ATT, and very good for both the inter- and intraobserver
agreement for the STT (Table 13.1). Load application (without torque) had no influ-
ence on the majority of measurements independent of the tested condition (Table 13.2).

Table 13.1 Reliability of digitally reconstructed radiographs measurements assessed by intraclass
correlation (ICC) [1]

Interobserver: Intraobserver:
Measurement | ICC(2,1) estimate (95% CI) ICC(3,1) estimate (95% CI)
TT 0.22 0.29

(—0.07, 0.50) (—0.06, 0.58)
ATT 0.75* 0.88*

(0.55,0.87) (0.78, 0.94)
STT 0.88* 0.97*

(0.70, 0.95) (0.93, 0.98)

DRR digitally reconstructed radiograph, CI confidence interval, 77 talar tilt, ATT anterior talar

translation, STT subtalar tilt
xIndicates ICC > 0.61

Table 13.2 Mean difference for each condition with and without load application (no torque) [1]

Native  Condition 1A | Condition 1B | Condition 2 | Condition 3
Estimate (95% CI)
DRR | TT 0.03 -0.18 -0.18 —0.25x —0.20:
(degrees) | (-0.13,0.19) | (=0.54,0.17) (—0.36, 0.00) | (—0.42, (—0.37,
—0.08) —0.03)
ATT (mm) | —0.23: -0.16 -0.03 —0.19: -0.11
(—0.38, —0.08) | (—0.32, 0.00) | (—0.26, 0.20) | (=0.37, 0.00) | (—0.30, 0.08)
STT 0.01 0.10 —0.08 -0.15 0.08
(degrees) | (—0.44,0.47) | (=0.31,0.51) [(=0.32,0.16) | (=0.50, 0.20) | (—=0.20, 0.36)
CT |TT -0.03 —0.22 —0.04 -0.16 —0.08
(degrees) | (-0.17,0.11) | (—0.40,—0.04) (—0.23, 0.15) | (—=0.41, 0.10) | (—=0.23, 0.08)
ATT (mm) |—0.17 -0.07 0.03 -0.18 —0.09
(=0.45,0.11) | (=0.94, 0.80) | (—0.43,0.49) | (=0.58,0.22) | (—0.44, 0.26)
aSTT —0.02 -0.12 —0.04 —0.08 —-0.06
(degrees) | (-0.24,0.21) | (=0.26,0.03) |(=0.21,0.13) | (=0.30, 0.14) | (—=0.20, 0.08)
mSTT 0.11 0.12 —0.04 0.05 -0.01
(degrees) | (-0.07,0.28) | (—0.05,0.28) |(—0.26, 0.18) | (—0.10, 0.21) | (—=0.20, 0.19)
pSTT 0.17 —-0.04 0.14 0.07 0.05
(degrees) |(-0.29,0.63) | (=0.72,0.63) |(=0.22,0.49) |(—0.31, 0.46) | (—0.32, 0.42)

DRR digitally reconstructed radiograph, CT computed tomography, 77 talar tilt, ATT anterior talar
translation, S77 subtalar tilt,  “anterior” plane, m “middle” plane, p “posterior” plane
“Indicates statistical significance (P < 0.05)
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Table 13.3 Mean difference for each condition with and without torque application (no load) [1]

Native ‘ Condition 1A ‘ Condition 1B ‘ Condition 2 ‘ Condition 3
Estimate (95% CI)
DRR | TT (degrees) 0.72: 0.40:¢ 0.54: 0.83: 0.32:
(0.24,1.21) |(0.07,0.74) | (0.22,0.85) |(0.46,1.20) | (0.15, 0.49)
ATT (mm) 1.46: 0.20 2.03: 2.92:x% 0.23:
(0.54,2.39) |(-0.02,0.42) | (1.44,2.61) |(1.94,3.91) |(0.04,0.43)
STT (degrees) | 2.67= 0.10 3.06: 3.99: 0.11
(0.96,4.38) |(—0.31,0.51) | (1.98,4.14) |(2.47,5.51) | (-0.27,
0.50)
CT | TT (degrees) 1.76= 0.12 2.58: 3.46x 0.32:
(1.05,2.48) | (—0.12,0.36) | (1.91,3.24) | (2.44,4.48) | (0.15, 0.49)
ATT (mm) 2.96: 0.81 3.74:x 4.64x 0.86:
(1.27,4.64) | (-0.02,1.65) | (2.54,4.93) | (2.89,6.38) | (0.45,1.28)
aSTT (degrees) | 0.63 0.36: 0.83:¢ 1.10: 0.37:
(-=0.05, 1.30) | (0.01,0.71) | (0.46,1.20) | (0.46,1.73) | (0.10, 0.64)
mSTT (degrees) | 1.79 0.21:= 2.12:% 3.01= 0.18
(0.83,2.74) | (0.07,0.35) | (1.55,2.68) |(2.22,3.80) | (-0.10,
0.46)
pSTT (degrees) | 2.63: 0.33 3.04: 3.45:x 0.26
0.53,4.73) | (-0.10,0.76) | (2.06,4.02) | (2.03,4.87) | (—0.14,
0.65)

DRR digitally reconstructed radiograph, CT computed tomography, 77 talar tilt, ATT anterior talar
translation, S77 subtalar tilt, a “anterior” plane, m “middle” plane, p “posterior” plane
“Indicates statistical significance (P < 0.05)

Torque application (without load) showed a significant impact on almost every mea-
surement within each condition with the exception of a discrete ITCL transection
(Table 13.3). If torque and axial load were applied, significant differences were evi-
dent for native ankles compared to the no axial load condition as well for discrete
CFL transection and a combined ITCL and CFL transection, but not after discrete
transection of the ITFL or after a combined transection of the ITFL, CFL, and deltoid
ligament (Table 13.4). The TT was not a useful predictor to identify incomplete or
more complete injuries when compared to native ankles (including torque, indepen-
dent of load application). The ATT was useful to predict a combined ITCL and CFL
transection when torque (without load) was applied (Fig. 13.5). The STT was useful
for identifying discrete injury to the ITCL or a combined ITCL, CFL, and deltoid
ligament injury (no weight bearing, torque conditions) when compared to native ankles.

Computed Tomography Scans

Inter-and intraobserver agreement for measurements performed on single CT scans
images were rated as moderate and fair, respectively, for the TT (Table 13.5). The
ATT was rated as good for interobserver and very good for intraobserver agree-
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ment. The other measurements showed very good agreement. Load and torque
application had a similar effect on measurements compared to DRRs. Load appli-
cation (without torque) had no impact on measurements, independent of the tested
condition (Table 13.2). Torque application (without load) showed a significant
impact within each condition on almost every measurement except for STT mea-
surements following discrete ITCL and combined ITCL, CFL, and deltoid liga-
ment transection (Table 13.3). If torque and weight were applied, significant
differences were evident within native ankles, discrete CFL transection, and com-
bined ITCL and CFL transection, but not after discrete transection of the ITFL or
after transection of the ITFL, CFL, and deltoid ligament (Table 13.4). The TT pre-
dicted a discrete injury to the ITCL, a combined ITCL and CFL injury, or a com-
bined injury to the ITCL, CFL, and deltoid ligament (including torque, no load
application, Fig. 13.6). The ATT was not a useful predictor for any of the tested
conditions when compared to native ankles (including torque, independent if load
was applied, Fig. 13.6). The mSTT was useful to identify a discrete injury to the
ITCL, a combined ITCL and CFL, or a combined ITCL, CFL, and deltoid ligament
injury (no weight bearing, torque conditions, Fig. 13.7) when compared to
native ankles.

Table 13.4 Mean difference for each condition with and without torque application (load applied) [1]

Condition Condition
Native 1A 1B Condition 2 | Condition 3
Estimate (95% CI; mm)

DRR | TT 0.25+ 0.25 0.24 0.31: 0.30:
(degrees) | (0.08,0.42) | (—0.17,0.66) | (0.00, 0.48) | (0.04,0.59) |(0.10, 0.51)
ATT (mm) |0.53 0.19: 0.43 1.06+ 0.05

(0.28,0.78) | (0.02,0.35) | (0.12,0.74) | (0.45,1.68) | (—0.14,0.24)
STT 0.74: 0.34 0.93: 1.47x 0.31
(degrees) | (0.18,1.31) | (—0.36, 1.05) | (0.44, 1.42) | (0.42,2.52) | (=0.04, 0.66)

CT |TT 0.19 0.13 0.77: 1.41% 0.09
(degrees) | (-0.13,0.50) | (—0.01,0.26) | (0.45,1.10) | (0.57,2.25) | (—0.08, 0.26)
ATT (mm) | 0.61 0.07 1.4+ 2.16% 0.23

(=0.02, 1.25) | (=0.53, 0.67) | (0.82,2.05) | (0.58,3.74) | (—0.28,0.74)
aSTT —0.33x 0.02 —-0.08 0.23 —-0.07
(degrees) | (—0.62, (=0.27,0.31) | (=0.32, (=0.13, (=0.25,0.12)

—0.04) 0.16) 0.60)
mSTT 0.18 0.10 0.39: 0.97: 0.06
(degrees) | (—0.07,0.43) | (—0.12,0.32) | (0.07,0.71) | (0.34,1.60) | (—0.10, 0.22)
pSTT 0.17 0.24 0.52 1.14% 0.17
(degrees) | (-0.36,0.71) | (—0.28,0.77) | (—0.03, (0.06,2.21) | (—0.20, 0.54)

1.07)

DRR digitally reconstructed radiograph, CT computed tomography, 77 talar tilt, ATT anterior talar
translation, S77 subtalar tilt, a “anterior” plane, m “middle” plane, p “posterior” plane
“Indicates statistical significance (P < 0.05)
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Table 13.5 Reliability of CT measurements (AP view) assessed by intraclass correlation ICC [1]

Interobserver: ICC(2,1) Intraobserver: ICC(3,1)
Measurement Estimate (95% CI) Estimate (95% CI)
TT 0.56 0.25

(0.14, 0.79) (=0.11,0.54)
ATT 0.75x 0.83x

(0.55, 0.87) (0.67,0.91)
aSTT 0.94: 0.98x

(0.71, 0.98) (0.97, 0.99)
mSTT 0.92: 0.95%

(0.84, 0.96) (0.89,0.97)
pSTT 0.92: 0.98x

(0.68, 0.97) (0.96, 0.99)

CT computed tomography, CI confidence interval, 7T talar tilt, ATT anterior talar translation, STT
subtalar tilt, @ “anterior” plane, m “middle” plane, p “posterior” plane
sIndicates ICC > 0.61

-+No Weight Bearing
-+Weight Bearing

-+ No Weight Bearing

|+ Weight Bearing <~

2 3

0
Native

Native

|

-

Differences from Native (mm)

Differences from Native (degrees)

2

Talar Tilt (TT,

Condition 1A Condition 1B Condition 2 Condition 3
*P<0.05

Anterior Talar Translation (ATT)|
T T T T
Condition 1A Condition 1B Condition 2 Condition 3

Fig. 13.6 Measurements in different test conditions using single weight bearing computed tomog-
raphy (CT) images. The talar tilt (TT) was a useful predictor to identify an isolated injury to the
interosseous talocalcaneal ligament (ITCL), combined ITCL and calcaneofibular ligament (CFL)
injury, and an additional injury to the deltoid ligament (DL; no weight, torque applied, ). The
anterior talar translation (ATT) was not a useful predictor for subtalar joint instability [1]

Discussion

This cadaver study investigated whether weight bearing CT scans can be used to
diagnose subtalar joint instability. The three most relevant findings were (I) Torque
is crucial when using weight bearing CT scans to diagnose subtalar joint instability;
(IT) axial load application decreases the observers’ ability to diagnose instability to
the subtalar joint when using 2D measurements on DRRs or single CT images; and
(IIT) radiographic measurements at the level of the subtalar joint are more reliable
predictors for subtalar joint instability than measurements at the ankle joint level.
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Axial loading showed no impact on most 2D measurements performed on either
DRRs or single CT images. Axial load alone may not allow the talocalcaneal joint
to subluxate after transection of the ligamentous stabilizers, likely due to mechani-
cal constraint from engagement of articular congruity. In contrast, torque applica-
tion was helpful for exposing subtalar joint instability when using weight bearing
CT scans. Radiographic measurements at the subtalar joint level in the coronal
plane showed significant differences when torque was applied. Interestingly, the
lateral opening of the subtalar joint (assessed by STT) decreased compared to native
ankles when only the ITCL was transected. Medial opening of the subtalar joint
occurs after releasing the ITCL, leading to more parallel calcaneal and talar joint
surfaces when applying torque. This finding agrees with earlier anatomic studies,
which showed that the bulk of the ITCL fibers is located at the anteromedial aspect
of the sinus tarsi [0, 9].

In contrast, the CFL prevented extensive lateral opening of the subtalar joint
compared to native ankles when torque was applied. In the case of a combined ITCL
and CFL transection, lateral opening increased. The deltoid ligament appears to act
as a pivot point when torque is applied in a combined ITCL and CFL injury. Indeed,
removal of the deltoid by additional transection led to a medial opening of the sub-
talar joint (including torque), decreasing STT measurements relative to native
ankles (i.e., more parallel joint surfaces). This may explain why torque had minimal
impact on STT measurements after discrete ITCL or combined ITCL, CFL, and
deltoid ligament transection. Generally, the difference in measurements between the
tested conditions was rather small. Although statistically significant, it is question-
able if such minute differences impact decision-making in daily practice. Of note,
stress application only included internal torque to the tibia. Stress distribution on the
ligamentous stabilizers of the subtalar joint differ between internal or external
torque to the tibia. Therefore, our experimental setting is limited to identifying the
most important ligamentous stabilizer of the subtalar joint.

Although axial load application negatively impacts the assessment of subtalar
joint instability, weight bearing CT scans standardize the positioning of the foot
during imaging. Little is known about the influence of the position of the ankle joint
(e.g., dorsal-extension, plantar-flexion) on the investigated radiographic measure-
ments. Additionally, weight bearing CTs allow for reliable reconstruction of various
views (e.g., Broden view, lateral view, etc.). This is not the case for conventional
radiographs or fluoroscopy. Also, weight bearing CTs allow reconstruction of DRRs
and single CT images at the same time, minimizing radiation. Capturing both
modalities is especially important in foot and ankle surgery as corrective osteoto-
mies and arthrodesis are common procedures. Therefore, the possibility to simulta-
neously assess the alignment reliably (e.g., using DRRs) and analyze joint surfaces
(e.g., using single CT images) may be beneficial.

The agreement of measurements varied between DRRs and single CT scans.
Generally, the TT should not be performed on DRRs or single CT images because of
insufficient inter- and intraobserver agreement. The poor reliability for TT measure-
ments may explain why an isolated ITCL transection significantly impacted measure-
ments. The agreement of ATT measurements was slightly higher compared to TT
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measurements, especially if assessed by an experienced observer. In contrast, mea-
surements at the level of the subtalar joint are reliably performed on DRRs and single
CT images, independent of the experience of the observer (very good inter- and
intraobserver agreement). STT measurements performed on the middle plane of the
subtalar joint (30/40-degree Broden view, single CT images) have shown to be the
best predictors for subtalar joint instability in this study. Of note, studies have shown
that the projected shape (convex vs. flat vs. concave) and configuration (varus vs.
valgus) of the posterior facet of the subtalar joint on DRRs are highly dependent on
ankle rotation [24, 32]. In addition, studies using weight bearing CT scans have shown
that shape and configuration also differ between individuals [33]. Consequently, mini-
mal errors during reconstruction may impact 2D measurements. Also, the individual
osseous shape and configuration may impact intrinsic stability of the subtalar joint.

This study has several limitations. First, patients may have more complex injuries
including tears of multiple ligaments and tendons on the lateral and/ or medial side of
the subtalar joint. Also, scar tissue may have formed over time. These complex inju-
ries are difficult to mimic using a cadaver model but may impact radiographic mea-
surements. Second, only injury to the most important ligaments providing stability to
the subtalar joint was simulated. Transection of less important ligaments (e.g., cervi-
cal ligament, extensor retinaculum) or partial ligaments (e.g., tibiocalcaneal portion
of the superficial deltoid) may influence radiographic measurements. Third, experi-
mental fixation of the calcaneus using K-wires cannot be performed on living patients.
Noninvasive heel clamps and forefoot straps may be more appropriate. If the calca-
neus cannot be properly fixed, shifting of the foot and base plate may be possible
when torque is applied without load. This may negatively impact the radiographic
measurements used in this study because the subtalar joint cannot subluxate when the
calcaneus is not properly fixed. In addition, our experimental setting limited antero-
posterior/mediolateral translation at the level of the subtalar joint. This potentially
impacted measurements performed under weight bearing conditions. Fourth, only
2D measurements have been assessed. Although the used measurements reflect the
most commonly performed measurements in daily practice, three-dimensional (3D)
measurements may be more accurate for assessment of such a complex joint.

To conclude, weight application negatively impacts the assessment of subtalar
joint instability, while torque application exposes instability. Future clinical studies
to identify subtalar joint instability using weight bearing CT technology may face
substantial technical challenges in assessment of hindfoot instability if the loading
conditions are not carefully titrated.
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Chapter 14

Is Torque Application Necessary When
Using Computed Tomography Scans
to Diagnose Syndesmotic Injuries?

A Cadaver Study

Alexej Barg

Introduction

Accurate identification of distal tibiofibular syndesmosis injuries is difficult, espe-
cially in the absence of frank bony diastasis [1-4]. Literature suggests that missed
injuries may lead to chronic pain and early degeneration of tibiotalar articulation [5,
6]. Currently, the initial diagnosis of syndesmotic disruption is based off several
radiographic parameters [2]. Measurement of the medial clear space (MCS), tibio-
fibular clear space (TFCS), and the tibiofibular overlap (TFO) on external stress
ankle radiography has high specificity yet low sensitivity [2, 7]. Magnetic resonance
imaging (MRI) has also been shown to aid in diagnosis; however, this non-weight
bearing modality fails to illustrate the dynamic relationship between the tibia and
fibula when load and torque are applied to the ankle [2, 8-10].

The anatomical relationship within the distal tibiofibular syndesmosis is highly
complex and relies on four main ligaments to maintain congruity: the anterior-
inferior tibiofibular ligament (AITFL), interosseous membrane (IOM), posterior
inferior tibiofibular ligament (PITFL), and transverse tibiofibular ligament (TTFL)
[11]. Additionally, medial ankle support via the deltoid ligament is thought to play
a pivotal role [12]. The entire complex is subject to acute and chronic structural
changes from repeated stresses seen during daily ambulation or secondary to acute
injury [13]. An appropriate understanding of how these structures interact and react
under stress is essential to our understanding of pathology.

First described in 1998, cone beam computed tomography (CT) utilization has
steadily increased since its introduction in the orthopedic literature in 2013 [14, 15].
Weight bearing CT offers a precise representation of bony architecture under physio-
logic loads as well as the resultant change in biomechanics incurred during injury [16].
The purpose of this cadaver study was to assess whether weight bearing CT scans

Based on Krihenbiihl N, Bailey TL, Presson AP, Allen CM, Henninger HB, Saltzman CL, Barg
A. Torque application helps to diagnose incomplete syndesmotic injuries using weight-bearing
computed tomography images. Skeletal Radiol 2019; 48(9): 1367-76.

© Springer Nature Switzerland AG 2020 167
M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31949-6_14&domain=pdf

168 14 Is Torque Application Necessary When Using Computed Tomography Scans...

can be used to identify subtle and also more severe injuries to the distal tibiofibular
syndesmosis using three commonly used measurement options.

Methods

Data Source

Ten different male cadavers (tibia plateau to toe-tip; seven left, three right) were
included (mean age 63 + 9 [range 47-70] years; mean weight 83.1 + 13.5 [range
63.5-104.8] kg; mean BMI 26.3 + 3.8 [range 20.1-32.3] kg/m?). The cadavers have
been provided by United Tissue Network (Norman, OK, USA), and Science Care
(Phoenix, AZ, USA). Inclusion criteria were 20-70 years of age and a body mass
index (BMI) of less than 35 kg/m?. To ensure a homogeneous cohort, only male
cadavers were included. Exclusion criteria were a history of any foot and ankle
injuries or a history of surgery of the foot and ankle.

Experiments

Before any experiments were performed, each specimen was thawed for at least
24 hours at room temperature [17]. A radiolucent frame consisting of a base plate
and four pillars located on the lateral sides of the foot was created to hold the speci-
mens in a plantigrade position (Fig. 14.1). Each cadaver was fixed with an Ilizarov
apparatus (using four 1.5 mm Kirschner wires [K-wires] drilled through the tibia)
that fit into the frame. Tightening of the K-wires was done using a dynamometric
wire tensioner (Smith & Nephew). The hindfoot was fixed using two 1.5 mm K-wires
drilled through the calcaneus. In addition, a two-part resin (Bondo®, 3 M) was used
to stabilize the hindfoot.

Intact ankles (native) were scanned first. Then, each ankle underwent AITFL
transection (Condition 1). The deltoid ligament was transected next (Condition 2),
followed by the IOM (Condition 3), and the PITFL (Condition 4). Transection of
the deltoid ligament included the tibio-navicular and tibio-spring ligament. Then,
the tibiocalcaneal ligament was transected. Finally, the anterior and posterior parts
of the deep deltoid ligament were transected under visual control. While Conditions
1 and 2 mimic incomplete injuries, Conditions 3 and 4 mimic more complete inju-
ries to the distal tibiofibular syndesmosis.

Weight bearing (85 kg; determined from the average specimen weight) CT scans
with and without application of 10 Newton meter (Nm) internal rotation torque
applied at the Ilizarov apparatus (corresponding to external torque of the foot and
ankle) were performed (PedCAT, CurveBeam LLC, Warrington, USA, medium
view, 0.3 mm slice thickness, 0.3 mm slice interval, kVp 120, mAs 22.62) [13].
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Fig. 14.1 Experimental setting. (a) Frame used to hold the cadaver in a plantigrade position. An
Ilizarov apparatus was used for fixation of the tibia. (b) The frame fits into the weight bearing CT scan-
ner. Load and torque can be applied following dissection of the distal tibiofibular syndesmosis [1]

Before the experiments were performed, preconditioning of the specimens was
done by loading the frame with 42.5 kg and 85 kg for 2 minutes each.

Imaging and Measurements

Digitally reconstructed radiographs (DRRs) were reconstructed automatically using
the CT scan dataset (CurveBeam LLC, Warrington, USA, Version 3.2.1.0). Previous
research showed that measurements on DRRs were comparable to conventional
radiographs [16]. As conventional radiographs are still the standard imaging modal-
ity to assess syndesmotic injuries, this approach provides additional information
regarding the impact of torque on measurements when using conventional radio-
graphs. The anteroposterior (AP) view of the ankle joint was generated perpendicu-
lar to a longitudinal axis of the foot [18, 19]. The mortise view was generated by
virtually internally rotating the foot until a symmetrical widening of the medial and
lateral gutters were visible [20]. As torque impacts talar rotation, it is difficult to
reconstruct a mortise view under torque conditions [21]. Therefore, the same degree
of internal rotation in native conditions was used for reconstruction of a mortise
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view from an AP view in the same specimens while under torque loading. The
TFCS and the TFO were measured 1 cm above and the MCS 1 cm below the medial
edge of the distal tibial plafond on both AP and mortise views (Fig. 14.2) [22, 23].

CT scans 1 cm above the medial edge of the distal tibial plafond (axial images)
were reconstructed at the highest point of the distal tibial plafond on the sagittal
view and used for measurements of the TFO and the TFCS (Fig. 14.2) [24]. CT
scans 1 cm below the medial edge of the distal tibial plafond (axial images) were

mortiSe view
TFO TFCS

Fig. 14.2 Measurements performed and digitally reconstructed radiographs (DRRs) and single
computed tomography (CT) images. (a) Anteroposterior (AP) view showing the medial clear space
(MCS), tibiofibular clear space (TFCS), and tibiofibular overlap (TFO). (b) Mortise view of the
same cadaver showing symmetrical widening of the ankle mortise. (¢) Single CT image 1 cm
above of the ankle joint showing the TFCS and TFO. (d) Single CT image 1 cm below of the ankle
joint showing the MCS measured at the most anterior part of the joint between the medial malleo-
lus und the talus [1]
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additionally reconstructed. Those images were used for measurement of the MCS
(Fig. 14.2). The MCS was defined as the distance between the most anterior articu-
lar surface of the medial malleolus to the talus.

Statistical Analysis

Intraclass correlation coefficients (ICC) were used to quantify the agreement of
measurements between and within observers. Estimates and 95% confidence
intervals (CI) were calculated for each type of measurement within each view.
Interobserver agreement was modeled with a two-way random effect model of
absolute agreement with a single measurement per observation, defined as
ICC. Intraobserver agreement was modeled with a two-way mixed effect model
of consistency with a single measurement per observation, defined as
ICC. Agreement was rated as very good (ICC > 0.80), good (ICC = 0.61-0.80),
moderate (ICC = 0.41-0.60), fair (ICC = 0.21-0.40), and poor (ICC < 0.20)
[25]. Measurements for interobserver agreement calculation were done by a
physician and a research analyst. For calculation of the intraobserver agreement,
measurements were performed two times with an interval of 3 weeks by a
physician.

Linear mixed effect models were fit for responses. Within DRR and CT mea-
surements, separate models were fit for each measurement (MCS, TFO, and
TFCS) and, for DRR measurements, within each view. Cadaver, a random effect,
and foot (left or right), a fixed effect, were included in all models in addition to
the variables presented. Models were fit for subsets of the data and estimates, and
95% CI were given for differences in measurements in different levels of a spe-
cific variable. For each of the models, only the differences in response that were
associated with either different torques or different conditions were calculated;
the data was subset by the other two variables, and they remained constant within
each model. The first set of models compared the differences in response for
10 Nm versus 0 Nm of torque applied with full weight bearing load (condition
constant within each model). The second set of models compare the differences
in response between Conditions 1 through 4 and the native ankles, with full
weight bearing load (torque constant within each model). Coefficients and 95%
confidence intervals were reported, and statistical significance (marked by an
asterisk in all tables and graphs) was determined based on a P-value of less
than 0.05.

Pearson’s correlation was used to assess the relationship between DRR—AP
view only—and CT scan. Correlation was graded as very strong (>0.80), strong
(0.60-0.80), moderate (0.40-0.60), weak (0.20-0.40), and very weak (<0.20). For
each measurement, values were paired by cadaver, foot, condition, and torque, and
the correlation estimated between the pairs was computed. Confidence intervals
were constructed using the Fisher transformation. All calculations were done in R
3.4.1, specifically using packages psych and ImerTest.
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Results

Digitally Reconstructed Radiographs

The average internal rotation to reconstruct a mortise view out of an AP view was
9.9 + 1.4 (range 8.0-13.9) degrees. Inter- and intraobserver agreement for measure-
ments made on DRRs were rated as very good/good for the MCS and TFO
(Table 14.1). TFCS measurements were rated as moderate for interobserver and
very good (AP view)/good (mortise view) for intraobserver reliability. Torque sig-
nificantly impacted MCS measurements if any of the four ligaments was transected,
but not on native ankles (Table 14.2). The TFECS significantly decreased for native
ankles (AP and mortise view) and additionally for Condition 1 (mortise view) if
torque was applied. A significant increase of the TFCS was evident for Condition 4
(mortise view, including torque). TFO measurements on native ankles and on each
condition significantly decreased if torque was applied. The AITFL and deltoid liga-
ment had to be transected to detect a significant difference for the MCS on the AP
and mortise view compared to native ankles (including torque, Fig. 14.3). For the

Table 14.1 Reliability of digitally reconstructed radiographs (DRR) and computed tomography
(CT) measurements assessed by intraclass correlation coefficient (ICC) [1]

Interobserver: ICC(2,1) Intraobserver: ICC(3,1)
Estimate (95% CI) Estimate (95% CI)
AP (DRR) MCS 0.75 0.93
(0.51,0.87) (0.87, 0.96)
TFCS 0.59: 0.88
(0.35,0.76) (0.79, 0.94)
TFO 0.95 0.99
(0.88,0.98) (0.97,0.99)
Mortise (DRR) MCS 0.87 0.95
(0.77,0.93) (0.91, 0.98)
TFCS 0.553 0.70
(0.29, 0.73) (0.50, 0.83)
TFO 0.92 0.97
(0.77,0.97) (0.94, 0.98)
CT scan MCS 0.94 0.95
(0.89,0.97) (0.92, 0.98)
TFCS 0.93 0.94
(0.74,0.97) (0.89,0.97)
TFO 0.92 0.99
(0.53,0.98) (0.97, 0.99)

DRR digitally reconstructed radiograph, AP anteroposterior, CT computed tomography, MCS
medial clear space, TFCS tibiofibular clear space, TFO tibiofibular overlap, CI confidence interval,
ICC intraclass correlation coefficient

sIndicates ICC < 0.61
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Table 14.2 Influence of torque application on measurements (weight bearing). The table shows

mean differences for each stage of dissection with and without torque application [1]

Native

| Condition I | Condition 2 | Condition 3 | Condition 4

Estimate (95% CI; mm)

DRR | MCS | AP 0.01 0.34 0.40 1.14 1.56
(=0.21,0.23) |(0.08,0.60): | (0.02,0.78)= |(0.39, 1.88): | (1.02,2.11)=
Mortise | —0.07 0.50 0.92 1.62 1.90
(=033,0.18) | (0.16,0.83)% | (0.55, 1.28)% | (0.94,2.29)% | (0.93, 2.87)x
TFCS | AP —0.77 —0.44 -0.29 0.14 0.31
(—1.22, —0.32)% (=0.75, (—0.81,0.24) | (—0.69, 0.96) | (=0.54, 1.17)
—0.12)%
Mortise | —0.53 0.17 0.29 0.48 143
(—=0.93, —0.13)% (=0.41,0.74) | (=0.30,0.87) | (—0.45, 1.41) | (0.47, 2.38)
TFO | AP —2.89 -3.38 -3.92 —4.63 -3.93
(—3.60, —2.18):| (—4.50, (—4.69, (—5.54, (=542,
—225)% —3.15)% —3.71)% —2.44)%
Mortise | —2.44 —-2.96 312 —2.64 —2.50
(=3.15, —1.74)% (—3.88, (=3.92, (=3.39, (=3.45,
—2.03)= —2.32) —1.89): —1.55)
CT | MCS 1.22 1.51 1.78 2.81 3.35
scan (0.62, 1.81): (1.18,1.84)+ | (1.27,2.28)= |(1.37,4.26)* | (1.77,4.92):
TFCS —1.07 —0.90 —0.94 —0.04 1.29
(—1.50, —0.65)| (—1.41, (—1.55, (=1.29, 1.20) | (-0.13,2.71)
—0.40)= —0.33):
TFO —2.98 -3.63 —3.84 —4.46 —4.49
(—3.51, —2.45)=| (—4.57, (—4.85, (—5.68, (—6.33,
—2.69) —2.82)x —3.24)x —2.65)

DRR digitally reconstructed radiograph, CT computed tomography, AP anteroposterior, MCS
medial clear space, TFCS tibiofibular clear space, TFO tibiofibular overlap, CI confidence interval
“Indicates statistical significance (P < 0.05)
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Fig. 14.3 Differences of the medial clear space (MCS) between each tested condition and intact
ankles (native) assessed on the anteroposterior (AP) and mortise view (digitally reconstructed
radiographs [DRRs]). Using torque, the anterior inferior tibiofibular ligament (AITFL) as well as
the deltoid ligament must be transected to detect a significant difference (AP and mortise view) [1]
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Fig. 14.4 Differences of the tibiofibular clear space (TFCS) between each tested condition and
intact ankles (native) assessed on the anteroposterior (AP) and mortise view (digitally recon-
structed radiographs [DRRs]). Using torque, the anterior inferior talo-fibular ligament (AITFL),
deltoid ligament as well as the interosseous membrane (IOM) must be transected to create a sig-
nificant difference compared to intact ankles (mortise view) [1]
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Fig. 14.5 Differences of the tibiofibular overlap (TFO) between each tested condition and intact
ankles (native) assessed on the anteroposterior (AP) and mortise view (digitally reconstructed
radiographs). Isolated anterior inferior tibiofibular ligament (AITFL) transection significantly dif-
fered from intact ankles on the AP and mortise view [1]

TECS, only fully dissected ankles (Condition 4) significantly differed from native
ankles (both views, including torque). Using the mortise view, Condition 3 addi-
tionally differed significantly from native ankles when the TFCS was measured
(including torque, Fig. 14.4). For the TFO, isolated AITFL release significantly dif-
fered from native ankles if torque was applied (Fig. 14.5).
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Weight Bearing CT Scans

Inter- and intraobserver agreement for CT measurements were very good for each
assessed parameter (Table 14.1). Torque significantly impacted MCS measurements
in native ankles and in each condition (Table 14.2). The TFCS significantly
decreased in native ankles, for Condition 1, and for Condition 2 when torque was
applied. TFO measurements on native ankles and on each tested condition were
significantly impacted by torque application. The AITFL and deltoid ligament had
to be transected to detect a significant difference for the MCS compared to native
ankles if torque was applied (Fig. 14.6). The TFCS was only helpful in differentiat-
ing an intact from a disrupted syndesmosis after complete release of the AITF, del-
toid ligament, and IOM (including torque application). Isolated AITFL transection
was recognized by a significant change in TFO values when torque was applied.
Correlation between DRR and CT measurements was best for the TFO (very strong),
followed by the MCS (very strong) and TFCS (strong, Table 14.3).

Discussion

A cadaver study examining the utility of weight bearing CT scans to assess incom-
plete and more complete syndesmotic injuries on DRRs and axial CT images was
performed. The three most relevant findings were (1) torque application helps to
identify incomplete syndesmotic injuries; (2) the TFO was the most useful predictor
for incomplete syndesmotic injuries; and (3) the MCS and TFCS predict more com-
plete injuries.

The reliability of DRR measurements for MCS and TFO on DRRs were compa-
rable with published data for conventional radiographs [22, 26]. These two mea-
surements can reliably be determined on conventional radiographs and DRRs.
A similar result was evident for MCS and TFO measurements on axial CT images
[24, 27]. The reliability for TFCS measurements on DRRs was slightly lower com-
pared to published data for conventional radiographs [22]. The resolution of DRRs
is slightly lower compared to conventional radiographs, wherefore the identification
of the anteromedial border of the distal tibial incisura was less precise on DRRs
than on conventional radiographs, perhaps explaining the difference between the
reliability for the TFCS measured on DRRs compared to published measurements
on conventional radiographs [22]. However, TFCS measurements could reliably be
performed on axial CT images. Consequently, the TFCS should be assessed on axial
CT scans rather than on DRRs.

The impact of torque on measurements describing the distal tibiofibular syndes-
mosis has already been investigated in healthy volunteers, but the influence on mea-
surement in cases of a syndesmotic injury is not yet fully understood [28]. Torque
application helps to reveal incomplete syndesmotic injuries in this study. Without
application of torque, only severe injuries could be identified. Recent research
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Table 14.3 Correlation Measurement Estimate (95% CI)
between DRR (AP View) ar’ld MCS 0.83
CT measurements. Pearson’s
correlation with confidence (0.78, 0.87)
intervals computed using the TFCS 0.80
Fisher transformation [1] (0.75, 0.85)

TFO 0.93

(0.91, 0.95)

DRR digitally reconstructed radiographs, CT computed
tomography, AP anteroposterior, MCS medial clear space,
TFCS tibiofibular clear space, TFO tibiofibular overlap, CI
confidence interval

showed that measurements describing the distal tibiofibular syndesmosis are highly
dependent on the position of the ankle joint (e.g., rotation of the foot, dorsal exten-
sion/plantar flexion of the ankle joint) [29, 30]. A standardized position of the ankle
when imaging is performed is therefore crucial for a meaningful interpretation of
any measurements. Using weight bearing CT scans, torque application can be done
with the foot in a plantigrade position (e.g., in standing position). This may be an
advantage to other imaging modalities, where the rotation of the foot cannot be
adjusted after imaging is performed (conventional radiograph) or the foot is in a
non-weight bearing condition (non-weight bearing CT scan, MRI).

The TFO outperformed the other measurements to detect incomplete syndesmotic
injuries. Including torque, single ligament injuries (AITFL transection) could be dif-
ferentiated from native ankles. This finding was independent of the imaging modal-
ity: DRRs as well as single axial CT images showed the same result. This is different
than recent research where the TFO could not detect isolated AITF injuries when
using stress fluoroscopy [31]. This result may be explained by the standardized set-
ting used in this study: reconstruction of DRRs and axial CT images was done pre-
cisely to ensure no differences in rotation. MCS measurements were only useful in
conditions where the deltoid ligament was additionally transected (DRRs and single
CT images). Therefore, the MCS may be useful to identify patients with an additional
deltoid ligament injury. The TFCS, however, was only useful to predict more com-
plete syndesmotic injuries including the posterior syndesmotic ligaments.
Interestingly, torque decreased TFCS measurement except if the PITFL was dissected
for most conditions. An intact PITFL may not allow the fibula to displace posteriorly
if torque is applied. Therefore, TFCS measurements may be used to identify patients
with an additional injury to the posterior part of the distal tibiofibular syndesmosis.

Interestingly, the correlation between measurements done on DRRs and on axial
CT images was very strong for the MCS and TFO and strong for the TFCS. Given
the fact that the reliability of measurements was comparable for DRRs and axial CT
images when using the MCS and TFO, those two measurements can either be
assessed on DRRs (weight bearing) and axial CT images (weight bearing). The
TFCS, however, should only be assessed on axial CT images rather than on DRRs
as the reliability is lower on DRRs.
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Our study has several limitations. A cadaver model was used to assess the impact
of torque on the assessment of syndesmotic injuries. In vivo, fixation of the calca-
neus using K-wires is not feasible. The utility of applying torque to patient use will
require further experimentation and innovation. However, the amount of torque
applied in this study (10 Nm) is relatively small and should be well tolerated. A
second limitation is the precise transection of ligaments when using cadaver model
to mimic syndesmotic injuries. In a posttraumatic condition, different ligaments of
the distal talo-fibular syndesmosis are variably torn and healed. Such complex inju-
ries cannot be simulated accurately using cadaver models. Finally, several different
measurement options using either conventional radiographs or CT scans are avail-
able. This study only investigated three commonly used measurements. Other mea-
surements may be better predictors for injuries to the distal tibiofibular
syndesmosis.

To conclude, the application of torque helps when using weight bearing CT scans
to identify incomplete syndesmotic injuries (cadaver model). The TFO is a better
predictor for incomplete syndesmotic injuries, while the MCS and TFCS can be
used for more complete lesions.
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Chapter 15

Flexible Adult-Acquired Flatfoot
Deformity: Comparison Between
Weight Bearing and Non-weight Bearing
Measurements Using Cone Beam
Computed Tomography

Cesar de Cesar Netto

Introduction

Initially described as a consequence of isolated dysfunction of the posterior tibialis
tendon [1-3], adult-acquired flatfoot deformity (AAFD) is a common and complex
disorder characterized by a diverse combination of deformities. It can differ in sever-
ity and location along the entire medial longitudinal arch of the foot and is associated
with failure of multiple soft tissue structures [4], including the talonavicular joint
capsule, deltoid ligament [5], and other arch support ligaments, with the spring liga-
ment being the most important [6—8]. Deficiency of these structures can occur before
or after posterior tibialis tendon failure [9]. The resultant deformity is a combination
of flattening, plantar, and medial migration of the talar head and foot abduction at the
talonavicular joint, midfoot joint displacement, and hindfoot valgus [10].

Staging of AAFD is based on clinical and radiographic assessment. Four stages
of disease progression have been described [4, 11-13], with the first 2 stages repre-
senting flexible deformities. Weight bearing (WB) plain radiographs are the stan-
dard imaging modality, and different measurements have been described as tools for
assessing the deformity [14—17]. The use of WB computed tomography (CT) is
rapidly expanding and may allow a more detailed understanding of this complex,
three-dimensional (3D) deformity [18-25] that has been challenging to characterize
using two-dimensional (2D) plain radiographs.

We recently showed that WB 3D extremity cone beam computed tomography
(CBCT) outperforms multidetector computed tomography (MDCT) in image evalua-
tion of the foot and ankle, with less radiation exposure [26]. We also found that CBCT
scans were better for evaluating bone anatomy, with good interobserver reliability [27].
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The purpose of this study was to test the hypothesis that, compared with non-
weight bearing (NWB) measurements, measurements performed on WB CBCT
images can better demonstrate AAFD.

Materials and Methods

Institutional review board approval was obtained for this dual-center study, which
complied with the Declaration of Helsinki and the Health Insurance Portability and
Accountability Act (HIPAA). Written informed consent was obtained from all
participants.

Study Design

We prospectively recruited consecutive patients in our tertiary hospital clinic from
September 2014 through June 2016. We used the following inclusion criteria: clini-
cal diagnosis of symptomatic flexible AAFD; age 18 years or older; ability to com-
municate effectively with clinical study personnel; ability to stand or sit still,
unassisted, for at least 40 seconds; and availability of comparative imaging study
(CT scan, magnetic resonance imaging scan, or radiograph) performed for a clinical
purpose within the past 3 months. We excluded pregnant patients and those with
major medical or psychiatric illness that could prevent completion of the procedure.
Screened, enrolled, and included patients are presented in a CONSORT diagram
(Fig. 15.1).

Subjects

Twenty patients (14 right feet, 6 left feet) were included in the study. The cohort
consisted of 12 men and 8 women, with a mean age of 52 years (range, 20-88) and
a mean body mass index value of 30 (range, 19—46).

CBCT Imaging Technique

All CT studies were performed on a CBCT extremity scanner (generation II,
Carestream Health Inc., Rochester, NY) [27]. Participants underwent two consecu-
tive scans of the symptomatic foot: one NWB scan (sitting position with knee
extended, ankle joint in neutral position, and foot placed plantigrade over a foam
surface in the CBCT gantry) and one WB scan (physiological upright WB position).
For the WB position, the scan was performed with the participant standing with feet
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149 Patients with Flatfoot Deformity
Screened
(September 2014 - June 2016)

Inclusion Criteria:
-clinical diagnosis of symptomatic flexible
AAFD
<:I -age 18 years or older
-ability to communicate effectively
-ability to stand or sit still, unassisted, for
) at least 40 seconds
25 Patients Enrolled -available comparative imaging study

:> 2 Patients did not agree to
participate in the study

23 Patients
Scanned 3 Patients excluded:

-2 patients with motion artifact and poor
quality of WB CT images
| patient that was not able to complete

WB CT scan protocol

20 Patients
Included

Fig. 15.1 CONSORT diagram of screened, enrolled, and included patients. AAFD, adult-acquired
flatfoot deformity

approximately at shoulder width and distributing body weight evenly between both
legs. The nominal scan protocol was based on previous technical assessment [26, 27].
We applied 90 kVp and 72 mAs (6 mA and 20 msec for each frame, 600 frame
acquisition) for all scans to optimize contrast-to-noise ratio per unit of dose within
the limits of our CT system power. Conversion factors for size-specific dose esti-
mates were 1.4 for the foot and ankle (8 cm diameter); therefore, the size-specific
dose estimate for CBCT ankle imaging was estimated to be 12 mGy.

The weighted CT dose index for CBCT ankle acquisition has been estimated to
be 15 mGy using a Farmer chamber in a stack of three 16 cm CT dose index phan-
toms [27]. The CBCT image data were reconstructed using a “bone” algorithm
using iterative reconstruction with scatter correction to images with
0.5 x 0.5 x 0.5 mm? isotropic voxels.

Measurements

The raw 3D data were converted to sagittal, coronal, and axial image slices that
were transferred digitally into dedicated software (Vue PACS; Carestream Health,
Inc.; Rochester, NY) for computer-based measurements. Image annotations were
removed, and each study was assigned a unique and random number. After comple-
tion of a mentored training protocol with five AAFD cases in which the observers
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learned how to use the software and how to perform the measurements, two
fellowship-trained foot and ankle surgeons and one fellowship-trained radiologist
performed the measurements in an independent, random, and blinded fashion. One
of the observers (surgeon) performed a second set of measurements for intraob-
server reliability assessment 1 month after the first assessment was completed (to
reduce memory bias). WB and NWB images were compared with respect to aver-
aged values of measurements analogous to AAFD radiographic parameters [17, 21]
on the axial, sagittal, and coronal views.

Axial Plane Measurements

The axial plane was defined as parallel to the horizontal platform, with the horizon-
tal edge of the images aligned to the axis of the first metatarsal. Two axial parame-
ters were assessed (Fig. 15.2). The first was the talus-first metatarsal angle, which is
formed by the intersection of two lines representing the axis of the first metatarsal
and the axis of the talus [17]. Values were considered positive when the angle had a
medial vertex, indicating relative increased forefoot abduction. The second was the
talonavicular coverage angle, as described by Sangeorzan et al. [28].

Coronal Plane Measurements

The coronal plane was defined as perpendicular to the horizontal platform, with the
horizontal edge of the images aligned to a line perpendicular to the ankle bimalleo-
lar axis. Nine coronal parameters were assessed (Figs. 15.3 and 15.4). The first was
the forefoot arch angle, as described by Ferri et al. [22]. Positive values represented

Fig. 15.2 Measurements on the axial plane in the same patient. Non-weight bearing (NWB) and
weight bearing (WB) images: (a) talus-first metatarsal angle; (b) talonavicular coverage angle
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Fig. 15.3 Measurements on the coronal plane in the same patient. Non-weight bearing (NWB)
and weight bearing (WB) images: (a) forefoot arch angle; (b) navicular to skin distance; (¢) navic-
ular to floor distance; (d) medial cuneiform to skin distance; (e) medial cuneiform to floor distance;
(f) calcaneofibular distance

e il

25% 50% 75%
Posterior Intermediate Anterior

Fig. 15.4 Subtalar horizontal angle measurements in the same patient. Weight bearing images: (a)
coronal plane, subtalar horizontal angle at 25% (posterior), 50% (intermediate), and 75% (ante-
rior); (b) sagittal plane, demarcation of points where the coronal plane images were used for sub-
talar horizontal angle evaluation at 25%, 50%, and 75% of the longitudinal length of the subtalar
joint

a relative higher positioning of the medial cuneiform to the fifth metatarsal. The
second was the navicular to skin distance, also as described by Ferri et al. [22]. The
third was the navicular to floor distance, measured from the most inferior aspect of
the navicular to the floor line. The fourth was the medial cuneiform to skin distance,
measured from the most inferior aspect of the medial cuneiform to the plantar skin.
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The fifth was the medial cuneiform to floor distance, measured from the most infe-
rior aspect of the medial cuneiform to the floor line. The sixth was the calcaneofibu-
lar distance, which was the shortest distance between the distal fibula and the lateral/
superior surface of the calcaneus [20, 21, 23]. The seventh was the subtalar horizon-
tal angle, which was the angle between the posterior facet of the talus and the floor
(horizontal line) measured at 25% (posterior aspect), 50% (midpoint), and 75%
(anterior aspect) of the posterior subtalar joint length [19, 25, 29, 30]. Positive val-
ues represented valgus alignment of the joint.

Sagittal Plane Measurements

The sagittal plane was defined as perpendicular to the horizontal platform with the
horizontal edge of the images aligned to the axis of the second metatarsal. Eight
sagittal parameters were evaluated (Fig. 15.5). The first was the talus-first metatar-
sal angle, which was formed by the intersection of the axis of the first metatarsal and
the axis of the talus [17]. Values were considered positive when the angle had a
plantar vertex. The second was the navicular to skin distance, measured from the
most inferior aspect of the navicular to the plantar skin surface. The third was the
navicular to floor distance, measured from the most inferior aspect of the navicular
to the floor line. The fourth was the cuboid to skin distance, measured from the most

Fig. 15.5 Measurements on the sagittal plane in the same patient. Non-weight bearing (NWB) and
weight bearing (WB) images: (a) talus-first metatarsal angle; (b) navicular to skin distance; (c)
navicular to floor distance; (d) cuboid to floor distance; (e) medial cuneiform to skin distance; (f)
medial cuneiform to floor distance
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inferior aspect of the cuboid to the plantar skin surface. The fifth was the cuboid to
floor distance, measured from the most inferior aspect of the cuboid to the floor line
[21]. The sixth was the medial cuneiform to skin distance, measured from the most
inferior aspect of the medial cuneiform to the plantar skin surface. The seventh was
the medial cuneiform to floor distance, measured from the most inferior aspect of
the medial cuneiform to the floor line [31-33]. The eighth was the calcaneal inclina-
tion angle, which was the intersection of the floor line and a line connecting the
most inferior point of the calcaneal tuberosity and the undersurface edge of the
anterior process of the calcaneus [34].

Statistical Analysis

Data from each type of measurement were evaluated for normality by the Shapiro-
Wilk test. The intraobserver reliability (one observer) was calculated using the
Pearson’s or Spearman’s correlation test and 95% confidence intervals. Interobserver
reliability was assessed using intraclass correlation coefficients (ICCs) and 95%
confidence intervals for each measurement in each image type, considering the
amount by which bias and interaction factors can reduce the ICC. Correlations of
0.81-1.00 were considered almost perfect, 0.61-0.80 were considered substantial,
0.41-0.60 were considered moderate, 0.21-0.40 were considered fair, and <0.20
were considered slight agreement [35, 36]. Measurements performed on WB and
NWB images were compared using paired Student’s t-tests or Wilcoxon rank-sum
tests. P < 0.05 was considered significant.

Source of Funding

This work was based on an industrial grant from Carestream, Inc., which provide
monetary incentive to subjects who undergo CBCT examinations. The decision to
recruit the proper subjects who meet the criteria was based on clinical presentation
and decided by the orthopedic surgeon.

Results

We found substantial to almost perfect intraobserver (Table 15.1) and interobserver
reliability (Table 15.2). We found significant differences in the mean value of almost
all measurements performed when comparing WB and NWB images of patients
with flexible AAFD (Tables 15.3 and 15.4). The only exception was the calcaneal
inclination angle (P = 0.1446).
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Table 15.1 Intraobserver reliability of CT-based measurements of adult-acquired flatfoot
deformity in 20 patients

NWB images WB images

Pearson’s 1/ Pearson’s
Measurement by view Spearman’s r; | 95% CI r/Spearman’s r, | 95% CI
Axial view
Talonavicular coverage angle 0.94 0.85,0.98 0.88 0.72,0.95
Talus-first metatarsal angle 0.88 0.71,0.95 |0.89 0.75, 0.96
Coronal view
Medial cuneiform to floor distance | 0.99 0.96,0.99 |0.99 0.99, 1.00
Navicular to floor distance 0.98 0.94,0.99 |0.99 0.99, 1.00
Forefoot arch angle 0.98 0.96,0.99 |0.99 0.97,0.99
Medial cuneiform to skin distance |0.98 0.94,0.99 |0.99 0.98, 1.00
Navicular to skin distance 0.96 0.90,0.98 |0.99 0.98, 1.00
Calcaneofibular distance 0.96 0.90,0.98 |0.93 0.82,0.97
Subtalar horizontal angle, 50% 0.75 0.46,0.89 |0.92 0.80, 0.97
Subtalar horizontal angle, 75% 0.74 0.44,0.89 0.90 0.75, 0.96
Subtalar horizontal angle, 25% 0.73 0.43,0.89 |0.88 0.71, 0.95
Sagittal view
Medial cuneiform to floor distance | 0.99 0.97,1.00 |0.96 0.89, 0.98
Cuboid to floor distance 0.95 0.86,0.98 |0.96 0.90, 0.99
Navicular to floor distance 0.95 0.87,0.98 |0.95 0.87,0.98
Cuboid to skin distance 0.93 0.83,0.97 |0.96 0.89, 0.98
Medial cuneiform to skin distance |0.91 0.78,0.97 |0.98 0.96, 0.99
Calcaneal inclination angle 0.88 0.71,0.95 |0.95 0.87,0.98
Navicular to skin distance 0.84 0.64,0.94 |0.92 0.81, 0.97
Talus-first metatarsal angle 0.77 0.49,0.90 0.72 0.41,0.88

CI confidence interval, CT computed tomography, NWB non-weightbearing, WB weightbearing

Table 15.2 Interobserver reliability of CT-based measurements of adult-acquired flatfoot
deformity in 20 patients

NWB images WB images
Measurement by view ICC classification® ICC classification®
Axial view
Talonavicular coverage angle 0.55 Moderate 0.39 Fair
Talus-first metatarsal angle 0.49 Moderate 0.54 Moderate
Coronal view
Calcaneofibular distance 0.90 Almost perfect 0.85 Almost perfect
Forefoot arch angle 0.95 Almost perfect 0.96 Almost perfect

Medial cuneiform to floor distance 0.99 Almost perfect 0.99 Almost perfect

Medial cuneiform to skin distance 0.95 Almost perfect 0.96 Almost perfect
Navicular to floor distance 0.94 Almost perfect 0.99 Almost perfect

Navicular to skin distance 0.89 Almost perfect 0.97 Almost perfect
Subtalar horizontal angle, 25% 0.62 Substantial 0.68 Substantial
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Table 15.2 (continued)

NWB images WB images
Measurement by view ICcC classification® ICcC classification®
Subtalar horizontal angle, 75% 0.60 Moderate 0.64 Substantial
Subtalar horizontal angle, 50% 0.59 Moderate 0.62 Substantial
Sagittal view
Calcaneal inclination angle 0.79 Substantial 0.75 Substantial
Cuboid to floor distance 0.96 Almost perfect 0.94 Almost perfect
Cuboid to skin distance 0.95 Almost perfect 0.96 Almost perfect
Medial cuneiform to floor distance 0.76 Substantial 0.96 Almost perfect
Medial cuneiform to skin distance 0.77 Substantial 0.97 Almost perfect
Navicular to floor distance 0.96 Almost perfect 0.96 Almost perfect
Navicular to skin distance 0.88 Almost perfect 0.83 Almost perfect
Talus-first metatarsal angle 0.65 Substantial 0.39 Fair

CT computed tomography, /CC intraclass correlation coefficient, NWB non-weightbearing, WB
weightbearing

2]CC agreement was classified as follows: 0.81-0.99, almost perfect; 0.61-0.80, substantial; 0.41—
0.60, moderate; 0.21-0.40, fair; and <0.20, slight

Table 15.3 CT-based measurements in 20 patients with adult-acquired flatfoot deformity

NWB images WB images
Measurement by view Mean 95% CI Mean 95% CI
Axial view
Talus-first metatarsal angle (°) 13 10, 15 20 17,23
Talonavicular coverage angle (°) 21 18,24 30 27,34
Coronal view
Calcaneofibular distance (mm) 6.0 5.5,6.5 5.0 45,5.5
Medial cuneiform to skin distance (mm) 20 19,21 16 15,17
Navicular to skin distance (mm) 25 24,26 19 17,20
Medial cuneiform to floor distance (mm) 29 28,31 18 17,19
Navicular to floor distance (mm) 38 36, 40 23 22,25
Subtalar horizontal angle, 25% (°) 23 22,24 25 24,27
Subtalar horizontal angle, 50% (°) 15 14, 16 18 16, 20
Subtalar horizontal angle, 75% (°) 9.8 8.3, 11 13 11,15
Forefoot arch angle (°) 13 12,15 3.0 1.4,4.6
Sagittal view
Cuboid to skin distance (mm) 20 19, 21 16 15,17
Cuboid to floor distance (mm) 22 21,23 17 16, 18
Medial cuneiform to skin distance (mm) 20 19, 22 16 15,17
Medial cuneiform to floor distance (mm) 29 27,31 18 17,19
Navicular to skin distance (mm) 26 25,28 19 18,21
Navicular to floor distance (mm) 38 36, 40 23 22,25
Calcaneal inclination angle (°) 16 15,17 15 14, 16
Talus-first metatarsal angle (°) 14 13,16 24 22,26

CI confidence interval, CT computed tomography, NWB non-weightbearing, WB weightbearing
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Table 15.4 Differences between weightbearing and non-weightbearing CT-based measurements
of adult-acquired flatfoot deformity in 20 patients

Measurement by view Difference of the means | 95% CI P

Axial view

Talus-first metatarsal angle (°) 7.2 3.6, 11 <0.0001
Talonavicular coverage angle (°) 9.1 44,14 0.0002
Coronal view

Medial cuneiform to skin distance (mm) —4.5 -5.9,-3.1 | <0.0001
Navicular to skin distance (mm) -6.2 -8.1,—-4.3 | <0.0001
Medial cuneiform to floor distance (mm) | —11 —13,-9.1 |<0.0001
Navicular to floor distance (mm) —15 —18, —12 <0.0001
Forefoot arch angle (°) -10 —13,-8.0 | <0.0001
Calcaneofibular distance (mm) -1.0 -1.7,-0.3 |0.0035
Subtalar horizontal angle, 50% (°) 3.0 0.8,5.2 0.0070
Subtalar horizontal angle, 75% (°) 3.5 0.9, 6.1 0.0070
Subtalar horizontal angle, 25% (°) 2.2 0.2,4.2 0.0310
Sagittal view

Cuboid to skin distance (mm) —4.1 -5.4,-2.8 | <0.0001
Cuboid to floor distance (mm) -53 -6.8, —=3.8 | <0.0001
Medial cuneiform to skin distance (mm) —4.8 —-6.3,-3.3 | <0.0001
Medial cuneiform to floor distance (mm) | —11 —13,-8.7 |<0.0001
Navicular to skin distance (mm) =72 -9.6, —4.8 | <0.0001
Navicular to floor distance (mm) -15 -17, =12 <0.0001
Talus-first metatarsal angle (°) 9.8 72,12 <0.0001
Calcaneal inclination angle (°) —1.1 -2.6,0.4 0.1446

CI confidence interval, CT computed tomography
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Fig. 15.6 Graphic plots of mean values for non-weight bearing (NWB) and weight bearing (WB)
measurements in the axial plane: (a) talus-first metatarsal angle; (b) talonavicular coverage angle

In the axial plane (Fig. 15.6), WB measurements demonstrated a significant
mean increase in forefoot abduction, with increased talus-first metatarsal angle
(7.2°,95% CI: 3.6-11°) and talonavicular coverage angle (9.1°, 95% CI: 4.4-14°).
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In the coronal plane (Fig. 15.7), WB measurements showed increased col-
lapse of the longitudinal and transverse arches of the foot and increased hindfoot
valgus alignment with decreased mean forefoot arch angle (11°, 95% CI:
8.0—13°); decreased navicular to skin distance (6.2 mm, 95% CI: 4.3-8.1 mm);
decreased navicular to floor distance (15 mm, 95% CI: 12—18 mm); decreased
medial cuneiform to skin distance (4.5 mm, 95% CI: 3.1-5.9 mm); decreased
medial cuneiform to floor distance (11 mm, 95% CI: 9.1-13 mm); decreased cal-
caneofibular distance (1.0 mm, 95% CI: 0.3—-1.7 mm); and increased subtalar
horizontal angles at posterior position (2.2°, 95% CI: 0.2—4.2°), middle position
(3.0°,95% CI: 0.8-5.2°), and anterior position (3.5°, 95% CI: 0.9-6.1°) of the
subtalar joint.

In the sagittal plane (Fig. 15.8), WB images demonstrated increased collapse of
the longitudinal arch of the foot, with increased mean talus-first metatarsal angle
(9.8°, 95% CI: 7.2—-12°), decreased navicular to skin distance (7.2 mm, 95% CI:
4.8-9.6 mm), decreased navicular to floor distance (15 mm, 95% CI: 12—-17 mm),
decreased cuboid to skin distance (4.1 mm, 95% CI: 2.8-5.4 mm), decreased cuboid
to floor distance (5.3 mm, 95% CI:I 3.8-6.8 mm), decreased medial cuneiform to
skin distance (4.8 mm, 95% CI: 3.3-6.3 mm), and decreased cuneiform to floor
distance (10.9 mm, 95% CI: 8.7-13 mm).

Discussion

To our knowledge, this is the first prospective study to use CBCT images to com-
pare the effect of standing WB on measurements traditionally used in the staging of
AAFD. Although conventional WB radiograph measurements for AAFD have been
validated in multiple studies [17, 32, 37], the literature is sparse regarding the role
of the WB CT in the assessment of patients with this deformity, with most studies
inducing simulated WB [18, 38—40].

The age and BMI of patients in our study population were similar to those in
populations with AAFD, who are typically older and have a higher rate of obesity
than the general population [41]. However, the most common cause of AAFD is
posterior tibial tendon dysfunction, which is more common in woman than in men
[42]. Despite this, 60% of our patients were men.

We found overall substantial to almost perfect intraobserver and interobserver
reliabilities for the parameters evaluated, with results slightly favoring WB images
over NWB images. This may be attributable to the fact that the real floor line was
definable in the WB images, which was not the case in the NWB images, in which
the “floor line” was represented by the upper surface of the foam where the foot
rested during image acquisition. We believe this may have contributed to the vari-
ability in measurements. In addition, reliability was higher in measurements that
involved the use of distances compared with angle determinations. As expected, the
addition of a second line to build an angle was also added to the intraobserver and
interobserver variability.
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Fig. 15.7 Graphic plots of mean values for non-weight bearing (NWB) and weight bearing (WB)
measurements in the coronal plane: (a) forefoot arch angle; (b) navicular to skin distance; (c)
navicular to floor distance; (d) medial cuneiform to skin distance; (e) medial cuneiform to floor
distance; (f) calcaneofibular distance; (g) subtalar horizontal angle at 25%, (h) subtalar horizontal
angle at 50%; (i) subtalar horizontal angle at 75%



Discussion 193

The measurements performed in the axial plane demonstrated lower reliability
compared with other planes. This may be attributable to the 3D component of the
deformity and increased complexity in finding a plane that contained both bone
structures used to build the measurement. Subtle modifications in the axial plane
were frequently required to include both landmark osseous structures in the
same image.

In contrast to prior studies [17, 21, 43, 44], we found relative low interobserver
reliability for the talus-first metatarsal angle in both sagittal and axial planes. This
represents an important negative finding because the sagittal talus-first metatarsal
angle, or Meary’s angle, is considered an important index of arch collapse and one
of the best measurements available to grade AAFD [17]. This finding may be
because, as in the axial plane, it was difficult to find a perfect sagittal plane that
included talus and first metatarsal in the same image.

Similar to the work by Ferri et al. [22] that demonstrated the value of simulated
WB CT in the evaluation of osseous collapse and deformity in patients with pes
planus, our study showed that CBCT is also capable of demonstrating worsening of
AAFD during physiological WB scan acquisition. When compared with NWB
images, WB CBCT images showed significantly increased deformity for almost all
parameters evaluated. In the axial view, the talus-first metatarsal angle and talona-
vicular coverage angle progressed by 57% and 43%, respectively, reflecting the
increased abduction of the forefoot under WB.

In the coronal plane, measurements representing increased arch collapse were
significantly more pronounced in WB images compared with NWB images. There
was a 78% decrease in the forefoot arch angle; 25% and 39% decreases in navicular
to skin and navicular to floor distances, respectively; and 22% and 38% decreases in
medial cuneiform to skin and to floor distances, respectively. Similar results were
found for hindfoot valgus deformity parameters, including a 16% decrease in the
calcaneofibular distance and 9%, 19%, and 36% increases in the subtalar horizontal
angle at posterior, middle, and anterior positions, respectively.

Regarding the subtalar horizontal angle, we found similar results to those of prior
studies [19, 25, 30], with a tendency to progression of valgus alignment from ante-
rior to posterior. This tendency was found in both NWB and WB images (Fig. 15.9).

In the sagittal plane, measurements representing arch collapse were significantly
more pronounced in the WB images compared with NWB images, with an increase
of 69% in the talus-first metatarsal angle; decreases of 27% and 38% in the navicu-
lar to skin and navicular to floor distances, respectively; decreases of 20% and 23%
in the cuboid to skin and cuboid to floor distances, respectively; and decreases of
23% and 37% in the medial cuneiform to skin and medial cuneiform to floor dis-
tances, respectively. The only measurement that was not significantly different
between WB and NWB images was the calcaneal inclination angle, although it was
7% less in the WB images.

This study has several limitations. First, we did not compare WB and NWB
CBCT measurements in asymptomatic control subjects. These measurements may
vary between WB and NWB scan acquisitions, even in asymptomatic patients with-
out flatfoot deformity. Second, we had a relatively small sample size. However,
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Fig. 15.8 Graphic plots of mean values for non-weight bearing (NWB) and weight bearing (WB)
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25% (posterior), 50% (intermediate), and 75% (anterior) of the longitudinal length of the subtalar
joint in non-weight bearing (NWB) and weight bearing (WB) images

significant results suggest adequate power to demonstrate the effect size that can
support our conclusions. Third, we could not visualize the whole length of the first
metatarsal, especially its distal aspect. This was a limitation in the image acquisition
of the CBCT extremity scanner used in the study. This impediment greatly influ-
enced the low reliability for all measurements that involved the assessment of the
first metatarsal axis. Fourth, some of the differences in the measurements when
comparing NWB and WB images, even in the presence of statistical significance,
might not be clinically important. These differences could be caused by measure-
ment error. Another important limitation is that no sample size calculation was per-
formed prospectively. However, even our relatively small sample allowed us to
detect differences of at least 10% of the mean value for 17 of 19 measurements
when comparing NWB and WB images [45].
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In conclusion, measurements analogous to traditional AAFD radiographic mea-
surements are obtainable using high-resolution 3D CBCT imaging, which enables
reliable assessment during physiological upright WB. In patients with AAFD, mea-
surements demonstrating increased severity of the disease were more pronounced in
the WB images compared with NWB images. Future studies are needed to evaluate
the role of WB 3D CBCT in routine clinical practice, its diagnostic and therapeutic
role, and its ability to assess correction of the deformity after surgical treatment.
Additionally, improvements in software tools that could facilitate the choice of the
correct image plane to be used for each of the measurements, allowance of a true 3D
measurement, and a more precise guideline definition of individual axes for each
foot and ankle bone are important next steps for future research.
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Hindfoot Alignment of Adult-Acquired
Flatfoot Deformity: A Comparison

of Clinical Assessment and Weight Bearing
Cone Beam CT Examinations

Cesar de Cesar Netto

Introduction

Adult-acquired flatfoot deformity (AFFD) represents a progressive and complex
structural deformity of foot [1, 2]. Although posterior tibial tendon (PTT) dysfunc-
tion has historically been recognized as the principal culprit leading to collapse of
the medial longitudinal arch (MLA) [3], further soft tissue insufficiency and underly-
ing bony deformities have been implicated in the development of AFFD [4, 5].
Equinus contracture, spring ligament, interosseous and deltoid ligament attenuation,
as well as an increased innate valgus angulation of the subtalar joint can predispose
to and eventually lead to subtalar joint eversion and subsequent hindfoot valgus [4, 6].
Currently, a set of measurements based on clinical and radiographic examina-
tions are employed to evaluate hindfoot alignment [7]. Although these measure-
ments have been extensively described, substantial disagreement remains in clinical
judgment and radiographic measures to define an accurate method for the evalua-
tion of hindfoot alignment [8, 9]. Clinical assessment including visual evaluation
and Harris mat footprint and quantitative measures such as valgus index have been
defined; however they have shown to be highly unreliable due to significant interob-
server variation even among experienced orthopedic surgeons [7, 8, 10].
Furthermore, radiographic assessment of hindfoot alignment is quite cumber-
some. The two-dimensional nature of plain radiographs limits their accuracy, and
optimal evaluation of hindfoot alignment is hampered by complex anatomy of sub-
talar joint [5, 11]. Besides, lack of standardized methods to evaluate the alignment
is another source of disagreement [9]. Previous cohorts used distinct set of reference
points as well as different hindfoot specific views including long axial view [12—-14].

Based on de Cesar Netto C, Shakoor D, Roberts L, Chinanuvathana A, Mousavian A, Lintz F,
Schon LC, Demehri S, Weightbearing CT International Study Group. Hindfoot Alignment of Adult
Acquired Flatfoot Deformity: A Comparison of Clinical Assessment and Weightbearing Cone
Beam CT Examinations. Foot Ankle Surg. 2018 Nov 5. pii: S1268-7731(18)30301-1. doi: https://
doi.org/10.1016/j.fas.2018.10.008. [Epub ahead of print]
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Some studies used angular measurements, while others employed linear measure-
ments. Prior reports have also indicated that malpositioning during image acquisi-
tion, inconsistent angulation, or superimposition could generate considerable
measurement errors [7, 15]. Therefore, radiographic measures of hindfoot align-
ment are associated with major fundamental flaws due to several anatomical and
observer-related bias.

Cross-sectional imaging modalities including computed tomography (CT) pro-
vide enhanced, detailed visualization of hindfoot with simultaneous demonstration
of different structures; however, they are only able to provide images obtained with
the patient supine [16, 17]. Additionally, in patients with AFFD, hindfoot instability
has been observed when a weight bearing condition is applied [18]. Therefore, due
to the major impact of loading on hindfoot alignment, it is crucial to assess sus-
pected cases in the standing position [19]. Recent developments in CT scan design
have contributed to the advent of cone beam computed tomography (CBCT). This
novel technique allows imaging of lower extremity in a normal upright weight bear-
ing state. Initial studies reported excellent image quality with sufficient contrast
resolution to visualize soft tissue and bone exceeding conventional radiography and
multiple detector computed tomography (MDCT) [20, 21].

Considering the ability of WB CBCT to demonstrate three-dimensional deformi-
ties in a standing physiologic setup with an enhanced visualization of bony land-
marks and soft tissue structures, the application of this modality in patients with
AFFD has recently been demonstrated to accurately reflect the effect of body weight
in this dynamic deformity [22]. Measurements used in the staging and evaluation of
the deformity were also reported to be repeatable and reliable when performed not
only by experts [22] but also by in-training medical personnel [23]. Also recently,
significant correlation between clinical and conventional radiographic hindfoot
alignment was demonstrated in patients with flexible AAFD, but the radiographic
measurements of hindfoot valgus were found to be significantly more pronounced
valgus alignment than the standardized clinical evaluation [23]. Thus, in this study,
we intended to compare clinical assessment of hindfoot valgus alignment with dif-
ferent possible hindfoot alignment measurements performed on WB CBCT images,
in patients with AAFD. Our hypothesis was that measurements would correlate but
different degrees of valgus alignment would be found, depending on the anatomical
landmarks used.

Materials and Methods

Study Design

This dual-center IRB-approved prospective study complied with the Health
Insurance Portability and Accountability Act (HIPAA) and the Declaration of
Helsinki. Informed consent was signed by all study participants.
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Subjects

In the two involved tertiary hospital clinics, consecutive patients with clinical diag-
nosis of symptomatic flexible AAFD from October 2014 till June 2016 were
recruited. We excluded patients who were younger than 18 years old, were not able
to communicate efficiently with clinical study personnel, or were not able to stand
still independently for at least 40 seconds. Individuals with the inability to bear
weight and a rigid deformity or those who had standard contraindications for stan-
dard CT scans including pregnancy or those with serious medical or psychiatric
issues were also not enrolled in this prospective study.

Coronal plane clinical hindfoot alignment of all study participants was measured
in the physiologic WB position by the most experienced of the senior authors (LCS).
Patients were instructed to stand in a comfortable and natural stance position, and
the medial border of each foot was positioned over two parallel lines that were
drawn into the floor, controlling for rotational misalignment. The measurement
obtained here, named clinical hindfoot alignment angle (CHAA) (Fig. 16.1a), was
similar to the standing tibiocalcaneal angle (STCA) and was based on clinical exper-
tise of the senior author and evaluation of anatomical surface landmarks [8, 23].

Following clinical examination, all patients underwent WB CBCT examinations.

CBCT Imaging Technique

All CT studies were conducted using a CBCT extremity scanner (Generation II,
Carestream Health Inc., Rochester, NY). All imaging studies were performed under
physiological upright WB position with the patients standing with their feet almost
at shoulder width, distributing body weight evenly between their both legs. We
employed the same scan protocol that was described in prior studies [22, 24, 25].

A 3
Clinical WBCT Clinical Achilles Tibial Axis/Calcaneal | Tibial Axis/Subtalar Hindfoot Hindfaat Mament
Hindfoot Hindfoot Tendon/Calcaneal Tuberosity Angle Joint Angle (TASJA) | Alignment Angle Arm (HMA)
Alignment Alignment Angle Tuberosity Angle (TACTA) (Haa]
Angle (CHAA) | (WBCT CHAA) {ATCTA)

Fig. 16.1 Example of measurements performed: (a) Clinical hindfoot alignment angle (CHAA);
(b) weight bearing computed tomography clinical hindfoot alignment angle (WBCT CHAA); (¢)
Achilles tendon/calcaneal tuberosity angle (ATCTA); (d) tibial axis/calcaneal tuberosity angle
(TACTA); (e) tibial axis/subtalar joint angle (TASJA); (f) hindfoot alignment angle (HAA);
(g) hindfoot moment arm (HMA)
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WB CBCT Measurements

To develop computer-based measurements, the raw 3D data were used to generate
and create axial, coronal, and sagittal image slices and were digitally transferred
into our dedicated software (Vue PACS, Carestream Health, Inc., Rochester, NY).
Image annotations were deleted, and a unique random number was allocated to each
imaging study.

Following a mentored training protocol entailing five AAFD cases, three fellow-
ship trained foot and ankle surgeons applied different hindfoot alignment measure-
ments independently using the dedicated software. All observers were blinded, and
the order of images was randomized. One month following the first assessment, a
second set of measurements for intraobserver reliability was performed by one of
the observers. The measurements were performed on the clinical reconstructed 3D
images. Rotational position control was assured with the use of images where the
medial aspect of the heel and the most medial aspect of forefoot and the medial
eminence of the first metatarsal were in line with each other. The images used were
also tangential to the floor.

The first measurement performed aimed to mimic the clinical hindfoot alignment
evaluation and was named WBCT clinical hindfoot alignment angle (WBCT
CHAA). It was obtained on 3D images where the windowing was set to maintain
the surface anatomical landmarks, including the skin (Fig. 16.1b).

The second measurement was performed in an image with the same position-
ing, but the windowing was changed, removing the skin and subcutaneous, but
keeping some of the overlying soft tissue structures including the Achilles ten-
don. That image also allowed a better evaluation of the calcaneal tuberosity,
used as a bony anatomical landmark. The angle measured was formed by the
longitudinal axis of the Achilles tendon and the longitudinal axis of the calca-
neal tuberosity and was named Achilles tendon/calcaneal tuberosity angle
(ATCTA) (Fig. 16.1c). To adequately assess the alignment of the calcaneal
tuberosity, we used similar technique drawing ellipses as described by Johnson
etal. [13].

The last four measurements were performed in images with the same position-
ing, however with different windowing that removed all the soft tissue structures,
maintaining only the bony anatomy. The third measurement obtained was the tibial
axis/calcaneal tuberosity angle (TACTA), which was formed by the intersection of
axes of calcaneal tuberosity and the tibia (Fig. 16.1d). The fourth measurement was
the tibial axis/subtalar joint angle (TASJA) formed by the intersection of tibial axis
and the line connecting midpoint of the posterior facet of the subtalar joint and most
inferior point of the calcaneal tuberosity (Fig. 16.1e). The fifth measurement was
the hindfoot alignment angle (HAA), as described by Williamson et al. [26]
(Fig. 16.1f), and the sixth measurement was the hindfoot moment arm (HMA)
(Fig. 16.1g), as described by Saltzman et al. [12].

Positive values were considered valgus alignment.
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Statistical Analysis

Data analysis was performed with JMP Pro version 12.2.0 (SAS Institute, Marlow-
Buckinghamshire, UK). We used Shapiro-Wilk W test to evaluate the normal distri-
bution of each set of measurements. The intraobserver and interobserver reliability
was assessed by intraclass correlation coefficient (ICCs). Correlations between 0.81
and 1 were regarded almost perfect, 0.61-0.8 were considered as considered as sub-
stantial, 0.41-0.6 were considered as moderate, 0.21-0.4 were regarded as fair,
0.1-0.2 were considered as slight agreement, and less than 0.1 were regarded as poor
agreement [22, 27]. Measurements obtained from clinical examination and WB
CBCT images were compared by one-way ANOVA and paired Student’s t-tests or the
Wilcoxon rank-sum tests and nonparametric comparison for each pair by the Wilcoxon
method. We used a linear regression model to evaluate the relation between values of
hindfoot moment arm and measurements obtained from clinical examinations as well
as WB CBCT images. P-values of less than .05 were considered significant.

Results

Twenty patients (12 men and 8 women) with mean age of 52.2 (range, 20—88) years
old and mean body mass index value of 30.35 (range, 19-46) kg/m?* were included
in this cohort.

We observed almost perfect intraobserver agreement for all WB CBCT 3D mea-
surements, with ICC ranging from 0.87 to 0.97. Interobserver agreement, measured by
ICC, ranged from 0.51 to 0.88. A summary of the agreements is presented in Table 16.1.

A summary with the mean values and 95% confidence interval (CI) for all hind-
foot valgus measures performed on the 3D WB CBCT images is outlined in

Table 16.1 Intra- and interobserver reliability for three-dimensional (3D) weightbearing (WB)
cone-beam computed tomography (CBCT) hindfoot valgus measures

Intraobserver Interobserver
agreement agreement
ICC | Classification | ICC | Classification
Soft tissue | WBCT clinical hindfoot 0.94 | Almost perfect | 0.51 | Moderate
windowing | alignment angle (WBCT CHAA)
level Achilles tendon/calcaneal 0.93 | Almost perfect | 0.76 | Substantial
tuberosity angle (ATCTA)
Bone Tibial axis/calcaneal tuberosity 0.87 | Almost perfect | 0.63 | Substantial
windowing | angle (TACTA)
level Tibial axis/subtalar joint angle 0.90 | Almost perfect | 0.80 | Substantial
(TASJA)
Hindfoot alignment angle (HAA) | 0.88 | Almost perfect | 0.73 | Substantial
Hindfoot moment arm (HMA) 0.97 | Almost perfect | 0.88 | Almost perfect

Abbreviations: ICC intraclass correlation coefficient
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Table 16.2, and a graphical plot demonstrating the mean values of each measure-
ment is shown in Fig. 16.2.

The hindfoot alignment measurements were found to significantly differ
(» <0.0001), and the paired comparison is detailed in Table 16.3. The mean clinical

Table 16.2 Summary of three-dimensional (3D) weightbearing (WB) cone beam computed
tomography (CBCT) hindfoot valgus measures

3D WB CBCT hindfoot alignment
Mean Standard error | Lower Upper
value of the mean 95% C1 95% C1
Soft tissue | WBCT clinical hindfoot 9.9° 0.53 8.9° 11.0°
windowing | alignment angle (WBCT
level CHAA)
Achilles tendon/calcaneal 3.2° 0.95 1.3° 5.0°
tuberosity angle (ATCTA)
Bone Tibial axis/calcaneal 6.1° 0.86 4.3° 7.8°
windowing | tuberosity angle (TACTA)
level Tibial axis/subtalar joint angle | 7.0° 0.88 5.3° 8.8°
(TASJA)
Hindfoot alignment angle 22.8° 1.22 20.4° 25.3°
(HAA)
Hindfoot moment arm (HMA) | 15.1 mm | 0.88 134mm |16.9 mm
Abbreviations: CI confidence interval
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Fig. 16.3 Graphical plotting and detailed results for linear regression model comparing hindfoot
moment arm (HMA) and hindfoot alignment angle (HAA) measurements. Estimate values for
intercept and HAA, standard error, T-ratio and P-values

hindfoot alignment angle was 15.2 (95% CI, 11.5-18.8)°. It was found to demon-
strate significantly increased valgus alignment when compared to the WBCT CHAA
(mean difference, 5.23°, p = 0.0047), ATCTA (mean difference, 12.00°, p < 0.0001),
TACTA (mean difference, 9.10°, p < 0.0001), and TASJA (mean difference, 8.12°,
p < 0.0001). However, it was found to be significantly decreased when compared to
the hindfoot valgus alignment measured by the HAA (mean difference, —7.70°,
p <0.0001).

The mean of HMA was 15.1 (95% CI, 13.4-16.9) mm. The hindfoot moment
arm was correlated significantly with the HAA (p < 0.0001), increasing by 0.51 mm
for every degree increase in the HAA (Adjusted R* = 0.48) (Fig. 16.3). The HMA
was also correlated significantly with the clinical hindfoot alignment angle
(p = 0.0087), increasing by 0.53 mm for every degree increase in the clinical align-
ment angle (adjusted R*> = 0.29) (Fig. 16.4).

Discussion

To the authors’ knowledge, this is the first study to compare the evaluation of clini-
cal and 3D WB CBCT hindfoot alignment in patients with AAFD. We found the
different WB CBCT measurement modalities performed in this study to be repeat-
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Fig. 16.4 Graphical plotting and detailed results for linear regression model comparing hindfoot
moment arm (HMA) and clinical alignment measurements. Estimate values for intercept and
HAA, standard error, T-ratio and P-values

able and reliable, but to significantly differ from each other and from the clinical
evaluation of hindfoot valgus alignment. Our findings demonstrated that the valgus
hindfoot alignment in patients with AAFD is significantly influenced by the ana-
tomical landmarks used to define the angular measurement. We also found that the
clinical assessment of hindfoot valgus by an experienced observer was significantly
different from the HAA measured in WB CBCT images, demonstrating underesti-
mation of the hindfoot valgus by the clinical evaluation, similar to reported data for
conventional radiographs [23].

The proper assessment of hindfoot alignment and valgus deviation is paramount
in the diagnosis and staging of AAFD [28-31]. Various studies have looked at defin-
ing an accurate way of clinically assessing hindfoot alignment [8, 32-36], and the
ability to correct the hindfoot valgus deformity intraoperatively, bringing the heel
into a clinically neutral positioning, has been shown to correlate with significant
improvement in clinical outcomes [37]. Accurate radiographic definition of hind-
foot valgus is also important, and both hindfoot alignment and long axis views have
been utilized as radiographic incidences in the assessment of WB hindfoot align-
ment [7, 12, 13, 38]. These radiographic views and the multiple anatomical land-
marks and angles reported in the literature aim to accurately demonstrate the true
bone alignment and the relationship between the axis of the tibia and the axis of the
calcaneus [7, 12—14, 38—42]. Superposition and enlargement of structures as well as
inadequate alignment of the foot and ankle during image acquisition have been
shown to significantly hinder the evaluation of bone alignment [42—44]. The ability
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of standardized clinical assessment in predicting radiographic bone hindfoot align-
ment in patients with stage I AAFD was recently reported in the literature [23].
This study demonstrated that even though significant correlation was found between
clinical and radiographic alignments, clinical assessment underestimated the radio-
graphic valgus alignment of about 10-15°, when measured by the HAA [23].

The use of WB CBCT scans in the assessment of foot and ankle pathologies has
recently begun increasing [45]. Important benefits in the assessment of 3D bone
relationship and bone alignment in patients with AAFD have been demonstrated in
the literature [15, 22, 23, 46—48], with low radiation dosage, extraordinary spatial
resolution, and fast imaging acquisition time [49, 50].

Burssens et al. studied the use of WB CBCT in the assessment of hindfoot align-
ment [15]. They have shown that this imaging modality allows adequate assessment
in patients with valgus and varus deformities, revealing significant differences in the
measurements depending on the anatomical landmarks and angular measurements
used. Even though different hindfoot alignment angles were used in our study, we
also found that the measurements change significantly depending on the anatomical
landmarks used. One important difference to be noted is that Burssens et al. discov-
ered that the clinical alignment measured in WB CBCT, with the image windowing
maintaining the skin and surface landmarks, demonstrated increased valgus align-
ment when compared to bone measurements. Similar to prior results reported in the
literature using conventional radiographs [23], our study determined completely
opposite results when using the HAA as described by Williamson et al. [26]. We
found the HAA to demonstrate significantly increased valgus when compared to
both real and WB CBCT clinical hindfoot alignment evaluation, with mean differ-
ences of approximately 13 and 8°, respectively. It is our understanding that the
HAA represents the best bone measurement of hindfoot alignment, using more reli-
able landmarks and considering the 3D format of the calcaneus including its lateral
wall and the sustentaculum tali. It is the first time the use of the HAA is reported in
WB CBCT images, and we found it to be reliably performed.

Our study was also the first to evaluate the HMA, as described by Saltzman and
el-Khoury [12], using 3D WB CBCT images, demonstrating almost perfect intra-
and interobserver reliability. Similar to prior results in the literature [26], we found
the HMA to significantly correlate with both HAA and clinical hindfoot alignment
evaluation, increasing approximately 0.5 mm for every degree increase in both
hindfoot alignment angulations. The amount of HMA increase found for every
degree of HAA differs from the value described by Williamson et al. [26]. The
authors reported in their study increases of approximately 0.8 mm for every degree
increase in the HAA measured in conventional radiographs. The difference in the
values could be potentially explained by a more adequate evaluation of the real 3D
hindfoot alignment using WB CBCT images, when compared to conventional
radiographs. Unfortunately, no certain affirmation can be made regarding this. It is
important to emphasize that an adequate evaluation and a positive and significantly
correlation between hindfoot alignment and HMA are important, so surgeons can
predict the amount of medial slide that is needed intraoperatively when performing
a calcaneal osteotomy in the treatment of patients with AAFD [37, 51].
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There are some limitations of the current study to be considered. Firstly, the
sample population included was relatively small, and no power analysis was per-
formed. The statistically significant differences in the measurements found
nevertheless demonstrate adequate sample size to achieve the objectives of our
study. Also, the present study did not compare the differences in clinical and WB
CBCT hindfoot alignment measures in control patients. It would be important to
investigate in the near future if similar measurement differences would be present in
patients with normal hindfoot alignment. Another important fact is that even when
controlling for rotational misalignment during the clinical and WB CBCT assess-
ment of patients, some inconsistency and error due to positioning can still exist
when performing the measurements.

In conclusion, our study provides evidence that the use of 3D WB CBCT imag-
ing can potentially help us to more adequately understand AAFD. Further to this, it
can help us determine which anatomical landmarks should be used to correctly
assess the true valgus hindfoot alignment in patients with this disease. We found the
different WB CBCT measurements observed to be reliable and repeatable and to
significantly differ from the clinical hindfoot alignment.
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Chapter 17

Influence of Investigator Experience

on Reliability of Adult-Acquired Flatfoot
Deformity Measurements Using Weight
Bearing Computed Tomography

Cesar de Cesar Netto

Introduction

Adult-acquired flatfoot deformity (AAFD) is a complex, three-dimensional foot
deformity involving failure of several static and dynamic biomechanical stabilizers
[1, 2]. Loss of the medial longitudinal arch, hindfoot valgus, and mid-/forefoot
abduction are the main components of the deformity [3]. The posterior tibialis ten-
don (PTT) is the primary dynamic stabilizer of the medial longitudinal arch, and its
dysfunction is commonly associated with AAFD [4]. Some authors consider AAFD
a consequence of PTT dysfunction [5, 6]. Body weight is distributed abnormally on
static stabilizers, including the spring ligament, deltoid complex, and sinus tarsi
ligaments. Failure of these secondary structures leads to AAFD progression [7].
Other authors consider the bony deformity as primary and PTT and other soft tissue
failures as consequences [8—10].

Given the heterogeneous and complex pathophysiology of AAFD, staging sys-
tems have been developed to characterize its biomechanical derangement and opti-
mize its treatment [5, 6, 11]. These staging systems use patients’ symptoms, physical
examinations, and imaging measurements obtained from conventional weight bear-
ing radiographs [11]. Operative and non-operative treatment guidelines have been
recommended for each stage, and treatment is tailored according to the severity and
stage of AAFD [12]. In the initial and flexible stages, deformity is altered with load;
therefore, weight bearing radiographs have been used widely to evaluate and deter-
mine AAFD stage [13]. Because of the three-dimensional (3D) and complex rela-
tionships of small osseous structures of the foot, accurate assessment of subtle
changes during weight bearing is challenging using two-dimensional (2D)
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conventional radiographs [8, 14, 15] and usually requires a high level of clinical
experience [11].

Weight bearing computed tomography (WBCT) is an emerging imaging modal-
ity that provides high-resolution 3D images and enables detailed assessment of tar-
sal bones during weight bearing [16, 17]. WBCT may improve precision and
accuracy of the characterization of AAFD. A recent study demonstrated the superior
capability of WBCT to show the collapse in flexible AAFD compared with non-
weight bearing WBCT and reported considerable reliability of measurements when
performed by experts [14, 17]. The objective of our study was to evaluate the intra-
and interobserver reliability of AAFD measurements taken by investigators with
different levels of clinical experience using WBCT images.

Material and Methods

This study complied with the Health Insurance Portability and Accountability Act and
the Declaration of Helsinki. All aspects of the study were approved by our institutional
review board, and written informed consent was obtained from all participants.

Study Design

In this prospective, dual-institution study, we recruited consecutive patients in our
tertiary hospital clinics from September 2014 through June 2016. We included
patients aged 18 years or older with a diagnosis of symptomatic, flexible AAFD. We
excluded patients who were unable to stand independently for at least 40 seconds,
those incapable of communicating effectively with clinical study personnel, and
those with contraindications for standard CT scans.

Subjects

Nineteen patients (13 right feet, 6 left feet) were included in our study. The study
group consisted of 11 men and 8 women, with a mean body mass index of 31
(range, 19—46) and a mean age of 52 (range, 20-88) years.

WBCT Imaging Technique

Imaging studies were conducted on a cone beam WBCT extremity scanner (genera-
tion II, Carestream Health Inc., Rochester, NY). Participants were scanned in a
physiological upright weight bearing position, standing with their feet at shoulder
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width and distributing their body weight equally between both lower extremities.
We applied a protocol similar to that used in previous technical assessments [16—
18]. The contrast-to-noise ratio per unit of dose within the boundaries of the CT was
enhanced by 90 kVp and 72 mA (6 mA and 20 msec for each frame, 600 frame
acquisition). The size-specific dose estimate for WBCT ankle imaging was calcu-
lated to be approximately 12 mGy.

A Farmer chamber in a stack of three 16 cm CT dose index phantoms was used
to calculate the weighted CT dose index and was found to be approximately 15 mGy
[12]. Images of 0.5 mm? isotropic voxels were reconstructed using a bone algorithm.

Measurements

The raw 3D data were used to generate axial, sagittal, and coronal image slices that
were transferred digitally into Vue PACS software (Carestream Health, Inc.,
Rochester, NY) for computer-based measurements. Image annotations were elimi-
nated, and a unique, random number was assigned to each study. The investigators
consisted of a board-certified foot and ankle surgeon, an orthopedic surgery resi-
dent, and a medical student. Each investigator completed a training protocol with
five AAFD patients who were not included in the study. After the protocol, each
observer performed the measurements twice, independently and blindly, using a
dedicated software. The training protocol included a standardized assessment of the
full dataset of images; however, the final choice of which image to use to perform
each measurement was made freely and independently by each observer. The sec-
ond set of measurements was performed 30 days after the first assessment.
Investigators were blinded to the patient’s identification and other measurements,
and the order of the patient images was randomized.

Axial Plane Measurements

The axial plane was defined as parallel to the horizontal plane, represented by the
platform where the patient was standing, with the horizontal boundary of the images
aligned to the axis of the first metatarsal bone. Two axial measurements were
defined: the talonavicular coverage angle (Fig. 17.1a) [17, 19] and the talus-first
metatarsal angle (Fig. 17.1b) [20].

Coronal Plane Measurements

The coronal plane was defined as perpendicular to the horizontal plane, with the hori-
zontal margins of the images perpendicularly aligned to the bimalleolar ankle axis.
Nine coronal measurements were defined. The first three measurements involved the
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subtalar horizontal angle, which comprises the angle formed by the intersection of
the horizontal line of the floor and the tangent line to the posterior facet of the talus.
The angle was measured at three levels: 75%, anterior aspect (Fig. 17.1c); 50%, mid-
point (Fig. 17.1d); and 25%, posterior aspect (Fig. 17.1e) of the posterior subtalar
joint length. Positive values signified valgus alignment of the subtalar joint. The
fourth measurement was the calcaneal-fibular distance, which was obtained by mea-
suring the shortest distance between the superior or lateral surface of the calcaneus
and the distal part of the fibula (Fig. 17.1f). The fifth measurement was the forefoot
arch angle (Fig. 17.1g) [21]. A positive value showed a relative lower positioning of
the fifth metatarsal to the medial cuneiform. The sixth measurement was the navicu-
lar to skin distance [21]. The seventh measurement was the navicular to floor distance
(Fig. 17.1h). The eighth measurement was the medial cuneiform to skin distance. The
ninth measurement was the medial cuneiform to floor distance (Fig. 17.11).

Sagittal Plane Measurements

The sagittal plane was defined as perpendicular to the axial and coronal planes. The
second metatarsal axis was used to determine the horizontal border of the images.
Ten sagittal measurements were assessed. The first was calcaneal inclination angle
(Fig. 17.1j) [22]. The second and third measurements were the navicular to floor and
navicular to skin distances. The fourth and fifth measurements were the cuboid to
floor (Fig. 17.1k) and to cuboid to skin distances [23]. The sixth and seventh mea-
surements were the medial cuneiform to floor and medial cuneiform to skin dis-
tances [24-26]. The eighth measurement was the talus-first metatarsal angle
(Fig. 17.11). The ninth measurement was the medial cuneiform-first metatarsal
angle, which was formed by the intersection of the axes of the first metatarsal and
medial cuneiform (Fig. 17.1m). The tenth measurement was the navicular-medial
cuneiform angle, which was also created by the intersection of the axes of the navic-
ular and medial cuneiform (Fig. 17.1n) [23].

The axis of short bones (i.e., navicular, medial cuneiform) was defined as a line
connecting the midpoint of their proximal and distal articular surfaces. Because of a
limitation in the field of view of the WBCT scan used in the study, the distal aspect
of the first metatarsal could not be visualized, hindering the assessment of the true
axis of the first metatarsal bone. An alternative standardized definition of the axis was
used, represented by a line connecting the midpoint of the proximal articular surface
and the midpoint of the width of the proximal third of the first metatarsal shaft.

Statistical Analysis

We used the Shapiro-Wilk test to assess normality of the data distribution for each
measurement. The intraobserver reliability of each measurement was determined
using the Pearson or Spearman correlation test, depending on the normality of the
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data. Intraclass correlation coefficients (ICCs) were used to assess interobserver
reliability. The extent to which bias and interaction factors can decrease the ICC
was also considered. Correlations were categorized as excellent, >0.74; good,
0.60-0.74; fair, 0.40-0.59; and poor, <0.40 [23, 27]. We also compared the means
of each measurement among the three readers using one-way ANOVA when the
data distribution was normal. For non-normally distributed data, we used Kruskal-
Wallis analysis. P values of less than 0.05 were considered significant.

Results

Intraobserver Reliability

Intraobserver reliability for each of the three readers is listed in Table 17.1. All mea-
surements showed significant intraobserver reliability (P < 0.05). Averaged values
showed excellent intraobserver reliability for the board-certified foot and ankle sur-
geon (r = 0.87), orthopedic resident (» = 0.86), and medical student (» = 0.81).

Medial cuneiform-first metatarsal angle (sagittal plane), navicular-medial cunei-
form angle (sagittal plane), and talus-first metatarsal angle (coronal plane) showed
the weakest reliability among all measurements.

Interobserver Reliability

Interobserver reliability for each measurement is reported in Table 17.2. Good to
excellent interobserver reliability was observed for most of the measurements per-
formed. Talus-first metatarsal angle (in both axial and sagittal planes), talonavicular
coverage angle (axial plane), navicular-medial cuneiform angle (sagittal plane), and
medial cuneiform-first metatarsal angle (sagittal plane) had the weakest results,
with only poor to fair reliability.

Plots of interobserver reliability are presented for measurements in the axial and
coronal planes (Fig. 17.2) and in the sagittal plane (Fig. 17.3).

Measurement Differences

Mean values, confidence intervals, and comparisons of each measurement among
the three investigators are reported in Table 17.3. Of the 21 measurements, we
observed significant differences among the investigators in only 2 measurements:
the medial cuneiform-first metatarsal angle (P = 0.003) and navicular-medial cunei-
form angle (P = 0.001). In the post hoc group comparison, the medial cuneiform-
first metatarsal angle measurements were different between the board-certified foot
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Table 17.1 Intraobserver reliability of measurements of adult-acquired flatfoot deformity in 19
patients using weight bearing computed tomography

Board-certified foot Orthopedic surgery
and ankle surgeon resident Medical student
Pearson/ Pearson/ Pearson/
Measurement by view | Spearman r | P Spearman r | P Spearman r | P
Axial view
Talonavicular 0.72 0.003 |0.70 0.005 0.55 0.023
coverage angle
Talus-first metatarsal | 0.65 0.005 |0.63 0.008 0.43 0.031
angle
Coronal view
Subtalar horizontal | 0.91 <0.001 091 <0.001 |0.87 <0.001
angle, 25%
Subtalar horizontal |0.93 <0.001 | 0.88 <0.001 |0.87 <0.001
angle, 50%
Subtalar horizontal | 0.88 <0.001 |0.85 <0.001 |0.85 <0.001
angle, 75%
Forefoot arch angle | 0.99 <0.001 1 0.97 <0.001 |0.94 <0.001
Navicular to skin 0.99 <0.001 |0.97 <0.001 |0.96 <0.001
distance
Navicular to floor 0.98 <0.001 |0.99 <0.001 |0.96 <0.001
distance
Calcaneal-fibular 0.92 <0.001 0.93 <0.001 |0.88 <0.001
distance
Medial cuneiform to | 0.99 <0.001 | 0.98 <0.001 |0.96 <0.001
skin distance
Medial cuneiform to | 0.99 <0.001 | 0.98 <0.001 |0.98 <0.001
floor distance
Sagittal view
Calcaneal inclination | 0.95 <0.001 |0.96 <0.001 |0.85 <0.001
angle
Navicular to floor 0.94 <0.001 |0.96 <0.001 |0.92 <0.001
distance
Navicular to skin 0.92 <0.001 | 0.91 <0.001 |0.88 <0.001
distance
Cuboid to floor 0.96 <0.001 |0.96 <0.001 |0.90 <0.001
distance
Cuboid to skin 0.95 <0.001 1 0.94 <0.001 |0.90 <0.001
distance
Medial cuneiform to | 0.96 <0.001 1 0.95 <0.001 |0.91 <0.001
floor distance
Medial cuneiform to | 0.98 <0.001 1 0.95 <0.001 |0.90 <0.001
skin distance
Talus-first metatarsal | 0.73 0.004 |0.74 0.003 0.70 0.004
angle
Medial cuneiform- | 0.41 0.032 1 0.33 0.040 0.33 0.034
first metatarsal angle

(continued)
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Table 17.1 (continued)

Board-certified foot Orthopedic surgery
and ankle surgeon resident Medical student
Pearson/ Pearson/ Pearson/
Measurement by view | Spearmanr | P Spearman r | P Spearman r | P
Navicular-medial 0.55 0.025 ]0.58 0.020 |0.49 0.028
cuneiform angle
Averaged value 0.87 0.86 0.81

Correlations were categorized as perfect agreement, 0.81-1.0; substantial, 0.61-0.80; moderate,
0.41-0.60; fair, 0.21-0.40; slight, 0.10-0.20; and poor, less than 0.10

Table 17.2 Interobserver reliability of measurements of adult-acquired flatfoot deformity in 19
patients using weight bearing computed tomography. Correlations were categorized as excellent,
>0.74; good, 0.60-0.74; fair, 0.40-0.59; and poor, <0.40

Measurement by view Intraclass correlation Classification

Axial view
Talonavicular coverage angle 0.56 Fair
Talus-first metatarsal angle 0.53 Fair

Coronal view
Subtalar horizontal angle, 25% 0.68 Good
Subtalar horizontal angle, 50% 0.74 Good
Subtalar horizontal angle, 75% 0.76 Excellent
Forefoot arch angle 0.98 Excellent
Navicular to skin distance 0.98 Excellent
Navicular to floor distance 0.99 Excellent
Calcaneal-fibular distance 0.76 Excellent
Medial cuneiform to skin distance 0.98 Excellent
Medial cuneiform to floor distance 0.98 Excellent

Sagittal view

Calcaneal inclination angle 0.76 Excellent
Navicular to floor distance 0.96 Excellent
Navicular to skin distance 0.90 Excellent
Cuboid to floor distance 0.95 Excellent
Cuboid to skin distance 0.96 Excellent
Medial cuneiform to floor distance 0.94 Excellent
Medial cuneiform to skin distance 0.98 Excellent
Talus-first metatarsal angle 0.42 Fair

Medial cuneiform-first metatarsal angle | 0.21 Poor

Navicular-medial cuneiform angle 0.37 Poor

Averaged value 0.78 Excellent
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Fig. 17.2 Plots of interobserver agreement for measurements in the coronal and axial planes.
Reader 1, board-certified foot and ankle surgeon; reader 2, orthopedic surgery resident; and reader
3, medical student. (a) Forefoot arch angle (coronal plane). (b) Medial cuneiform to floor distance
(coronal plane). (¢) Navicular to floor distance (coronal plane). (d) Calcaneal-fibular distance
(coronal plane). (e) Medial cuneiform to skin distance (coronal plane). (f) Navicular to skin dis-
tance (coronal plane). (g) Subtalar horizontal angle, 25% (posterior). (h) Subtalar horizontal angle,
50% (midpoint). (i) Subtalar horizontal angle, 75% (anterior). (j) Talonavicular coverage angle
(axial plane). (k) Talus-first metatarsal angle (axial plane)
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Fig. 17.3 Plots of interobserver agreement for measurements in the sagittal plane. Reader 1,
board-certified foot and ankle surgeon; reader 2, orthopedic surgery resident; and reader 3, medical
student. (a) Talus-first metatarsal angle. (b) Medial cuneiform-first metatarsal angle. (¢) Navicular-
medial cuneiform angle. (d) Medial cuneiform to floor distance. (e) Navicular to floor distance. (f)
Cuboid to floor distance. (g) Medial cuneiform to skin distance. (h) Navicular to skin distance. (i)
Cuboid to skin distance. (j) Calcaneal inclination angle
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Table 17.3 Measurements in 19 patients with adult-acquired flatfoot deformity performed by
three investigators of varying expertise using weight bearing computed tomography

Board-certified foot | Orthopedic Medical
and ankle surgeon resident student
95%
Measurement by view Mean CI Mean | 95% CI |Mean 95% CI | P
Axial view
Talonavicular coverage 27.9 20.7, |26.8 19.4, 39.2 |32.0, 0324
angle, degrees 35.1 33.9 46.4
Talus-first metatarsal 23.1 16.7, |21.4 15.0, 16.7 110.3, 0.111
angle, degrees 29.6 27.8 23.1
Coronal view
Subtalar horizontal angle | 23.8 20.5, |25.7 22.3, 27.2 |23.8, 0.376
25%, degrees 27.2 29.1 30.6
Subtalar horizontal angle | 16.4 12.3, |19.5 15.4, 18.4 | 144, 0.626
50%, degrees 20.4 235 22.5
Subtalar horizontal angle | 11.9 6.95, |13.2 8.26, 12.7 |7.82, 0.971
75%, degrees 16.8 18.1 17.6
Forefoot arch angle, 3.49 0.08, 291 |-0.51, 2.61  —-0.81, | 0.935
degrees 6.91 6.32 6.02
Navicular to skin distance, | 19.1 16.4, |19.1 16.4, 18.7 |16.0, 0.993
mm 21.9 21.9 21.5
Navicular to floor 23.5 19.7, |23.5 19.8, 23.6 | 19.9, 0.988
distance, mm 27.2 27.3 27.4
Calcaneal-fibular distance, | 4.86 3.80, 5.34 |4.29, 4.83 |3.77, 0.739
mm 591 6.41 5.88
Medial cuneiform to skin | 15.9 139, |15.6 13.6, 15.5 |13.5, 0.980
distance, mm 17.9 17.7 17.6
Medial cuneiform to floor | 18.0 154, |179 15.2, 179 |15.3, 0.938
distance, mm 20.7 20.5 20.6
Sagittal view
Calcaneal inclination 14.9 12.5, |14.0 11.6, 15.0 |12.6, 0.818
angle, degrees 17.3 16.4 17.3
Navicular to floor 243 20.3, [23.3 19.3, 23.8 |19.9, 0.954
distance, mm 28.2 27.3 27.8
Navicular to skin distance, | 20.4 16.9, |19.0 15.5, 19.3 | 15.8, 0.952
mm 23.9 22.5 22.8
Cuboid to floor distance, |17.2 15.1, |16.7 14.6, 17.3 |15.2, 0.908
mm 19.3 18.7 194
Cuboid to skin distance, 16.5 14.5, |15.9 13.9, 16.2 | 14.2, 0.967
mm 18.5 17.9 18.3
Medial cuneiform to floor | 18.5 15.8, |17.9 15.1, 18.1 | 154, 0.984
distance, mm 21.3 20.6 20.9
Medial cuneiform to skin | 15.5 13.5, |15.2 13.2, 154 134, 0.945
distance, mm 17.5 17.3 17.5
Talus-first metatarsal 25.7 21.5, [29.0 24.8, 23.0 |18.8, 0.127
angle, degrees 29.9 332 27.2

(continued)
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Table 17.3 (continued)

Board-certified foot | Orthopedic Medical
and ankle surgeon resident student
95%

Measurement by view Mean CI Mean |95% CI |Mean |95% CI | P
Medial cuneiform-first 3.39 0.19, 8.83 |5.63, 1.61  —1.58, | .003*
metatarsal angle, degrees 6.58 12.0 4.81 ¢
Navicular-medial 8.48 3.19, |18.6 13.3, 225 |17.2, .001*
cuneiform angle, degrees 13.8 23.9 27.8 b

CI confidence interval

Significant difference between surgeon and resident (P < 0.05)
"Significant difference between surgeon and medical student (P < 0.05)
“Significant difference between resident and medical student (P < 0.05)
dDifference not confirmed in the post hoc group comparison

and ankle surgeon and the orthopedic resident (P = 0.003) and between the orthope-
dic resident and the medical student (P = 0.005). Navicular-medial cuneiform angle
readings were different between the board-certified foot and ankle surgeon and the
orthopedic resident (P = 0.0005) and between the board-certified foot and ankle
surgeon and the medical student (P = 0.005). We also found significant differences
among the investigators for the talonavicular coverage angle measurements
(P = 0.032). However, in the post hoc group comparison, that difference was not
confirmed.

Discussion

To our knowledge, this is the first study to evaluate the reliability of traditional mea-
surements of AAFD using high-resolution 3D WBCT by investigators of different
levels of clinical experience. Our results show that, after training, most of the evalu-
ated measurements can be performed reliably by a medical student, an orthopedic
resident, and a board-certified foot and ankle surgeon.

There has been a growing trend among foot and ankle surgeons to use WBCT in
the assessment of patients with AAFD [13, 21, 23, 28-32]. This imaging modality
improves our understanding of this complex 3D deformity and overcomes chal-
lenges associated with the 2D biometrics of conventional radiographs [33]. Multiple
radiographic measurements have been described to assist in the staging and opera-
tive treatment algorithm for AAFD, and their intra- and interobserver reliabilities
have been reported [20]. Younger et al. [20] found the talus-first metatarsal angle in
the lateral view (sagittal plane) to be the most consistently accurate measurement to
differentiate AAFD patients from controls, with high intraobserver (r = 0.75) and
interobserver reliability (r = 0.83). They also measured cuboid to floor and medial
cuneiform to floor distances in the sagittal plane, with fair intraobserver reliability
(r=0.40 and r = 0.51, respectively) and excellent interobserver reliability (r = 0.96
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and 0.90, respectively); calcaneal inclination angle, with good intraobserver reli-
ability (r = 0.60) and fair interobserver reliability (» = 0.54); talus-first metatarsal
angle in the anteroposterior view (axial plane), with excellent intra- (» = 0.76) and
interobserver reliability ( = 0.86); and the talonavicular coverage angle, with poor
intraobserver (r = 0.01) and interobserver reliability (» = 0.30) [20]. Similarly,
Arunakul et al. [34] showed overall excellent intraobserver reliability and good to
excellent interobserver reliability between an orthopedic foot and ankle fellow and
a biomechanical engineer. The authors measured the intraobserver and interobserver
reliability of the talonavicular coverage angle (ICC = 0.93 and 0.85, respectively),
the talus-first metatarsal angle in the sagittal plane (ICC = 0.96 and 0.69, respec-
tively), and the calcaneal inclination angle (ICC = 0.95 and 0.98, respectively) [34].

Sensiba et al. [11] were the first to evaluate the reliability of AAFD measure-
ments with readers of different levels of clinical experience (medical student, junior
and senior orthopedic residents) using conventional and digital weight bearing
radiographs. They found substantial to perfect interobserver reliability for all evalu-
ated measurements. Interobserver reliability was especially high for the medial
cuneiform-fifth metatarsal distance in the sagittal plane (0.99), an alternative way of
measuring medial column height, and the calcaneal inclination angle (0.95). The
authors also found substantial to perfect intraobserver reliability, with overall better
results favoring the more experienced residents, with r values ranging from 0.66 to
0.98 for the medical student, 0.77 to 0.98 for the junior resident, and 0.83 to 0.95 for
the senior resident [11].

Ellis et al. [23] studied multiple AAFD measurements in patients with flexible
deformity using weight bearing multiplanar CT images. They reported good to
excellent interobserver reliability between two board-certified radiologists for the
readings of the talus-first metatarsal angle in the axial and sagittal planes (0.84 and
0.82, respectively), forefoot arch angle (0.81), and medial cuneiform to floor dis-
tance in the sagittal view (0.93). The authors also found fair interobserver reliability
for the talonavicular coverage angle (0.53), navicular to skin distance in the coronal
plane (0.52), lateral gutter distance in the coronal plane (0.48) (a measurement that
is similar to the calcaneal-fibular distance performed in our study), and the navicular-
medial cuneiform angle in the sagittal plane (0.51). They concluded that most of the
parameters typically assessed with conventional radiographs showed good to excel-
lent ICC values for interobserver reliability when measured using multiplanar CT
images. The authors also proposed that the lower reliability in some of the measure-
ments, especially those performed in the coronal plane, could be related to the fact
that they are not commonly measured by radiologists. Probasco et al. [32] evaluated
the subtalar joint alignment of patients with flexible AAFD and controls using
weight bearing multiplanar CT. They found excellent intraobserver (ICC = 0.94)
and interobserver reliability (ICC = 0.99) for the subtalar horizontal angle.

A recent study found that measurements analogous to traditional radiographic
measurements of AAFD are obtainable using high-resolution WBCT imaging [17].
In that study, using only expert investigators (two board-certified foot and ankle
surgeons and one fellowship-trained radiologist), the authors showed increased
severity of the deformity in weight bearing images compared with non-weight bear-
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ing images. They also found overall excellent intra- and interobserver reliability on
weight bearing images (r = 0.93 and ICC = 0.81, respectively) [17]. However, the
proper approach to obtaining the correct images and performing the measurements
in a 3D imaging environment demands training and is extremely time-consuming,
which may hinder its routine use in evaluating AAFD patients. We believe it is
important to verify the quality and reproducibility of the measurements when per-
formed by less experienced healthcare personnel.

When comparing the readings of 3 investigators of different levels of clinical
expertise, we observed significant differences in the mean values for only 2 of 21
measurements performed (medial cuneiform-first metatarsal angle and navicular-
medial cuneiform angle). Although it is impossible to determine which investigators
made the correct measurements, the readings of the most experienced investigator
were the ones that differed from those performed by the least experienced investiga-
tors. Similar to prior studies, we also found that measurement of linear distances is
more reliable than measurement of angles, demonstrating higher intra- and interob-
server reliability [17, 20, 23, 34]. Measuring distances is simpler than measuring
angles because angle measurements usually depend on a more complex process of
finding particular bone axes. Measurements that involve the evaluation of the axis
of the talus are even more difficult to perform reliably, demonstrating the challenges
inherent in the complex 3D shape of this bone [17, 18, 20, 23, 34]. The positioning
of the line representing the talar axis is technically demanding and seems to be sen-
sitive to slight changes in the plane of the image used to perform a measurement [17].

Our study has several limitations. Although a standardized alternative assess-
ment was used in the definition of the first metatarsal axis, the investigators were
unable to see the whole length of the first metatarsal, especially its distal aspect, in
sagittal and axial plane images. That represents a limitation in the field of view and
imaging acquisition of the WBCT scanner used in the study. This could have influ-
enced the adequate definition of the first metatarsal axis, hindering the measurement
of the talus-first metatarsal and medial cuneiform-first metatarsal angles, likely
affecting intra- and interobserver reliability. We also had a relatively small number
of subjects involved in the study [19], and no power or sample size calculation was
performed prospectively. However, our findings of significant intra- and interob-
server correlations suggest adequate statistical power.

In conclusion, we found that AAFD measurements can be performed reliably by
investigators with different levels of clinical experience using WBCT imaging,
demonstrating overall good to excellent intra- and interobserver reliability.
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Chapter 18 )
Results of More Than 11,000 Scans

with Weight Bearing CT: Impact on Costs,
Radiation Exposure, and Procedure Time

Check for
updates

Martinus Richter

Introduction

Weight bearing CT (WBCT) has been proven to more precisely measure bone posi-
tion than conventional sequencing including systematic weight bearing radiograph
series (R) and optional conventional CT without weight bearing (CT) [1-8]. These
improvements are attributed to the absence of superimposition and the possibility to
account for rotational errors after the image process [6, 9]. Time spent on image
acquisition (T) has shown to be lower for WBCT than for R and CT [6]. Radiation
dose (RD) for WBCT has also shown to be lower than for CT [6]. The cost-
effectiveness of using WBCT clinical settings is questionable. As far as we know, T,
RD, and especially cost-effectiveness have not been investigated in a high number
of patients so far. The purpose of this study was to assess the potential benefits of
using WBCT instead of R and/or CT in a foot and ankle department, regarding RD,
T, and cost-effectiveness.

Methods

Study Design

A WBCT device (PedCAT, CurveBeam, Warrington, PA, USA) was put into opera-
tion from July 1, 2013, in the first author’s foot and ankle department. All patients
who obtained WBCT (bilateral scan) and/or CT from July 1, 2013 until March 15,
2019 were included in the study (WBCT group).

Based on Richter M, Lintz F, Cesar de Netto C, Barg A, Burssens A. Results of more than 11,000
scans with Weightbearing CT - Impact on costs, radiation exposure, and procedure time. Foot
Ankle Surg 2019; pii: S1268-7731(19)30096-7. doi: https://doi.org/10.1016/j.fas.2019.05.019.
[epub ahead of print]
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Control Group

All patients who obtained radiographs and/or CT from January 1 to December 31,
2012 were included in the control group (R/CT group).

No exclusion criteria for patients were defined (both groups). Initial radiographs
in trauma patients and early postoperative (1-4 days) radiographs were excluded
from the study (both groups).

Data Acquisition

Age, gender, primary pathology location, and additional CT (bilateral feet and
ankles) were registered. Pathology location was differentiated in the ankle, hind-
foot, midfoot, forefoot, and multiple other locations based on anatomy as follows:
the hindfoot between the ankle and the Chopart joint, the midfoot between the
Chopart and Lisfranc joints, and the forefoot distal to the Lisfranc joint. Involvement
of the joints were defined relative to the main neighboring location or, when unclear,
as multiple location.

Imaging Time (T)

T was calculated based on an analysis of previous studies as follows: R (bilateral
feet dorsoplantar and lateral, metatarsal head skyline view), 902 seconds; CT (bilat-
eral feet and ankle), 415 seconds; and WBCT (bilateral), 207 seconds [6].

Radiation Dose (RD)

RD per patient was calculated based on previous phantom measurements as part of
obligatory standard periodic quality assurance protocols: R, 1.4 uSv; CT, 25 uSv;
and WBCT 4.2 uSv [10].

Cost-Effectiveness

For the analysis of cost-effectiveness, device cost, working time cost of radiology
technicians (similar to T), and reimbursement in the local setting were taken into
consideration for the WBCT group. The total device cost was calculated at a 200,000
Euro acquisition cost with a 5-year asset depreciation range (40,000 Euro yearly)
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and an annual 5000 Euro maintenance cost, i.e., 45,000 Euro yearly cost for the
WBCT group. No device costs were included for the RCT group since the R and CT
devices were already installed. Staff costs were calculated by multiplication of T
with 20 Euro per hour (based on local practice fares). The only reimbursement that
could be considered was the one generated by privately insured patients or self-
payers which corresponded to 15.5/15.1% of WBCT/RCT groups at a rate of 30
Euro for each R series and 300 Euro for each CT/WBCT. Vice versa, no reimburse-
ment was achieved and considered for the study for all other patients (with public
insurance). The potential profit was then considered in total and per patient.

Data Analysis/Control Group

All parameters were compared between WBCT and R/CT group.

Statistics

Either a Student’s t-test or Chi-square test was used for comparison between groups
with normal distributed and binomial data, respectively. P-values were considered
significant when lower than .05. SPSS (20.0.0, SPSS, Inc., Chicago, IL, USA)
was used.

Results

11,009 WBCT scans were obtained from 4987 patients (WBCT group). 4987 (45%)
scans were performed before treatment, and 6022 (55%) at follow-up between
3 months and 5 years after operative treatment. 1957 WBCT scans and 10.6 CTs (all
before treatment) were obtained on average yearly. The mean age of the scanned
patients was 52.4 years (range, 8-92), and 41% were male. Table 18.1 shows the
pathology location. The most common single location was forefoot (19.8%). In
2012, 1850 Rs and 254 CTs were obtained from 885 patients (RCT group). The
yearly average RD was 4.3 uSv for WBCT group and 4.8 uSv for RCT group (mean
difference of 0.5 uSv; a 10% decrease for the WBCT group, p < 0.01) (Table 18.2).
The mean yearly T was 114 hours in total (3.3 minutes per patient) for the WBCT
group and 493 hours in total (16.0 minutes per patient) for the RCT group (mean
difference of 379 hours; a 77% decrease for the WBCT group, p <0.01) (Table 18.2).
The mean yearly cost-effectiveness was a profit of 43,959/—723 Euros for WBCT/
RCT groups, respectively, 50.3/—0.82 Euros per patient (Table 18.2). Consequently,
there is an overall profit increase of 44,682 Euros (51.12 Euros per patient).
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Table 18.1 Epidemiology and pathology location RCT and WBCT groups

RCT WBCT Test p

Age (mean, range) 52.4 (8-92) 53.8 (6-91) t-test 0.7
Gender (male n, %) 2045 (49%) 779 (42%) Chi2 0.9
Pathology location n % n %

Ankle 603 12.1 104 11.8 Chi2 0.8
Hindfoot 480 10.1 98 11.1

Midfoot 457 9.2 78 8.8

Forefoot 987 19.8 182 11.8

Multiple locations 2423 48.6 423 47.8

RCT group, group from 2012 with conventional radiographs and optional CT; WBCT group, group
from July 1, 2013 until March 12, 2019 with WBCT and additional conventional radiographs and
CT

Table 18.2 Imaging data RCT and WBCT groups

Parameter RCT WBCT T-test p
Patient number 885 873.6 £ 53

Radiographs (series, n per year) 1850

WBCT (n per year) 1957 + 87

CT (n per year) 254 10.6 +2.4

Radiation dose per patient (uSv) 4.8+43 43=+1.5 <.01
Time spent radiology technician 493 114 = 14.5 <.01
(hours in total per year)

Time spent radiology technician 15.59 £ 8.04 3.29+2.56 <.01
(minutes.seconds per patient)

Private insurance/self-payers (%) 15.1 15.5

Profit (Euros in total per year) -723 43,959 + 6512 <.01
Profit (Euros per patient) .82 50.3+10.9 <.01

RCT group, group from 2012 with conventional radiographs and optional CT; WBCT group, group
from July 1, 2013, until March 12, 2019, with WBCT and additional conventional radiographs and
CT. Numbers for WBCT group are average yearly numbers

Discussion

This study confirmed WBCT used as standard of care resulted in lower radiation
dosage and procedure time and was financially profitable. In our experience, these
benefits offset costs within the first year of introduction, despite a very unfavorable
local reimbursement situation; no specific code existed for patients without private
insurance or self-payers.

So far, all studies analyzing WBCT focused on bone position measurement accu-
racy and/or pathology detection, leaving little room to investigate the technical
superiority and cost-effectiveness of WBCT relative to R and CT [2-6, 9, 11-58].
Despite these advantages, WBCT has yet to replace R and CT sequences in the
standard assessment of foot and ankle patients. Arguments like higher RD in rela-
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tion to R and device costs have hindered the broader distribution of WBCT [59].
Also, most institutions have already installed R and/or CT devices and are thus
reluctant to additionally invest in a WBCT device. To the best of our knowledge,
this is the first study to investigate and compare RD as a benefit for the patient and
cost-effectiveness as a benefit for the institution of WBCT used as standard of care
in a large number of foot and ankle patients. The study’s setting was an institution
with existing R and CT devices that installed a WBCT device in 2013. After using
the device alongside R and CT for a comparative study, WBCT replaced R and CT
as the standard imaging in this clinic a few months after installation [6]. Radiographs
were limited to early postoperative (1-4 days) imaging for patients without weight
bearing, initial, or better preoperative radiographs, and CTs were limited to trauma
cases that comprised around 3% in the local setting. Radiographs were indicated for
initial assessment and CT when weight bearing was not possible and 3D imaging
was indicated (e.g., calcaneal fractures). In the control group (RCT), the imaging
for early postoperative and trauma cases was the same. As the indication for initial
radiographs in trauma cases and early postoperative radiographs was similar in
WBCT and RCT groups, this imaging was excluded from the comparative study.
Thus, the CT imaging in the WBCT group as described above was not excluded
because it was also considered as 3D imaging (as WBCT). However, with ten CTs
on average yearly, the effect of the CT in the WBCT group on the comparison is
minimal. In the RCT group, a high rate of CT (29% of all patients) was observed.
CT was indicated in addition to radiographs with weight bearing for (complex)
deformities or other pathologies in the hindfoot, midfoot, or multiple locations. The
high rate for CT is consequently based on the high rate of pathologies in the hind-
foot (10%), midfoot (9%), and multiple locations (49%) (Table 18.1).

This study was not focused on the type of pathology, type of treatment, or accu-
racy/sensitivity/specificity of the imaging. In this study, we found a substantial
decrease in R and CT use for the WBCT group as expected. The decrease of CT use
from more than 250 per year (RCT group) to 10 per year (WBCT group) influenced
the finding of decreased RD for the entire WBCT group. RD for CT (25 uSv) is
more than five times higher than for WBCT (4.2 uSv) which overcompensates for
the three times higher RD of WBCT relative to R (1.4 uSv). While the RD for
WBCT is often argued to be greater, RD is definitively shown to decrease (10%)
[60]. Other centers with low usage of CT might not decrease RD by substituting R
alone with WBCT. When analyzing cost-effectiveness, the initial cost for device
acquisition and the absence of specific reimbursement are usually taken into consid-
eration as the main factors against WBCT device profitability. While purchasing
cost does not significantly differ between device types or countries, the reimburse-
ment situation can vary drastically. Our calculation is just one example in a special
setting, and the numbers might differ in other countries with different insurance
settings. The special situation here was that only patients with private insurance or
self-payers (around 15% of all patients in WBCT and RCT groups) were charged at
all for the imaging. Privately insured patients pay themselves and get reimburse-
ment from their private insurance, whereas self-payers pay themselves without
reimbursement. A higher percentage of self-payers or privately insured would
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increase the reimbursement more in the WBCT group than in the RCT group,
because the reimbursement is higher for WBCT/CT (300 Euros) than for radio-
graphs (30 Euros). The situation has already evolved in many countries, such as the
United States, UK, and Belgium, where authorities have recognized the general
usefulness and benefits of WBCT for patients and institutions relative to the tradi-
tional RCT sequence. We found the 77% decrease in image acquisition time for the
WBCT group relative to the RCT group to be the main factor for increased profit.
This effect might also differ in other settings. However, cone beam technology (as
in WBCT) is currently being developed to scan knees, hands, and elbows. This
expanded application may possibly increase indications and usability of WBCT
scans in institutions which are not specialized in foot and ankle surgery or with a
more restricted flow of patients needing regular CT scans.

Shortcomings of the Study

There are numerous shortcomings of the study. Specific diagnosis for multiple foot
and ankle pathologies was not analyzed. The indication for the imaging was not
analyzed and could differ in other institutions. Preoperative and follow-up imaging
were included in the analysis because these were found to reflect the local situation
most appropriately. For both groups, early postoperative radiographs without weight
bearing were not registered and included in the further analysis. This could be con-
sidered as a shortcoming because not all radiographs were included in the study.
However, the indication and frequency for these radiographs did not differ between
RCT and WBCT groups and were therefore not included. The same is true for initial
radiographs in trauma patients as discussed above. RD was not measured but pro-
jected with data from an earlier phantom measurement [10]. For this phantom study,
the same WBCT device was used, but R and CT devices differed [10]. Consequently,
the real RD might differ in our setting. However, we are not aware of any other
comparable study that measured RD in such a large patient series. With later device
generations (WBCT, CT, and R), RD might differ. To the best of our understanding,
it would be more probable that newer WBCT technology would decrease RD more
than the much longer available and further developed R and CT technology. We are
aware all authors have a conflict of interest because all authors use WBCT in their
institutions and are consultants for one of the device manufacturers and board mem-
bers of the International WBCT Society. This might cause bias in the data interpre-
tation. However, we want to stress that this conflict of interest did not influence data
collection (T, RD, cost/reimbursement) or statistical analysis.

In conclusion, 11,009 WBCT scans for 4987 patients as the prevailing substitu-
tion for R and CT over a 5.6-year period at a foot and ankle center resulted in a 10%
decreased RD (minus 0.5 uSV on average per patient) as benefit for the patients.
Yearly T decreased by 439 hours (77%) in total (12.30 minutes/seconds per patient)
as a benefit for patients and institution. Yearly financial profit for imaging increased
by more than 44,000 Euros in total (51 Euros per patient) as benefit for the institution.
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Francois Lintz

Introduction

Cone beam is a recent technology, published in 1998 by Mozzo et al. [1]. It first was
used in the dental and cranial arena. It took 15 years for the technology to gradually
replace panoramic radiographs in the clinical setting and completely in preoperative
planning. In orthopedics, the use of cone beam CT (CBCT) was first published in
2011 by Zbijewski et al. [2], and the first mention of weight-bearing was in a 2013
paper by Tuominen et al. [3].

A cone beam is a rotating XR, where the center of rotation is the investigated
object, the photon source is at one end of the diameter axis, and the target (a digital
silicon detector panel) at the other. The target is continuously projected with the
photons which have traversed the object, and the result is an intermingled array of
lines and shades called a sinogram (Fig. 19.1), which has to be interpreted using
mathematical transforms (the Fournier, which reconstructs multiple simple sinus

Fig. 19.1 Sinogram 0 Sinogram of Phantom
b=
3
k=1
® 45
=4
8 90—
=
3
o
& 135-
@
14
L2
180 I I I
-2 -1 0 1 z
Displacement of Projection (block widths)
© Springer Nature Switzerland AG 2020 241

M. Richter et al., Weight Bearing Cone Beam Computed Tomography (WBCT)
in the Foot and Ankle, https://doi.org/10.1007/978-3-030-31949-6_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31949-6_19&domain=pdf

242 19  Technology of Weight Bearing Cone Beam Computed Tomography

functions from a single complex one) and the Radon, which reconstructs a set of 3D
coordinates.

The result is a 3D cylindrical volume or field of view (FOV), which varies in
diameter between 10 cm and 40 cm (Fig. 19.2). This is divided into smaller cubes
or voxels: the 3D equivalent of 2D pixels. The side of each voxel is usually around
0.3 mm (slab thickness). The resolution depends essentially on the density of
receptors on the target panel but also on software and memory capabilities. A
typical FOV contains several hundred million voxels. Each voxel has four dimen-
sions including a set of three coordinates (X, y, z) and a value for the radiodensity,
given as the Hounsfield unit (HU). For example, the radiodensity of air is
—1000 HU.

Acquisition time is typically under a minute. In terms of radiation exposure, 3,9
a CBCT scan with a small, single foot FOV is around 2 Micro Sieverts (mSV) and
a large FOV bilateral foot scan around 6 mSV. As a comparison, US daily back-
ground exposure is around 8 mSV, 1 mSV for an extremity conventional XR, 2 mSV
for a chest XR, and 25 mSV-100 mSV (or typically 70 mSV for an ankle scan) for
an extremity CT. In terms of size, a typical machine will weigh around 250 kg and
fitina I m A~1 m footprint (Fig. 19.3).

Fig. 19.2 Typical field
of view
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Fig. 19.3 Typical WBCT
machine footprint

How It Works

It is a real 3D technology, which reconstructs 3D models from the information con-
tained in stacked up 2D transverse slabs of the anatomy, much like a conventional
CT scan. In the case of cone beam CT, however, a fan beam (instead of a linear one)
is projected through the anatomy. The result is called a sinogram. This is the con-
tinuous projection of the anatomy on the target (a standard flat panel detector) which
faces the X-ray source on the other side of the patient’s foot and ankle. To decipher
this image back to a 3D volume, mathematical algorithms based on the Radon and
the Fourier transforms are necessary. Fourier tells us how to distinguish multiple
signals piled up together. Radon tells us how to calculate or back-project the coor-
dinates of each pixels and therefore reconstruct the whole volume, slice after slice.
However, in cone beam CT, the X-ray source only performs a single revolution
around the anatomy, as compared to a conventional CT which spirals around
(Fig. 19.4).

The result is that much less radiation dose is required to obtain all the informa-
tion, and the difference is even more important in the clinical setting. For example,
considering a standard knee or a foot and ankle assessment prior to a reconstructive
surgical procedure typically requires the 3D non-weight bearing information (pro-
vided by conventional CT: 25-70 uSv, equivalent to 25-50 radiographs) which
needs to be coupled with the 2D non-weight bearing information (68 radiographs
including usually bilateral AP, lateral and complementary views). Merging the 3D
non-weight bearing and 2D weight bearing information happens in the surgeons’
brains and requires experience, and some degree of planning, based on the biased
2D measurements. On the contrary, the radiological cost of WBCT is only of 2 for
a small field of view (FOV), typically 15 cm in diameter scanning a single foot to
6 uSv for alarge 30 cm FOV scanning bilateral feet. This corresponds approximately
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to half of the daily natural radiation in the United States or equivalent to ten conven-
tional radiographs but achieves to produce a precise virtual 3D weight bearing
model of the anatomy of the two lower limbs (Fig. 19.5).

A 3D Environment

Understanding this model, however, requires being familiar with notions related to
3D imaging as opposed to 2D, which is one of the challenges faced when adopting
the technology, having been trained for decades in using another. In the 3D environ-
ment that contains the foot and ankle virtual clone of the patient’s anatomy (the
FOV or “field of view”), what used to be a flat picture becomes a volume and pixels
become voxels (little cubes of space). The grayscale is defined by Hounsfield’s
attenuation coefficient (HU for Hounsfield unit) which corresponds to the density of
the traversed anatomical tissues compared to air and water (where the value for air
is 1 and 1000 for water). Furthermore, where landmark positions were defined in 2D
by their relative position to other landmarks through distances and angles which
produced the upper mentioned biased measurements, it is now possible to define the
position of each voxel relative to an orthogonal referential. So each voxel is now
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Fig. 19.5 Example of 3D
rendering

Fig. 19.6 MPR and 3D rendering windows

defined by its X, y, z coordinates and its HU. In terms of size, the acquisition cham-
ber within a typical bilateral WBCT is 1,000,000 voxels each approximately
0.3 x0.3 x 0.3 mm in size. A typical foot within this space would be approximately
200,000 voxels. Acquisition time for such a volume is typically under a minute. A
typical machine will weigh around 250 kg and fitin a 1 m x 1 m footprint.

DRRs: Digitally Reconstructed Radiographs

Because interacting with a reliable 3D virtual model of the foot and ankle is com-
pletely different to interacting with a flat image, new tools have to become available.
The amount of information simply is too great for the investigator to process swiftly
and efficiently, and computerized help is indispensable. Depending on the industrial
provider, the presentation of the 3D model may vary, but generally, an MPR (multi-
planar reconstruction) screen is used and divided into four parts, containing one 3D
visual (3D rendering) (Fig. 19.6) and three spatial 2D planes (coronal, transverse,
and sagittal) allowing plan-by-plan or 3D navigation and measurements.
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Fig. 19.7 Example of
DRR and IM1-2 angle
measurement

Along with this “modern” presentation, most manufacturers allow surgeons to
work on digitally reconstructed radiographs or DRRs. Those are artificially flat, 2D
conventional radiographs which are reconstructed from the information contained in
the 3D volume. In algorithmic terms, this is achieved by increasing the width of a
chosen slab (a single “slice” of the volume) in a chosen plane (Fig. 19.7). It seems
really uncanny that this technique even exists. Why would someone get rid of all the
new information contained in the 3D volume and go back to a 2D format. There are
two main reasons to explain this. First, the current generation of specialists has been
trained using 2D radiographs, so it will take some time before the acceptance of the
newer technology is obtained. In order for the caretaker to quickly grasp the situation,
a “snapshot” of some sort is required and for that purpose, until an innovative solution
is found, DRRs are interesting since, contrary to the more ancient protocols combin-
ing conventional CT and radiographs, they can be obtained without extra radiation
dose for the patient, so that the total dose is five times less with the use of WBCT.

Biases of Conventional Radiography

Weight bearing cone beam CT is not a CT “only-nicer-because-it is-weight-bearing”.

Its main advantage is to produce an accurate 3D model of the weight bearing foot,

thereby overcoming most of the biases related to conventional radiography, as men-

tioned in Chaps. 1, 2, and 3. It is therefore essential to understand what those are.
Three main types of bias are considered:

e Perspective bias, among which:
— Rotation bias: depending on the incidence angle of the X-ray beam, projected
distances, shapes, and angles will vary.
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— Fan effect: depending on the distance from the X-ray source to the object,
projected lengths will increase compared to the real length.

Operator-related bias: this concerns the technical aspects of setting the radio-
graphic apparatus around the patient and the placement of the patient himself.
The positioning of the foot opposite to the X-ray source, the height of the source,
and its distance is impossible to reproduce exactly from one setup to the other. In
practice, patients are always radiographed at least twice for the same event to
obtain an anterior-posterior and a lateral view, which is the most minimal accept-
able combination in orthopedic imaging. However, they are never radiographed
twice to evaluate the reproducibility of the radiographic setup. If this would have
been done, the patient, the detector and the radiation source needs to be reposi-
tioned. The radiology technician could vary. Considering all these variables,
repetitive radiographs might differ and would not be comparable within the same
patient or between different patients.

Superimposition bias: this is related to the projection of a 3D structure in a 2D
plane, where multiple planes are piled up into a single plane. This results into
areas where contours cannot be distinguished, where edges can be superimposed,
which implies a certain amount of guesswork or experience to decipher. This is
what the orthopedic foot and ankle surgeons’ brains have been trained to do for
decades. Now WBCT offers a different kind of challenge, where the potential
amount of information provided is too complicated and too long to process
within the clinical setting.
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Chapter 20
Weight Bearing Computed Tomography
Devices

Arne Burssens

Beginning of Weight Bearing Computed Tomography Devices

The necessity for weight bearing computed tomography (CT) devices has already
been demonstrated in the mid-1990s by Greisberg et al. [1]. This pivotal paper
reported on the peritalar subluxation occurring in flatfoot deformities using a simu-
lated weight bearing CT device containing a custom-built loading frame with the
patient positioned supine. It soon became a stepping stone for other reports to fol-
low, incorporating a similar setup [2, 3]. Despite these important findings, limita-
tions regarding patient positioning, amount of load, and a high radiation dose were
inevitable [4]. This advocated the development toward the weight bearing CT
devices currently used in clinical practice.

Foot and Ankle Weight Bearing Computed Tomography
Devices

The first weight bearing CT devices were available beginning of the 2010s [5-7].
They incorporate cone beam CT technology, which in essence uses a rotating X-ray
to obtain the field of view. It was initially popularized in the dental area, but technical
improvements caused it to be widely used across the majority of medical disciplines.
The main advantages include a low radiation dose, the absence of superimposition,
and a high image resolution. One of the first applications of weight bearing muscu-
loskeletal scanning was dedicated to the foot and ankle [8, 9].

Currently, three companies are on the market offering weight bearing CT devices
in this area (in alphabetical order): Carestream (Rochester, NY, USA), CurveBeam
(Philadelphia, PA, USA) and Planmed (Helsinki, SF, FI). Their physical properties
as well as the concomitant landmark studies will be discussed for each device
(Figs. 20.1, 20.2, and 20.3).
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Fig. 20.1 Onsight 3D Extremity System® (Carestream, Rochester, NY, USA). Physical dimen-
sions of this device are as follows (in transport mode): length, 78.8"; width, 32”; and height, 76".
The gantry can be moved upward and turned 90°. This allows additional non-weight bearing imag-
ing of the lower limb, as well as imaging of the upper extremities: the hand, wrist, and elbow. The
first version of this device was described in one of the most early technical reports on musculoskel-
etal weight bearing CT imaging [10]. The first clinical applications were demonstrated in the align-
ment of flatfoot deformities [6]. Full technical details can be found on the website: https://www.
carestream.com/en/us/medical/products/carestream-onsight-3d-extremity-system

Fig. 20.2 PedCAT® (CurveBeam, Philadelphia, PA, USA). Physical dimensions of this device are
as follows: length, 58”; width, 28.5”; and height, 51”. Imaging of the foot and ankle can be per-
formed both during weight bearing, physiological bipedal stance, as well as non-weight bearing
while seated. The first study using this device included both technical details as well as clinical
applications. In this pivotal report, a comparison was made toward non-weight bearing CT regarding
radiation dose and accuracy of measurements commonly used in clinical foot and ankle practice [5].
Full technical details can be found on the website: https://www.curvebeam.com/products/pedcat/


https://www.carestream.com/en/us/medical/products/carestream-onsight-3d-extremity-system
https://www.carestream.com/en/us/medical/products/carestream-onsight-3d-extremity-system
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Fig. 20.3 Verity® (Planmed, Helsinki, SF, FI). Physical dimensions of this device are as follows:
length, 73”; width, 30”; and height, 66”. The gantry can be moved upward and turned 90°. This
allows additional non-weight bearing imaging of the lower limb, as well as imaging of the upper
extremities: the hand, wrist, and elbow. In the first study using this device, technical details were
analyzed and reported [11]. Clinical examples demonstrated a higher accuracy in detecting ankle
and midfoot osteoarthritis [11]. Full technical details can be found on the website: https://www.
planmed.com/computed-tomography/

Knee Weight Bearing Computed Tomography Devices

The numerous applications and advantages encountered during weight bearing CT
imaging of the foot and ankle raised the interest toward similar investigations at the
level of the knee. The same three companies as mentioned above provide weight
bearing CT devices to perform knee imaging. Their technical details will be
described as well as their reports in clinical practice (Figs. 20.4, 20.5, and 20.6).

The Future of Weight Bearing Computed Tomography
Devices

Weight bearing CT imaging is expected to extend towards the hip, allowing a com-
plete analysis of the entire lower limb. This advancement will provide additional
data over full leg radiographs, as 3D measurements will be possible. These data will
increase our understanding of different types of deformities and their relation toward
joint preserving as well as replacing procedures.


https://www.planmed.com/computed-tomography/
https://www.planmed.com/computed-tomography/
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Fig. 20.4 Onsight 3D Extremity System® (Carestream, Rochester, NY, USA). Physical dimen-
sions of this device are described above. The gantry can be moved upward to allow weight bearing
CT imaging of the knee. It can be turned 90°, in the case non-weight bearing CT imaging is pre-
ferred [12]. The first version of this device was described in one of the most early technical reports
on musculoskeletal weight bearing CT imaging [10]. The first clinical applications were demon-
strated in patients with knee osteoarthritis quantifying joint space with and meniscal extrusion [6]

Fig. 20.5 LineUp® (CurveBeam, Philadelphia, PA, USA). Physical dimensions of this device are as
follows: length, 48”; width, 28.5”; and height, 51.3”. Weight bearing CT imaging of the knee is
achieved by elevation of the gantry while the patient is in physiological bipedal stance. Non-weight
bearing CT imaging is also available but requires the patient to be seated in a chair. The first study using
this device included both technical details and clinical applications [13]. In comparison with MRI and
X-rays, weight bearing CT imaging was more sensitive and accurate to detect knee osteoarthritis. Full
technical details can be found on the website: https://www.curvebeam.com/products/lineup/


https://www.curvebeam.com/products/lineup/
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Another area that could benefit from weight bearing CT imaging is the axial
skeleton, particularly in the case of scoliosis. This 3D deformity is difficult to under-
stand on 2D radiographs and substantially influenced by weight bearing conditions.
A full-bodyweight bearing CT is expected to be developed for this process. However,
such devices face technical difficulties as the gantry needs to turn horizontally,
meaning perpendicularly to the direction of gravity. A future engineering and mul-

tidisciplinary approach will be required to succeed in this challenging process.
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Chapter 21
Measurements in Weight Bearing
Computed Tomography

Cesar de Cesar Netto

The literature on weight bearing computed tomography (WBCT) measurements in
the assessment of complex foot and ankle deformities has been steadily growing
during the last 4-5 years [1-4]. The main subjects of interest have been adult-
acquired flatfoot deformity [5—12], hindfoot alignment [10, 13-20], alignment of
the subtalar joint [5, 10, 11, 21-25], the distal tibiofibular (syndesmotic) joint [26—
31], first ray hypermobility [32-34], hallux rigidus (HR) [35], and hallux valgus
(HV) [33, 36-40]. A summary of some of the most important measurements reported
in the literature is presented in this chapter, along with references to figures and
photos in earlier chapters that depict examples of the measurements.

Adult-Acquired Flatfoot Measurements

e Talus-first metatarsal angle [8, 41]: measured in the axial and sagittal planes, by
intersection of the lines representing the axis of the first metatarsal and the axis
of the talus (Figs. 2.1, 2.2, and 4.3a)

» Talonavicular coverage angle 8, 42]: measured in the axial plane by the relation-
ship between a line connecting, respectively, the medial and lateral edges of the
articular surface of the talar head and a line connecting the medial and lateral
edges of the articular surface of the navicular at the talonavicular joint (Fig. 15.2)

e Forefoot arch angle [43]: angle between the floor and a line drawn from the infe-
rior aspect of the medial cuneiform to the inferior aspect of the fifth metatarsal
(Figs. 2.4 and 15.3)

e Navicular to skin distance [43]: distance between the most inferior point of the
navicular to the plantar skin, perpendicular to the floor (Fig. 2.4)

e Navicular to floor distance [8]: distance between the most inferior point of the
navicular to the floor (Fig. 2.4)

e Medial cuneiform to skin distance [8]: distance between the most inferior point
of the medial cuneiform to the plantar skin, perpendicular to the floor (Fig. 2.4)
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Medial cuneiform to floor distance [8]: distance between the most inferior point
of the navicular to the floor (Fig. 2.4)

Cuboid to skin distance [44]: distance between the most inferior point of the
cuboid to the plantar skin, perpendicular to the floor (Fig. 2.4)

Cuboid to floor distance [9]: distance between the most inferior point of the
cuboid to the floor (Fig. 2.4)

Calcaneofibular distance [6, 44]: measured in the coronal plane by shortest dis-
tance between the distal aspect of the fibula and the lateral-superior surface of the
calcaneus (Fig. 2.4)

Calcaneal inclination angle [8, 45]: measured in the sagittal plane by the inter-
section of the floor line and a line connecting the most inferior point of the cal-
caneal tuberosity and the bottom surface of the anterior process of the calcaneus
(Figs. 2.2, 2.4 and 4.3b)

Medial cuneiform-first metatarsal angle [9]: measured in the sagittal plane by the
intersection of the axes of the first metatarsal and medial cuneiform (Fig. 2.4).
Navicular-medial cuneiform angle [44]: also measured in the sagittal plane, by
the angulation between the lines of the axes of the navicular and medial cunei-
form (Fig. 2.4)

Hindfoot Alignment Measurements

Foot and ankle offset [14, 18, 19]: semiautomatic three-dimensional (3D) offset
measurement of the torque acting in the ankle joint as result of body weight and
ground reaction forces. It takes into consideration the relationship between the
center of gravity of the tripod of the foot and the center of the ankle joint, repre-
sented by the apex of the talar dome. Negative measurements indicate that the
center of the ankle joint lies laterally to the bisecting line of the foot tripod (varus
alignment). Positive values implicate that center of the ankle joint is positioned
medially to the bisecting line of the foot tripod (valgus alignment). The 3D coor-
dinates for calculation of FAO are harvested using the multiplanar reconstruction
(MPR) images. The first point marked is the most distal voxel of the first meta-
tarsal head, followed by the most distal voxel of the fifth metatarsal head and
next the most distal voxel of the calcaneal tuberosity. Finally, the most central
and proximal aspect of the talar dome was marked, and the automatic calculation
of the FAO is given by a dedicated software (TALAS™, CubeVue™, CurveBeam,
LLC, Warrington, PA, USA) (Figs. 5.2b, 5.4a, 5.4c, and 8.1).

Hindfoot alignment angle (CT, Novel) [13]: measured in the coronal plane, con-
sidering the inclination of the tibia (anatomical axis) as well as the inclination of
the talus and calcaneum (talocalcaneal angle) (Figs. 2.1, 2.3, 9.1, 9.2, 9.3, 9.4,
10.1, 10.2, 10.3, 10.4, and 10.5). Represented by the sum of talocalcaneal angle
with the angle of the anatomical axis of the tibia.

WBCT clinical hindfoot alignment angle [10]: obtained using 3D reconstruc-
tion images where the windowing is set to maintain the surface anatomical
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landmarks, including the skin. Represented by the angle formed between a line
bisecting of the Achilles tendon and a line bisecting the calcaneal tuberosity/
heel (Fig. 9.1).

Achilles tendon/calcaneal tuberosity angle [10]: obtained using 3D reconstruc-
tion images where the windowing is set to remove the skin and subcutaneous
tissue but maintaining the overlying soft tissue structures including the Achilles
tendon, also allowing a better evaluation of the calcaneal tuberosity. The angle is
measured between the lines of the longitudinal axis of the Achilles tendon and
the longitudinal axis of the calcaneal tuberosity.

Tibial axis/calcaneal tuberosity angle [10]: obtained using 3D reconstruction
images maintaining only the bony anatomy. Angle was formed by the intersec-
tion of axes of calcaneal tuberosity and the tibia.

Tibial axis/subtalar joint angle [10]: obtained using 3D reconstruction images
with the windowing set to remove all the soft tissue structures, maintaining only
the bony anatomy. Formed by the intersection of tibial axis and the line connect-
ing midpoint of the posterior facet of the subtalar joint and most inferior point of
the calcaneal tuberosity.

Hindfoot alignment angle (HAA) [10, 46]: also obtained using 3D reconstruc-
tion images with the windowing maintaining only the bony anatomy. Defined as
the angle between the tibial axis and calcaneal axis lines. The calcaneal axis is
determined by the bisecting line of the angle formed by two lines representing
the lateral and medial osseous contours of the calcaneus. The line for the lateral
osseous contour is drawn between the most lateral aspect of the lateral process
on the calcaneal tuberosity and the most superior and lateral discernable aspect
of the calcaneus. The line for the medial osseous contour is drawn from the most
medial aspect of the medial process of the calcaneal tuberosity to the most infer-
omedial discernable aspect of the sustentaculum tali.

Hindfoot moment arm [10, 47]: obtained using 3D reconstruction images main-
taining only the bony anatomy. Defined as the distance connecting the most infe-
rior aspect of the calcaneus to the tibial axis line.

Subtalar Joint Alignment Measurements

Subtalar horizontal angle or inferior talus-horizontal angle (inftal-hor) [5, 8, 24,
25]: measured in the coronal plane, angle between the articular surface of poste-
rior facet of the talus and the floor, measured at three different points in the lon-
gitudinal length of the articular facet, 25% (posterior aspect), 50% (midpoint),
and 75% (anterior aspect) (Fig. 15.4)

Subtalar vertical angle [23]: measured in the coronal plane, angle between the
articular surface of posterior facet of the talus and a vertical line to the floor
Inferior talus-superior talus angle (inftal-suptal) [24, 25]: measured in the coro-
nal plane by the angulation between the inferior and superior aspects of the talus,
inferiorly at the posterior facet of the subtalar joint
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* Inferior talus-superior calcaneal angle (inftal-supcal): measured in the coronal
plane by the angulation between the inferior aspect of the talar and superior
aspect of the calcaneal articular surfaces at the posterior facet of the subtalar
joint

e Subtalar joint subluxation at the posterior facet [43]: measured in the coronal
plane at the level of the most posterior aspect of the fibula. Represented by the
distance from the lateral margin of the calcaneal articular surface to the lateral
margin of the talar articular surface, at the posterior facet of the subtalar joint

» Percentage of uncoverage of the middle facet of the subtalar joint [48]: measured
in the coronal plane, at the midpoint of the anterior-to-posterior dimension of the
talar middle facet, by the percentage of the talar articular surface of middle facet
that is not opposed by the calcaneal articular surface

* Incongruence angle of the middle facet of the subtalar joint [48]: measured in the
coronal plane, at the midpoint of the anterior-to-posterior dimension of the talar
middle facet. Represented by the angulation between the articular surfaces of the
talar and calcaneal middle facets of the subtalar joint

Distal Tibiofibular Syndesmotic Measurements

Measurements are usually performed in the axial plane, at two different levels
(10 mm above the tibial plafond and/or 2.5 mm below the talar dome) [27, 31]:

e Anterior tibiofibular distance [31, 49, 50]: shortest distance between the tip of
the anterior tibial tubercle and the nearest point on the anterior border of the
fibula (Figs. 12.1, 12.2, and 12.5).

» Posterior tibiofibular distance [31, 49, 50]: obtained by measuring the distance
between the tip of the posterior tibial tubercle and the nearest point on the medial
border of the fibula (Figs. 12.1, 12.2, and 12.5).

» Tibiofibular clear space [31]: the tibial incisura length line is first marked by a
line connecting the tips of the anterior and posterior tibial tubercles. Two parallel
lines to the line of the incisura are then marked, one tangential to the deepest
point of the incisura and the other tangential to the medial border of the fibula.
The distance between these two lines represents the tibiofibular clear space (Figs.
12.1,12.2, and 12.5).

* Syndesmotic diastasis [31, 51]: central points of the tibia and fibula are marked
by determining the midpoints of the lines connecting the anterior and posterior
borders of each bone. Then, a line is marked connecting the midpoints of both
bones. Diastasis measurement is represented by the distance between the medial
cortex of the fibula and the lateral cortex of the tibia along the marked line (Figs.
12.1,12.2, and 12.5).

* Angular measurement of syndesmotic diastasis [31, 52]: angle created between
two tangential lines over the bony surface of the anterior and posterior aspects of
the distal tibiofibular joint (Figs. 12.1, 12.2, and 12.5).
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e DELTAFIB measurement [31, 53]: the tibial incisura length line is first marked by a
line connecting the tips of the anterior and posterior tibial tubercles. The DELTAFIB
measurement represents the angle between the incisura line and a line connecting
the anterior and posterior tubercles of the fibula (Figs. 12.1, 12.2, and 12.5).

e Zwipp rotation [31, 54]: angle formed by the connection of a line across the
anterior and posterior tubercles of the fibula and a line tangential line to the most
anterior point of the tibia.

* Tang rotation [31, 55]: multiple bisecting lines are marked over tibial surface to
determine the summation of these lines as the center of the tibia. Following that,
the distances between this central point of the tibia and the most anterior and
posterior points of the fibula are measured. The Tang rotation is represented by
the ratio between the anterior and posterior distances.

 Phisitkul translation [31, 56]: the tibial incisura length line is first marked by a
line connecting the tips of the anterior and posterior tibial tubercles. A perpen-
dicular line to the incisura line is marked at the level of the anterior tibial tuber-
cle. The shortest distance from this perpendicular line to the most anterior point
of the distal fibula represents the Phisitkul translation.

e Davidovitch translation [31, 57]: first, a line connecting the widest anteroposte-
rior dimension of fibula is marked. Then, a perpendicular to this line is marked at
most anterior point of the distal fibula. A parallel line to this perpendicular line is
marked at the level of the anterior tibial tubercle. The distance between these two
parallel lines represents the Davidovitch translation.

e Lateral clear space [31, 58]: measured at a level 2.5 mm below the talar dome by
the shortest distance between the distal fibula and the talus (Figs. 12.1, 12.2, and
12.5).

e Medial clear space [31, 58]: also measured at a level 2.5 mm below the talar
dome, represented by the shortest distance between the medial malleolus and
talus (Figs. 12.1, 12.2, and 12.5).

Hallux Valgus Measurements

* Hallux valgus angle [38, 59]: measured either in axial plane images or 3D recon-
struction images. Represented by the angle between the axis of the first metatar-
sal and the proximal phalanx of the first toe.

e Hallux valgus interphalangeal angle [38, 59]: measured either in axial plane
images or 3D reconstruction images. It describes the valgus angulation between
the axis of the proximal and distal phalanxes of the first toe.

e 1-2 Intermetatarsal angle (IMA) [38, 59]: measured either in axial plane images
or 3D reconstruction images. It measures the angulation between the axes of the
first and second metatarsals.

e Sesamoid/metatarsal head positioning [40, 60-62]: measured in the coronal
plane by the evaluation of the relative positioning between the medial sesamoid
and the intersesamoid crista. Sesamoid subluxation could be graded as the pro-



260 21 Measurements in Weight Bearing Computed Tomography

portion of the medial sesamoid that is positioned laterally to the intersesamoid
ridge regarding, when considering the total width of the medial sesamoid. A
four-stage classification system was reported, where grade O represents the situ-
ation where the medial sesamoid is positioned entirely medial to the intersesa-
moid crista, grade 1 when less than half the width of the medial sesamoid is
subluxated laterally, grade 2 when more than half the width of the medial sesa-
moid is subluxated laterally, and grade 3 when the medial sesamoid is entirely
lateral to the crista.

e Sesamoid rotation angle (SRA) [37, 59, 63]: measured in the coronal plane, rep-
resents the angulation between a line connecting the most plantar aspects of both
sesamoid bones and the floor.

 First metatarsal rotation Alpha-Angle [40, 59]: measured in the coronal plane.
First, a line is marked connecting the lateral edge of the lateral sesamoid sulcus
and the medial edge of the medial sesamoid sulcus of the first metatarsal head.
Subsequently, a second line is marked connecting the medial and lateral dorsal
corners of the first metatarsal head. A line connecting the midpoints of these both
lines is then marked. The alpha-angle is the angle between this line and a perpen-
dicular line to the floor.

e Stanmore classification system [37, 59]: consider the positioning of the sesamoid
bones in relation to the intersesamoid crista as well as the amount of sesamoid
wear. Degeneration of the metatarsosesamoid joint is graded as (A) normal (joint
space higher than 1 mm), (B) reduced (joint space of less than 1 mm), (C) absent
(bone on bone), and (D) with bone destruction, as determined by an empty
intersesamoid crista). Sesamoid positioning is measured in the four-stage system
previously mentioned (0, 1, 2, and 3).
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Fig.22.1 (a—f) WBCT with implanted total ankle replacement (TAR) (STAR, Stryker, Kalamazoo,
MI, USA). (a) show paracoronal reformation, (b) parasagittal reformation, and (¢, d) axial refor-
mations. The axial reformations (c, d) allow for assessment of rotational relationship between
tibial component (c¢) and talar component (d). Especially for nonmobile bearing TAR models,
incongruent rotational position of tibial and talar components might cause increased internal stress
and wear. (e, f) show 3D reformations of TAR and surrounding bone (e) and TAR implant alone (f)
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Fig. 22.2 (a, b) Subtle Lisfranc joint instability. (a) shows a lateral shift of the base of the
second metatarsal in the second tarsometatarsal joint (arrow) which was not visible on conven-
tional radiographs with weight-bearing or conventional CT without weight-bearing. (b) shows
a 3D reformation

A

Fig. 22.3 (a—c) Assessment of bilateral hallux valgus correction. (a) shows a virtual dorsoplantar
weight-bearing radiograph, generated from the WBCT-3D-dataset. (b) shows a generated
Metatarsal-Skyline view, and (¢) a paracoronal reformation. The rotation of the first metatarsal
head and its position in relation to the sesamoids is better visible on the paracoronal reformation
(c) than on the metatarsal-skyline view (b) which represents the former visualization with conven-
tional weight-bearing radiographs
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Fig. 22.4 (a—c) TAR
(Salto, Wright Medical
Group, Memphis, TN,
USA). WBCT-based
parasagittal (a),
paracoronal (b), and axial
(c) reformations allowing
for optimal assessment of
implant position and cyst
size and location under
weight-bearing conditions
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Fig. 22.5 (a—c) (STAR,
Stryker, Kalamazoo, MI,
USA). WBCT-based
parasagittal (a),
paracoronal (b), and axial
(c) reformations allowing
for optimal assessment of
implant position and cyst
size and location under
weight-bearing conditions
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Fig. 22.6 (a—d) Charcot arthropathy at the hindfoot (Localization Sanders I'V) before (a) and after
bilateral hindfoot correction arthrodesis (b—d). The preoperative paracoronal reformation (a)
shows severe hindfoot valgus and destruction of ankle and subtalar joints. (b) shows a paracoronal
reformation after bilateral hindfoot correction arthrodesis with retrograde arthrodesis nail (A3,
Stryker, Kalamazoo, MI, USA). (¢) shows a generated virtual hindfoot radiograph (so-called
Saltzman view) showing the hindfoot axis and the entire implant. (d) shows a 3D reformation of
the implants with best visibility of the locking screws
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Fig. 22.7 (a—f) Charcot arthropathy at the midfoot (Localization Sanders 1I) before and after pan-
correction-arthrodesis. (a, b) show axial and parasagittal reformations with severe destruction and
deformity at and around the Lisfranc joint. (c—e) show the healed situation after plan-correction-
arthrodesis involving the following joints: subtalar, talonavicular, calcaneocuboid, innominate 1-3,
intercuneiform 1-2, intercuneiform 2-3, and tarsometatarsal 1-5. Midfoot fusion bolts (MFB, Depuy
Synthes, Raynham, MA, USA) were used for fixation. (¢) shows a MFT in the medial column, i.e.,
first metatarsal, cuneiform 1, navicular, and talus. (d) shows a MFB in the lateral column, i.e., fifth
metatarsal, cuboid, and calcaneus. (e) shows a MFB in the hindfoot, i.e., calcaneus and talus. (f)
shows a 3D reformation of the three MFBs with their spatial relationship in relation to each other
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Fig. 22.8 Shows a posttraumatic case of acquired flatfoot following chronic subluxation of the
tibialis posterior tendon. The bilateral posterior skin view shows deviation of the hindfoot (a). The
AP 3D rendering bone view shows lateralization of the forefoot and plantar drop of the talus com-
parative to the asymptomatic side (b). We have added a posterior 3D bone view showing the
enlarged medial groove consequence of chronic subluxation of the posterior tibial tendon (c¢). (d,
e) show the talocalcaneal lateral impingement in the sinus tarsi on the symptomatic (d) and asymp-
tomatic (e) sides. Conventional measurements are possible very rapidly using pre-programed and
readily available DRR (digitally reconstructed radiographs) incidences such as this lateral 2D view
(f) showing medial arch angle, Meary’s angle, and navicular and medial cuneiform to floor dis-
tances. The TALAS (g) window shows the result of the semiautomatic hindfoot alignment soft-
ware. In this case, the foot ankle offset value is 10.8%, advocating for a severe case of flatfoot
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Fig. 22.9 Is a classic case of subfibular impingement. (a) shows the 3D rendering view on which
the diagnosis is self-evident. We advocate for the use of the 3D rendering view to fulfill in the
future the need for a “snapshot” view which before was provided by conventional radiographs. In
the future, virtual reality and holographic projectors will probably provide for a comfortable and
immediate interface valid for daily clinical use. (b, ¢) correspond to the coronal and sagittal views
of the multiplanar windows. The TALAS (d) window in this case shows a major case of valgus,
explaining this situation, with a close to 20% foot ankle offset. The FAO is given as a percentage
of foot length, in order to be comparable across different patients. In this case, that means that the
patient’s mass is distributed with an offset so large that it is actually projected outside, on the
medial side of the plantar surface. In physical terms, this means the foot tilts on each step, explain-
ing the major subfibular impingement
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Fig. 22.9 (continued)

Fig. 22.10 Demonstrates the possibility in a large field of view cone beam WBCT to investigate
dynamic postures such as varus in this case of chronic lateral ankle instability. An important intra-
articular lateral talar tilt can be visualized and measured. The subtalar joint may be investigated in the
MPR windows (c) or on the 3D rendering view (a, b). A distance mapping view (d, image courtesy of
Pr Sorin Siegler, Drexel University, Philadelphia PA, USA) may be built from the harvested data. In this
case the right side demonstrates good joint congruency, whereas the left side demonstrates approxima-
tion in the medial aspect of the tibiotalar joint and important distancing in the lateral aspect of the joint
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coap, = 71° + PSI

Fig. 22.11 (a—f) Preoperative computer-assisted planning of an adult-acquired flatfoot deformity
correction based on weightbearing CT images. Left AAFD in a 52-year-old male patient (a).
Tenderness over deltoid ligament, tibialis posterior, and fascia plantaris +++ (b). Digitally recon-
structed images AP and lateral of the left AAFD (c¢). A medializing calcaneus osteotomy is simu-
lated on a generated 3D model with a calcaneus osteotomy angle in the axial plane (coa,,) 90°
(perpendicular) to the lateral wall of the calcaneus (d). Note a lengthening of the calcaneus, which
needs to be avoided in this case, as the patient presents with a marked fasciitis plantaris (e). The
c0a,, is changed to 71° which corresponds to an isometric translation of the calcaneus. A patient-
specific instrument (PSI) is constructed to obtain the correct osteotomy plane (f)
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Fig. 22.12 Demonstrates the usage of WBCT in a 44-year-old male patient with painful midfoot
osteoarthritis and concomitant deformity. (a) Weight bearing radiographs (from left to right: anteropos-
terior, oblique, and lateral views) demonstrate moderate midfoot osteoarthritis with a moderate abduc-
tus deformity. The lateral radiographic view demonstrates neutral overall alignment of the medial arch.
(b) Axial WBCT demonstrates moderate degenerative changes in the midfoot, especially in the navicu-
locuneiform joints. (¢) Sagittal WBCT demonstrates a severe breakdown of the medial arch at the level
of the naviculocuneiform joint with visible degenerative changes. (d) Coronal WBCT confirms navic-
ulocuneiform joint osteoarthritis and demonstrates an overall neutral hindfoot alignment with no sub-
stantial degeneration of associated structures. The patient underwent a diagnostic ultrasound-guided
injection of the naviculocuneiform and medial intercuneiform joints resulting in immediate pain relief
throughout the midfoot. In addition, arthrodesis realignment of the naviculocuneiform and medial
intercuneiform joints was performed with the use of a proximal tibia bone graft (cancellous bone). (e)
Non-weight bearing radiographs (from left to right: anteroposterior, oblique, and lateral views) dem-
onstrate appropriate hardware positioning. A WBCT was taken during the 3-month postoperative fol-
low-up prior to clearing the patient for full weight bearing conditions and to wear regular shoes. This
postoperative (f) axial, (g) sagittal, and (h) coronal WBCT demonstrates progressive, near complete
union of the naviculocuneiform and medial intercuneiform joints with restored alignment of the medial
arch and appropriate hardware positioning. Additionally, the postoperative WBCT reveals diffuse
osteopenia due to the patient’s non-weight bearing rehabilitation following the operation
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Fig. 22.12 (continued)
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Fig. 22.12 (continued)

»
>

Fig. 22.13 Demonstrates the usage of WBCT in a 32-year-old male with painful midfoot nonunion.
Five years ago, the patient missed a step during a hockey game and sustained a complex comminuted
fracture of the navicular bone. Since this injury, he has undergone four surgeries chronologically listed
as follows: (1) closed reduction and application of external fixator of the midfoot, (2) removal of
external fixator, open reduction, and internal fixation using an allograft, (3) irrigation and debridement
of a deep infection acquired postoperatively, and (4) arthrodesis attempt of the talonavicular and navic-
ulocuneiform joints using an iliac crest autograft. All surgeries were performed in an outside facility
within 9 months of the initial injury. (a) Weight bearing radiographs (from left to right: anteroposte-
rior, oblique, and lateral views) demonstrate substantial nonunion of the talonavicular joint with partial
loosening of implanted hardware. A reliable assessment of the naviculocuneiform arthrodesis is not
possible using conventional radiographs. However, (b) axial WBCT does demonstrate a complete
nonunion of the talonavicular joint with mature union of the naviculocuneiform arthrodesis. (c)
Sagittal WBCT confirms these findings and demonstrates neutral overall alignment of the midfoot. (d)
Coronal WBCT re-demonstrates complete nonunion of the talonavicular joint. This view also demon-
strates an overall neutral hindfoot alignment with no substantial degeneration of associated structures.
A deep debridement of the talonavicular nonunion with deep biopsies was performed along with the
realignment of the medial column arthrodesis with use of proximal tibia bone graft (cancellous bone).
(e) Postoperative non-weight bearing radiographs (from left to right: anteroposterior and lateral views)
demonstrate appropriate hardware positioning. (f) At 9-month follow-up, weight bearing radiographs
(from left to right: anteroposterior and lateral views of the foot, mortise view of the ankle, and hindfoot
alignment view) were acquired and demonstrate progressive union of the medial column with appro-
priate hardware positioning. (g) Axial, (h) sagittal, and (i) coronal WBCT demonstrates complete
union of the talonavicular joint with neutral overall alignment of the midfoot and hindfoot. Due to
local discomfort, all hardware was removed 12 months after the index surgery. (j) Postoperative
weight bearing radiographs (from left to right: anteroposterior, oblique, and lateral views) demonstrate
a mature arthrodesis of the medial column with no remaining hardware present



22 Clinical Examples of Weight Bearing Computed Tomography 279




22 Clinical Examples of Weight Bearing Computed Tomography

Fig. 22.13 (continued)
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Fig. 22.13 (continued)
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Fig. 22.14 Demonstrates usage of WBCT in a 35-year-old male with a missed syndesmosis injury.
Three years ago, the patient underwent an open reduction and internal fixation of a distal fibula
fracture in an outside facility. However, at the time of the surgery, the concomitant syndesmosis
injury was not recognized. (a) Weight bearing radiographs (from left to right: anteroposterior and
lateral views of the foot, mortise view of the ankle, and hindfoot alignment view) demonstrate
complete union of the distal fibula fracture; however, they also demonstrate substantial degenera-
tion of the distal tibiofibular joint a significant amount of heterotopic ossifications. (b) Axial, (c)
sagittal, and (d) coronal WBCT demonstrate severe degeneration of the distal tibiofibular joint with
subluxation of the fibula within the incisura. A deep debridement of the heterotopic ossification
using a transfibular approach was performed. Additionally, a realigning arthrodesis of the distal
tibiofibular joint with use of a proximal tibia bone graft (cancellous bone) was installed. (e) At the
4-month postoperative follow-up, weight bearing radiographs (from left to right: anteroposterior
and lateral views of the foot, mortise view of the ankle, and hindfoot alignment view) were acquired
and demonstrate progressive union of the distal tibiofibular arthrodesis and appropriate hardware
positioning. However, conventional radiographs do not allow a reliable assessment of union degree
or fibular alignment within the incisura. Due to this shortcoming, a postoperative (f) axial, (g)
sagittal, and (h) coronal WBCT was acquired and demonstrates progressive, near complete union
of the distal tibiofibular arthrodesis and anatomic alignment of the distal fibula in all three planes
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Fig. 22.14 (continued)
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Fig. 22.14 (continued)
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Fig. 22.15 Demonstrates the usage of WBCT with a 59-year-old male with painful hindfoot non-
union. Four years ago, the patient underwent hindfoot fusion in an outside facility. (a) Weight bear-
ing radiographs (from left to right: anteroposterior and lateral views of the foot, mortise view of the
ankle, and hindfoot alignment view) demonstrate status post hindfoot surgery with apparent non-
union of the subtalar and distal tibiofibular joints. (b) Axial, (c) sagittal, and (d) coronal WBCT
confirms complete nonunion of the subtalar and distal tibiofibular joints, while the tibiotalar arthrod-
esis appears mature. A deep debridement of the subtalar and distal tibiofibular nonunion with deep
biopsies was performed. Additionally, a realigning hindfoot revision arthrodesis with use of a proxi-
mal tibia bone graft (cancellous bone) was installed. (e) At the postoperative 6-month follow-up,
weight bearing radiographs (from left to right: mortise and lateral views of the ankle) were acquired
and demonstrate progressive union of the hindfoot arthrodesis and appropriate hardware position-
ing. However, conventional radiographs do not allow reliable assessment of union degree or align-
ment of the distal tibiofibular arthrodesis. Due to this shortcoming, a postoperative (f) axial, (g)
sagittal, and (h) coronal WBCT was acquired and demonstrates progressive, near complete union of
hindfoot arthrodesis and anatomic alignment of the distal fibula in all three planes
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Fig. 22.15 (continued)



288 22 Clinical Examples of Weight Bearing Computed Tomography

Fig. 22.16 Preoperative and postoperative assessment of hallux valgus using WBCT. (a) shows a
preoperative sagittal reformation, (b) a preoperative coronal reformation, and (c¢) a preoperative
WB AP radiograph of the foot. Preoperatively, the coronal reformation shows the rotation of the
sesamoids and first metatarsal as the medial sesamoid is perched on the plantar ridge of the first
metatarsal head. The visualization of the rotation on the first metatarsal seen on the scan helps to
predict the surgical correction of the rotation; this could not be visualized on a standard radiograph.
The scan also shows the contour of the first tarsometatarsal joint. The sagittal reformation shows
mild elevation of the first ray as well as osteoarthritis in the first metatarsophalangeal joint and in
the sesame-trochlear articulations. Understanding of the arthritis in the joint helps educate the
patient in terms of potential for postoperative pain in the joint and range of motion. (d) shows a
postoperative sagittal reformation, (e) a postoperative coronal reformation, and (f~h) postoperative
WB radiographs. Postoperatively, the sagittal reformation shows bony bridging and union of the
first tarsometatarsal fusion which is better visualized on WBCT. The coronal reformation shows
the corrected alignment at the first metatarsophalangeal joint and corrected positioning of the
medial and lateral sesamoids
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Fig. 22.16 (continued)
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Fig. 22.17 Preoperative and postoperative assessment of acquired flatfoot deformity using WBCT.
(a—c) show preoperative WB AP and, lateral and bilateral Saltzman radiographs, (d) shows a pre-
operative sagittal reformation, and (e) shows a preoperative coronal reformation. Preoperatively,
the WB AP radiograph shows significant abduction of the talonavicular joint; the WB lateral radio-
graph shows impingement of the talus on the calcaneus and a large Meary’s angle indicating severe
deformity. The WB bilateral Saltzman radiograph demonstrates the heel alignment and shows a
valgus heel on the right. The sagittal reformation shows severe impingement and cystic formation
on both sides of the angle of Gissane, and the coronal reformation shows impingement and severe
subluxation of the medial facet; this could not be visualized on standard radiograph. (f-h) Images
show postoperative WB AP and lateral and bilateral Saltzman radiographs. Postoperatively, the
WB AP radiograph shows good correction of abduction of the talonavicular joint. The WB lateral
radiograph shows operative changes in the foot including a Cotton osteotomy, subtalar fusion, and
calcaneal osteotomy. The WB lateral radiograph also shows good correction of the arch and shows
improvement in talar coverage. The bilateral Saltzman radiograph demonstrates good correction of
heel alignment on the right
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Fig. 22.17 (continued)
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Fig. 22.18 Demonstrates the use of WBCT in a 54-year-old male patient with a history of partial
injury of the left common peroneal nerve following a peripheral nerve block for a lateral ligament
reconstruction of the left ankle. The patient developed mild cavus-varus deformity with symptoms
along the lateral border of the foot and peroneal tendon’s trajectory. (a—d) Clinical pictures dem-
onstrate asymmetric left subtle cavus-varus deformity, with mild elevation of the longitudinal arch,
neutral alignment of the hindfoot, and a positive peekaboo sign. The hindfoot varus was correct-
able during Coleman’s block test, and the patient had a weakness for eversion (4/5). (e, f) WBCT
three-dimensional (3D) reconstruction images show similar neutral hindfoot alignment, with mild
elevation of the longitudinal arch. (g) Digitally reconstructed radiographs (DDRs), anteroposterior,
lateral, and hindfoot alignment views demonstrate similar alignment findings, with presence of
two metallic anchors in the distal fibular (from prior ankle lateral ligament reconstruction proce-
dure) as well as an incidental finding of a dysplastic middle and anterior facet of the subtalar joint,
consistent with incomplete tarsal coalition. (h) Multiplanar reformation (MPR) WBCT images of
the harvesting of 3D coordinates of the weightbearing points of foot tripod and center of the ankle
joint, from left to right: most distal voxel of the first metatarsal head, fifth metatarsal head, calca-
neal tuberosity, and most central and proximal voxel of the talar dome. The harvested 3D coordi-
nates are used by dedicated software (TALAS™, CubeVue™, CurveBeam®©, LLC, Warrington,
PA, USA) to calculate the foot ankle offset (FAO) automatically. The measurement is given as a
percentage that gauges the shortest distance between the center of the ankle joint and a bisecting
line of the foot tripod, normalized by the length of the foot. (i) Image of the harvested 3D data (X,
Y, and Z planes) for this specific patient for the first (Met1/M1) and fifth metatarsals (Met5/M5),
calcaneus (C) and talus (T). F-point represents a point in the bisecting line of the foot tripod, where
the center of the ankle would be positioned in an ideal situation, centered in the foot tripod. T-point
shows where the center of the ankle currently is, significantly laterally positioned in relation to the
foot tripod, demonstrating important biomechanical malalignment in “varus.” The measured FAO
was —9.63. CO (calcaneal offset) is an estimate in millimeters how much one would have to dis-
place the calcaneal tuberosity laterally to correct the deformity, in this case, a theoretical displace-
ment of 17.6 mm. HA (hindfoot alignment) is an estimate of the hindfoot alignment angle projected
in the floor plane, in this case, consistent with approximately a 33° of hindfoot varus malalignment.
(j) Postoperative non-weightbearing conventional radiographs demonstrating adequate healing of
a first metatarsal dorsiflexion osteotomy as well as Malerba calcaneal osteotomy. The WBCT find-
ings with significantly more pronounced biomechanical malalignment in varus, represented by the
severely altered FAO, when compared to the relatively mild findings of the clinical and radio-
graphic evaluation of the patient has influenced the surgical treatment. The Malerba calcaneal
osteotomy was also performed, to improve the surgical correction of the malalignment, even
though Coleman’s block test demonstrated that clinically the deformity could potentially be cor-
rected with an isolated dorsiflexion osteotomy of the first ray
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Fig. 22.18 (continued)
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Fig. 22.18 (continued)
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Fig. 22.19 Demonstrates the use of WBCT in a female 58-years-old patient with symptomatic
adult-acquired flatfoot deformity. The patient had noticed progressive foot collapse for the last
2-3 years. She has been walking more on the medial border of the foot. The pain is mostly located
laterally at the level of the subtalar joint and sinus tarsi, but the patient has relatively preserved
range of motion of the triple joint complex. (a) Conventional weightbearing radiographs (from left
to right: anteroposterior and lateral views of the foot) demonstrate significant abduction of the
forefoot/midfoot, with uncoverage of the talar head, break in the talus-first metatarsal angle, and
no apparent arthritic findings of the subtalar joint or pronounced sinus tarsi impingement. (b) Axial
WBCT images confirm abduction of the forefoot/midfoot, with uncoverage of the talar head and a
first tarsometatarsal joint with no arthritic findings. (¢) From left to right, coronal WBCT images
demonstrate increased valgus angulation of the posterior facet of the subtalar joint, evident signs
of subluxation and asymmetry of the subtalar joint at its posterior facet as well as impingement of
the lateral aspect of the calcaneus with the distal aspect of the fibula (subfibular impingement — yel-
low arrow, central image), and completely non-arthritic articular surface of the posterior facet.
Likewise, there are evident findings of sinus tarsi impingement (yellow arrow, the image on the
right), with sclerotic bone and opposing mirrored cystic formation in the lateral aspects of the talus
and calcaneus, as well as more than 50% subluxation of the middle facet of the subtalar joint (par-
allel yellow lines). (d) Coronal WBCT image of the midfoot/forefoot shows the significant col-
lapse of the longitudinal arch with a negative forefoot arch angle. (e) Sagittal WBCT images
demonstrating the collapse of the longitudinal arch (with a break in the talus-first metatarsal angle),
no arthritic findings or plantar gapping of the first tarsometatarsal joint, and signs of sinus tarsi
impingement (yellow arrow). (f) MRI images in the axial, coronal, and sagittal planes, showing
degeneration of the posterior tibial tendon (yellow arrow, picture on the left), high-grade tear/
degeneration of the superomedial component of the spring ligament and talocalcaneal interosseous
ligaments (yellow arrows, central image) and bone edema of the lateral process of the talus (yellow
arrow, image on the right), consistent with sinus tarsi impingement. (g) Postoperative weightbear-
ing conventional radiographs (from left to right: anteroposterior and lateral views of the foot)
demonstrating adequate healing of medial displacement calcaneal osteotomy, subtalar joint fusion,
Cotton osteotomy, flexor digitorum longus (FDL) tendon transfer to the navicular tuberosity, as
well as reconstruction of the deltoid-spring ligament with Achilles tendon allograft. The decision
on proceeding with the fusion even with no arthritic findings of the posterior facet of the subtalar
joint was made based on the presence of significant hindfoot deformity, confirmed by the amount
of subtalar joint subluxation (evaluated at both the posterior and middle facets), pronounced sinus
tarsi impingement, but most importantly, by the presence of subfibular impingement
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Fig. 22.19 (continued)
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Chapter 23 )
Future Developments in Weight Bearing
Computed Tomography

Check for
updates

Martinus Richter

What is the future of WBCT in the foot and ankle? What are the needs and what is
feasible? Regarding the WBCT scan, faster scanning times, lower radiation dose,
larger scan volume, and better image quality will be the next reachable develop-
ments. More challenging will be dynamic scans, i.e., scanning the foot and ankle
during the entire gait stance phase. Even though the actual standard imaging is also
static, dynamic imaging would be desirable, for example, dynamic pedography or
gait motion analysis [1]. Much faster scanning times like 20 scans per second and a
very large scanning volume will be needed to allow for dynamic scan of the foot and
ankle during the entire stance phase. An inclusion of dynamic pressure and force
measurement will be an easy adjunct, as these methods do already exist (section
“Angle Measurement: Differences Between Methods” and “Angle Measurement:
Intra- and Interobserver Reliability”) [2—4]. However, dynamic scanning and addi-
tion of other data (e.g., pedographic data) acquisition modalities will register exces-
sively more data than to date. This calls into question how these data are stored,
visualized, analyzed, and interpreted. The use of conventional two-dimensional
monitors will not allow for adequate visualization of three-dimensional and maybe
even dynamic instances. Holographic visualization could be helpful but could not
be adequately developed so far (Fig. 23.1) [5]. This will require heavy investments
from the industry. It requires even faster data transfer speeds and projection technol-
ogy, including advanced interfacing, enabling surgeons to interact manually with
the models, which to date is only in the development phase and far from being avail-
able in the daily clinical setting. However, surgeons have been inventive and are for
now using existing technology such as third-party software, holographic lenses, or
3D printing solutions for better visualization. In any case, WBCT developers are
making tremendous ongoing progress with their onboard software solutions to
make datasets readily available and easy to navigate right on the spot of patient
scanning. The next issue is data analysis. Automatic measurements are already pos-
sible (section “Shortcomings of the Study”) and will be included in all software
solutions in the near future. Further data analysis, for example, diagnosis of foot
deformities, will require artificial intelligence (AI) for automatic analysis of
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Fig. 23.1 Early example
of a holographic
intraoperative
visualization of a foot
skeleton and pedographic
pattern including
visualization of measures
(angle and distance) as
guide for the surgeon
during a navigated foot
correction. (From Ref. [5])

extensive data volumes. Enormous databases will be needed to build up a sufficient
Al New three-dimensional measurement modalities in addition to angles and dis-
tances between bones need to be defined; standard values will have to be assigned
and guidelines adapted or created. At least a whole generation of foot and ankle
surgeons will have to find all the solutions, and we are just at the start of this excit-
ing process. A new era of foot and ankle imaging has started, and we are facing an
exciting and promising future.
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