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ABSTRACT

Background: Weightbearing computed tomogra-
phy (WBCT) is a reliable and precise modality for
the measurement and analysis of bone position in
the foot and ankle, as well as associated deformi-
ties. WBCT to assess three dimensional relation-
ships among bones allowed the development of
new measurements, as the Foot and Ankle Offset
(FAO), which has high inter and intra-rater reli-
ability. This study reports the University of Iowa’s
experience utilizing WBCT for the care of foot and
ankle patients by describing its utility across dif-
ferent orthopedic diseases in improving diagnostic
assessment, aiding surgical planning, and expand-
ing the use for objective clinical follow-up.

Methods: The medical records of consecutive
patients with various foot and ankle disorders that
underwent WBCT examination as part of the stan-
dard of care at a single institution between Novem-
ber 2014 and August 2020 were retrospectively
reviewed. Patient factors, including body mass in-
dex (BMI), sex, and patient comorbidities were col-
lected. 3D coordinates for calculation of FAO were
harvested using the Multiplanar Reconstruction
(MPR) views were calculated from the obtained
exams. Descriptive statistics were performed with
Shapiro-Wilk test and the Anderson-Darling tests.

Results: 1175 feet and ankles (820 patients) had
a WBCT performed over the studied 68 months.
53% of the subjects were male and 47% female.
588 of the acquisitions were from the right side
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(50.04%) and 587 from the left side (49.96%).
Diabetes was present in 15.47% of, Rheumatic
diagnoses in 4.52% and smoking habits in 44.10%
of patients. Mean BMI of the sample was found
to be 32.47 (32.03-32.90, 95% CI). The mean
Foot and Ankle Offset (FAO) encountered in the
study’s population was 2.43 (2.05-2.82, 95% CI;
min -30.8, max 37.65; median 2.39).

Conclusion: This study contains the largest co-
hort of WBCTs with accompanied FAO measure-
ments to date, which can aid with establishing
a new baseline FAO measurement for multiple
pathological conditions. Acquiring WBCTs resulted
in a variety of more specific diagnoses for patient
with foot and ankle complaints. The ability to utilize
WBCT for presurgical planning, the capability to
provide a 3D reconstruction of patient anatomy,
and its use for assessment of advanced relational
foot and ankle measurements, such as FAO,
demonstrate how WBCT may serve as a remark-
able utility in clinical practice and has become a
standard of care in our practice at the University
of Iowa.

Level of Evidence: IV
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INTRODUCTION

Previous studies have identified the weightbearing
computed tomography (WBCT) is a reliable and precise
modality for the measurement and analysis of bone
position in the foot and ankle, as well as associated de-
formities.* WBCT offers assessment and visualization
of the true relative positioning between bones of joints
under loading conditions, which cannot be assessed by
standard CT scans.* Traditional weight bearing radio-
graphs for assessment of bone orientation under loading
are more susceptible to technological errors, such as
rotational malalignment, which leads clinicians to obtain
inaccurate measurements of pathological deformities.
Moreover, WBCT has already demonstrated high util-
ity for various foot and ankle deformities ranging from
Progressive Collapsing Foot Deformity (PCFD) and
Hallux Valgus (HV) to Periprosthetic Cysts and Ankle
Osteoarthritis (AO).5'° This imaging modality allows for
a more accurate three-dimensional deformity assessment
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and a higher spatial resolution, providing the physician
with a more complete armamentarium for treatment
planning.'? The evaluation of measurements and signs
extracted from WBCTs demonstrate both high intra-rater
reliability and inter-rater reliability among varying levels
of clinicians and for different conditions.?>'"!?

The capability in the WBCT to assess three dimen-
sional relationships among bones allowed the develop-
ment of new measurements, as the Foot and Ankle Offset
(FAO).'*15 This assessment describes the relationship
between the relative position of the ankle joint’s me-
chanical axis (center of the talus) and the foot tripod
(first metatarsal, fifth metatarsal and calcaneus)."'3! [t
is a semiautomatic three-dimensional assessment tool,
providing a percentage of ankle deviation from the foot
vector. In other words, it corresponds to the level arm
of the torque produced in the ankle by bodyweight and
ground reaction forces during physiological weight bear-
ing ambulation.>** Previous studies showed a value of
2.3% (+2.9) in normal patients, -11.6% (+6.9) in varus and
11.4% (+5.7) in valgus alignment.’* Moreover, the use
of the FAO has validated in the assessment of PCFD,
Cavovarus Deformities and Ankle Arthritis, providing a
reliable value for diagnosis and deformity prognosis.!%1617

New indications and clinical utilities are being de-
scribed for WBCT over the last decade.’®'? Syndesmotic
instability, lateral ligament instability, Lisfranc ligament
injury, hallux rigidus and post-traumatic conditions are
gaining attention from the scientific community as the
WBCT portrays a natural and physiological stress to the
evaluated region.?*® Research focusing in WBCT ap-
plicability in knee and hip disorders are also increasing
while new devices gain the capability of a more proximal
evaluation.?*® As such, this study aims to report the Uni-
versity of lowa’s experience utilizing WBCT for the care
of a large cohort of foot and ankle patients. We intend
to show its utility across different orthopedic diseases
as an instrument that improves diagnostic assessment,
aids knowledge to surgical planning, and expands the
use for objective clinical follow-up, as well as describe
the overall foot alignment of the patients assessed, by
measuring FAO

METHODS
Study Design
This is a retrospective epidemiological observational
IRB-approved study that complied with the Declaration
of Helsinki and the Health Insurance Portability and
Accountability Act (HIPAA) and it reviewed medical
records of consecutive patients with various foot and
ankle disorders that underwent WBCT examination as
part of the standard of care at a single institution between
November 2014 and August 2020.
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Sample

The University of Iowa Department of Orthopaedics
and Rehabilitation introduced a WBCT scanner in No-
vember 2014 for use by the foot and ankle clinicians. All
patient WBCTs obtained from activation of the WBCT
scanner in November of 2014 until August of 2020 were
collected. For the purposes of this report, each WBCT is
defined as a single foot/ankle CT with unique laterally,
left or right, obtained with the patient bearing weight
through the imaged extremity. Any bilateral WBCTs
obtained were split into individual scans to maintain
consistent reporting. Patient data and their associated
WBCT scans were compiled into a single study database
under the supervision of the principal investigator.

Retrospective chart review was utilized to collect
all patient demographics including age, body mass
index (BMI), sex, and patient comorbidities (diabetes,
rheumatoid diseases, and smoking status). The main
diagnosis related to the need for WBCT imaging was
also evaluated.

All the patients had their diagnoses reviewed and the
WBCT images were assessed for measurement of the
Foot and Ankle Offset (FAO).

WBCT Imaging

WBCT studies were completed with a cone-beam CT
extremity scanner (PedCAT™, CurveBeam LLC, War-
rington, PA, USA). Participants were instructed to bear
weight in a normal and physiological standing upright
position, dispensing the body weight uniformly between
the lower limbs and with the feet set at shoulder width
and measurements.

The raw 3D data was converted to sagittal, coronal,
and axial image slices that were then transferred digitally
into dedicated software (CubeVue™, CurveBeam, LLC,
Warrington, PA, USA). Image marks were removed, and
studies were given a unique and random number. One
fellowship-trained foot and ankle surgeons independently
and blindly assessed FAO.

The 3D coordinates for calculation of FAO were
harvested using the Multiplanar Reconstruction (MPR)
views. The first point marked is the most distal voxel
of the first metatarsal head, followed by the most distal
voxel of the fifth metatarsal head and 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 was given by the
software (Figure 1).

Statistical Analysis

The variables were initially evaluated for normality
using the Shapiro-Wilk test and the Anderson-Darling
test. Mean, median, interquartile range (IQR), and 95%
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Figl. Foot and Ankle Offset (FAO) semiautomatic measurement. Using the three planes (x; y; z), the most plantar voxel of the first metatarsal
is found (A) in the three planes, followed by the most plantar voxel of the fifth metatarsal (B), the most plantar voxel of the calcaneus (C)
and the most proximal and central voxel of the talus (D). The software calculates (E) positioning of the foot tripod (M1-M5-C) and the expect
position of the ankle joint center (F). The percentage of displacement in subject’s talus position (T) in relation to this axis (M1-M5-C-F) is
determined as the FAO.
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Figure 2. Demographic distribution for gender, laterality, comorbidities, and body mass index (BMI).

Volume 41 Issue 1 113



E. O. Rojas, N. Mansur, K. Dibbern, M. Lalevee, E. Auch, E. Schmidt, V. Vivicharenko, S. Li, P. Phisitkul,

J. Femino, C. de Cesar Netto

Table 1. Summary of the Most Common Foot
and Ankle Disorders that Underwent a WBCT
Over the Studied Period

Diagnosis Count Prob

Flatfoot 175 0.15009
Ankle Arthritis 154 0.13208
Control 152 0.13036
Hallux Valgus 43 0.03688
Subtalar Arthritis 42 0.03602
Ankle Impingement 41 0.03516
Cavus Foot 37 0.03173
Previous Calcaneus Fracture 34 0.02916
Midfoot Arthritis 27 0.02316
Previous Pilon Fracture 25 0.02144
Previous Ankle Fracture 25 0.02144
Clubfoot 24 0.02058
Syndesmosis Instability 23 0.01973
Previous Tibia Fracture 21 0.01801
Subtalar Impingement 20 0.01715
Previous Subtalar Arthrodesis 19 0.01630
Charcot Foot 15 0.01286
Previous Fracture 14 0.01201
Previous Flatfoot Reconstruction 14 0.01201
Tarsal Coalition 12 0.01029
Talonavicular Arthritis 12 0.01029
Previous Ankle Replacement 11 0.00943
Hallux Rigidus 11 0.00943
Toe Deformity 9 0.00772
Achilles Insertional Tendinopathy | 8 0.00686
Foot Ulcer 8 0.00686
Previous Midfoot Arthrodesis 7 0.00600
Talus Osteochondral Lesion 7 0.00600
Peroneal Tendinopathy 7 0.00600
Previous Talonavicular Arthrodesis | 7 0.00600
Previous Lisfranc Lesion 6 0.00515
Lisfranc Lesion 6 0.00515
Subtalar Nonunion 6 0.00515

confidence interval (CI) values for each measurement
were reported.

Demographic data and diagnoses were assessed by
frequencies distributions and quantile plots. P values
of less than 0.05 were considered significant. Estimate
of the likelihood of the model to estimate future was
performed by Akaike information criterion (AIC) and
Bayesian information criterion (BIC).
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RESULTS

A total of 1175 feet and ankles (820 patients) had
a WBCT performed over the studied 68 months. 53%
of the subjects were male and 47% female. 588 of the
acquisitions were from the right side (50.04%) and 587
from the left side (49.96%). Diabetes was present in
15.47% of patients, Rheumatic diagnoses in 4.52%, and
smoking habits in 44.10% of patients included. Mean
BMI of the sample was found to be 32.47 (32.03-32.90,
95% CI). A summary of demographics findings can be
found in Figure 2.

The main obtained diagnoses were PCFD (Flatfoot)
with 15.01% of occurrences and Ankle Arthritis with
13.21%. A considerable number of controls (13.04%) was
shown, mainly the contralateral side of affected limb.
Hallux valgus (3.7%), subtalar arthritis (3.6%), ankle im-
pingement (3.5%), Cavovarus (3.1%), previous calcaneus
fracture (2.9%), midfoot arthritis (2.3%), previous pilon
fracture (2,1%), previous ankle fracture (2.1%), clubfoot
(2%) and syndesmosis instability (1.9%) follow the sample
incidence. A complete list of diagnoses may be found on
Table 1 and Figure 3.

The mean Foot and Ankle Offset (FAO) encountered
in the study’s population was 2.43 (2.05-2.82, 95% CI; min
-30.8, max 37.65; median 2.39). Figure 4 and Table 2
displays FAO distribution.

DISCUSSION

Weight-bearing computed tomography (WBCT) is a
reality in current orthopedic care and become a standard
study in the assessment of foot and ankle patients at the
University of Iowa. The use of this method is helping
physicians and orthopedic surgeons to better diagnose,
assess and treat patients. To the author’s knowledge,
this is the first study to portray a substantial popula-
tion of individuals that received a WBCT as standard
clinical care, specifying diagnoses and demographics.
Additionally, we demonstrated the largest collection of
FAO in the literature across multiple diagnoses, and
with accompanied control measurements that previous
prospective investigations have utilized to establish pos-
sible patterns for symptomatic foot and ankle injuries."”
Within the study a total of 23 diagnoses had a sample size
greater than 10, and 11 diagnoses had sample sizes of
at least 25, which provided a greater diversity in clinical
data than many of the prospective studies analyzing FAO
for various pathological conditions.>* The calculated
mean FAO of 2.43 (2.05-2.82, 95% CI) within our large,
diverse population based on diagnoses, may represent a
more accurate or true baseline measurement than what
has been previously reported. Along the same lines, the
present work provides diagnoses that are specific to each
individual imaging study obtained. This is particularly
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Figure 3. Diagnoses distribution.
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Normal Quantile Plot

Figure 4. Foot and Ankle Offset (FAO) distribution over the analyzed
population.

important as previous epidemiological studies of this
kind have limited their data to anatomical location of
disease (ankle, midfoot, hindfoot, etc), which provides
low granularity for applying clinical data to individualized
patient care.?’?8

Moreover, previous epidemiological studies utilizing
large datasets of foot and ankle WBCT's have emphasized
financial efficacy and radiation exposure relative to tradi-
tional weight bearing radiographs and standard CTs.?"%
A prior investigation by Richter et al. has demonstrated
the superiority of WBCTs in comparison to traditional
radiographs in the angle measures of the 1st — 2nd in-
termetatarsa, talo-metatarsal 1 (TMT) dorsoplantar and
lateral projection, hindfoot angle, calcaneal pitch angle.
Improvements in angle measurements utilizing WBCT
were due to the function of weight-bearing’s effect on
alignment for imaging and subsequent three-dimensional
reconstruction to eliminate many of the technical dif-
ficulties present with capturing high quality traditional
radiographs.? The present work utilized WBCT for pro-
viding an accurate, reproducible measurement in FAO,

across multiple pathologies as part of standard patient
care. FAO has been previously utilized as a standard
measure in multiple prospective studies and correlation
with disease severity have been assessed.’®'%'” These
measurements may aid in the establishment of anatomi-
cal variants for predisposition to various foot and ankle
pathologies that can be accurately utilized by clinicians
with various degrees of experience as previous studies
have already demonstrated high intra-rater and inter-
rater reliability.>!11?

Likewise, the aim to establishing these type of mea-
surements may also provide clinicians with the informa-
tion necessary to accurately assess disease progression
and need for surgical intervention by determining if
patients demonstrate greater deviation from control
measurement ranges, as previously presented for pa-
tients with syndesmotic injuries.?* Furthermore, the
capability to utilize WBCT to demonstrate assess the
three-dimensional relationship within the foot and ankle
by calculating FAO cannot be understated. This mea-
surement provides an accurate and readily reproducible
biomechanical axis that can be correlated with severity
of diseases in many instances and is highly reliable
among different observers.'** For example, previous
investigation on PCFD demonstrated a preoperative
FAO of 9.8% (8.0-11.5, 95% CI) and FAO of 1.3% (-0.4-
2.9, 95% CI) following surgical correction.’! This finding
in small cohort of 19 patients (20 feet) was consistent
with previous non-pathological values of an FAO of 2.3%
(+-2.9) in normal patients, -11.6% (+6.9) in varus and
11.4% (+-5.7) in valgus alignment.'> More importantly,
these corrections demonstrated statistically significant
correlation with positive clinical outcomes as assessed
by patient reported outcome measures (PROs) postop-
eratively, which have gained greater emphasis recently
as healthcare systems seek to reimburse patient care
based on PROs.15%

There are several limitations present withing this
work. First, the study was retrospective in nature and
data was acquired from a single institution in the Mid-
west region of the United States. The single center
aspect of data collection and possible lack of diversity

Table 2. Fitted Normal Distribution to Foot and Ankle Offset Readings
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Parameter Estimate Std Error Lower 95% Upper 95%
Location 2.4391278 0.1975659 2.0519056 2.8263499
Dispersion 6.6559495 0.054185 6.5505916 6.6672228
Measures

-2*LogLikelihood 7522.8007
AlCc 7526.8113

BIC 7536.8695



in patient demographics may limit the generalizability
of the findings from the assimilated dataset. Moreover,
there was no standardization in the methodology for the
time periods that the WBCTs were obtained that limits
the reproducibility of building a database for comparison.
Further, the study is descriptive and provides an epide-
miological dataset that cannot directly compare different
interventions or pathologies no protocol was established
indicating the rationale for WBCT acquisition, follow-up
studies, or intended utilization of the study. Additionally,
no comparisons between the different conditions identi-
fied within the study were performed, which could have
demonstrated that other factors within the study popula-
tion, including specific patient demographics, could have
influence on FAO measurements. Moreover, no clinical
evolution and outcomes measures were studied, which
might have supported WBCT capability in changing the
course and care of diseases, however other works have
established relationships between WBCT measures and
PROs.?>?¢ Finally, the dataset utilized a single observer
for assessment and measurement of FAO that could
theoretically skew the results and introduce bias. How-
ever, previous works have already demonstrated that
intra and inter-rater reliability for this measure is high
and is sustained across varying levels of experience.!!

CONCLUSIONS

WBCTs from a total of 1175 feet and 820 unique pa-
tients were obtained over the study period. This study
contains the largest cohort of WBCT's with accompanied
FAO measurements to date, which can aid with establish-
ing a new baseline FAO measurement for multiple patho-
logical conditions. Acquiring WBCTs resulted in a variety
of more specific diagnoses for patient with foot and ankle
complaints. The ability to utilize WBCT for presurgical
planning, the capability to provide a 3D reconstruction of
patient anatomy, and its use for assessment of advanced
relational foot and ankle measurements, such as FAO,
demonstrate how WBCT may serve as a remarkable
utility in clinical practice.
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