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ABSTRACT

Background: Foot and ankle weightbearing CT (WBCT) imaging has emerged over the past decade. However,
a systematic review of diagnostic applications has not been conducted so far.
Method: A systematic literature search was performed according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines after Prospective Register of Systematic
Reviews (PROSPERO) registration. Studies analyzing diagnostic applications of WBCT were included. Main
exclusion criteria were: cadaveric specimens and simulated WBCT. The Methodological Index for Non-
Randomized Studies (MINORS) was used for quality assessment.
Results: A total of 78 studies were eligible for review. Diagnostic applications were identified in following
anatomical area’s: ankle (n = 14); hindfoot (n = 41); midfoot (n = 4); forefoot (n = 19). Diagnostic appli-
cations that could not be used on weightbearing radiographs (WBRX) were reported in 56/78 studies. The
mean MINORS was 9.8/24 (range: 8-12).
Conclusion: Diagnostic applications of WBCT were most frequent in the hindfoot, but other areas are on the
rise. Post-processing of images was the main benefit compared to WBRX based on a moderate quality of the
identified studies.

© 2023 Published by Elsevier Ltd on behalf of European Foot and Ankle Society.
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1. Introduction

Weightbearing radiographs (WBRX) are widely used for the di-
agnosis and outcome assessment of patients with foot and ankle
disorders [1,2]. Despite their ubiquity, plane radiographs contain
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several significant shortcomings; accurate analysis is impeded by
the superposition of the osseous structures, differences in patient
positioning cause measurement errors, and the result is a two-di-
mensional (2D) projection of a three-dimensional (3D) structure [3].
Computed tomography (CT) imaging technology is commonly used
to evaluate skeletal disorders and is able to overcome the short-
comings of superposition by allowing circumferential imaging of the
osseous structures and correction of rotational errors by a post-
imaging reconstruction of the foot position [4]|. However, one major
drawback of conventional CT has been the inability to obtain
weightbearing images [5]. The importance of weightbearing during
foot and ankle radiographic imaging is reflected in different studies,
which demonstrated an underestimation of deformity in absence of
weightbearing [1,6].

Over the past decade, technological advances allowed to merge
the benefits of weightbearing with those of cone-beam CT devices.
This resulted in the genesis of weightbearing CT (WBCT) devices that
are currently used in clinical practice. Moreover, these WBCT devices
continue to evolve with mobile and flexible gantries that allow ex-
pansion of WBCT from the foot and ankle up to the knee and hips
[7,8]. Additional benefits from this imaging modality include a fast
image acquisition time, a compact design, a reduced cost, and ra-
diation dose [8,85]. The introduction of WBCT has permitted the
collection of detailed foot and ankle imaging obtained in a standing
position [7]. However, WBCT is currently not yet widely used, the
specific diagnostic applications are scattered across the literature
and the potential benefits are not well assessed in a comprehensive
overview |9]. Therefore, we performed a systematic literature search
of the diagnostic landscape that can benefit from WBCT imaging in
the foot and ankle. We aim to identify several disorders per anato-
mical area in the foot and ankle that present benefits of WBCT after a
decade of research in the field of WBCT imaging.

2. Methods

The Database of Abstracts of Reviews of Effects (DARE), the
Cochrane Database of Systematic Reviews (CDSR), and the
International Prospective Register of Systematic Reviews (PROSP-
ERO) could not identify previously performed systematic reviews on
WABCT of the foot and ankle. The original protocol for this study was
registered on PROSPERO, the international prospective register of
systematic  reviews, which can be accessed online
(CRD42022382037). The literature was systematically reviewed ac-
cording to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines. The searched electronic data-
bases included PubMed, Cochrane Library, Embase, and Web of
Science. Studies assessing the relationship between WBCT and ankle,
hindfoot, midfoot, and forefoot were identified. For every database,
the same search strategy was repeatedly performed, combining the
following search terms: "weightbearing/standing CT/CBCT and
ankle", "weightbearing/standing CT/CBCT and hindfoot", "weight-
bearing/standing CT/CBCT and midfoot", "weightbearing/standing
CT/CBCT and forefoot". A data search was performed from inception
until December 2022. The results of this search were evaluated in
two steps, by first screening the abstracts and second reading the full
text. The in- and exclusion criteria were assessed by two coauthors
(JL, MF). Studies were excluded if they reported cadaveric samples,
described healthy subjects, were case reports, studied fewer than 15
patients, or were published before 2010. The lead author (JL; board
certified orthopaedic surgeon) screened titles and abstracts and se-
lected studies for review. Two coauthors (AVO, MP; orthopaedic PhD
researchers) discussed the results to secure that abstracts were not
unnecessarily excluded. The full text of these studies was evaluated
by two coauthors (JL, MF). Selected studies for retrieval and eva-
luation were divided into four groups: WBCT and ankle, WBCT and
hindfoot, WBCT and midfoot, and WBCT and forefoot. Clinical and
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radiological data and methods were assessed for each group.
Additionally, the study’s type and source of funding were recorded. A
meta-analysis was initially planned to complement the systematic
narrative review. However, this was hampered by the significant
heterogeneity in study design and results. Therefore, this synthesis
was conducted to explore findings within and between studies,
guided by the PRISMA guidelines. Quality assessment of both com-
parative and non-comparative studies was performed relying on the
Methodological Index for Non-Randomized Studies (MINORS) cri-
teria. As reported by Slim et al. [88], the checklist covered the fol-
lowing eight categories to assess non-randomized controlled trials
(NRCTs): clearly stated objectives, the inclusion of consecutive sub-
jects, prospective collection of data, appropriate endpoints, unbiased
assessment of the study endpoints, a follow-up period in line with
study objectives, loss to follow-up less than 5% and a prospective
sample size calculation. Each of these questions can be answered
with "not indicated" (0 points), "indicated but insufficient” (1 point),
or "indicated and sufficient” (2 points), the global ideal score being
16 for non-comparative studies. Two reviewers assessed the MINORS
checklist separately for each study (JL, AB). Differences were re-
solved by a debate with a third independent reviewer (EA; board
certified orthopaedic surgeon) lacking standardized evidence, cate-
gorization of the MINORS scores was performed based on the study
by Ekhtiari et al. [89]: "Very low"(0-4 points); "Low"(5-8 points);
"Good"(9-12); and "Excellent"(13-16).

3. Results

A total of 522 studies were included following an electronic da-
tabase search and screening of the reference lists. Studies were ex-
cluded for being duplicates (n = 350), review studies (n = 8), reports
not retrieved (n = 3), and reports excluded (n = 83). As a result, 78
studies were confirmed eligible for review (Fig. 1). These consist of
11 prospective studies, 65 retrospective studies, and 2 diagnostic
studies. The median sample volume of patients included in the
studies was 30 (range: 16-4987). The mean MINORS of the 78 stu-
dies was 9.8 on a total of 24 (The global ideal score being 16 for non-
comparative studies and 24 for comparative studies). There are 7
level Il evidence studies, 68 are level Il evidence, and 3 level IV
evidence studies. A total of 35 studies described that their work was
done without financial support, 19 studies reported industry funding
and 24 studies did not report funding. Definition of alignment,
evaluation of joint width and spatial interpretability of images in 3D
were identified as the main benefits compared to WBRX (Table 5).

3.1. Ankle

A total of fourteen studies [10-23| addressed disorders at the
ankle joint (Table 1). Seven studies [10-16] focused on ankle os-
teoarthritis. In ankle osteoarthritis studies using 2D measurement
variables, WBCT mainly concentrated on quantifying the tibiotalar
[10,11,13,15] and subtalar [12,14,16] joint alignment. Kim et al. [13,15]
used WBCT to assess the internal rotation of the talus in the axial
plane in patients with varus ankle osteoarthritis. Kang et al. [14]
analyzed the talar tilt, subtalar inclination angle, and calcaneal in-
clination angle to evaluate the orientation of the calcaneus relative
to the talus in the varus ankle osteoarthritis. Hintermann et al. [11]
measured the lateral distal tibial angle in the sagittal plane and
coronal plane to assess axial rotation between the talus and tibia in
total ankle arthroplasty. Krdahenbiihl et al. [12,16] used WBCT to
analyze the tibiotalar angle, subtalar vertical angle, and the medial
distal tibial angle. In addition, they reported that the subtalar joint
orientation might be a risk factor for the progression of ankle joint
osteoarthritis [12,16].

Seven studies [17-23] focused on the diagnostic applications of
WBCT in ankle syndesmotic injuries. In studies using 2D
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Fig. 1. Flowchart according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines.

measurement variables of ankle syndesmosis, Goldberg et al. [19]
analyzed the position of the fibula in the axial plane for patients
with syndesmotic injuries. They found weightbearing results in
lateral and posterior translation and external rotation of the fibula
about the incisura. Three studies [17,22,23] reported that WBCT
improved the evaluation of joint width. Patel et al. [17] analysed the
relationship between the fibula and tibia for translation and rotation
for patients with syndesmotic injuries. Rio et al. [22] used WBCT to
evaluate the syndesmotic diastasis area for patients after acute in-
jury. Rooney et al. [23] assessed the reliability of measurement
techniques for syndesmosis position after operative fixation of distal
tibia platfond fracture on WBCT. Their study reported that WBCT
demonstrated significantly greater diastasis in unstable ankles than
conventional CT. In studies using 3D measurement variables (Figs. 2,
3), three studies [18,20,21] reported that WBCT scans were an ex-
cellent method for 3D reconstruction to improve spatial interpret-
ability. Peiffer et al. [18] used 3D measurement variables and
statistical shape modelling to facilitate the diagnostic workup of
syndesmosis ankle lesions under weightbearing conditions. Esfahani
et al. [20] created 3D models using volumetric measurements up to
5cm above the tibial platfond and showed higher sensitivity and
specificity for recognizing an unstable syndesmosis; Shakoor et al.
[21] took measurements 5 mm below the talar dome evaluating the
lateral clear space and the medial clear space.

3.2. Hindfoot

A total of 41 studies [24-64| focused on the diagnostic applica-
tions located at the hindfoot (Table 2). In studies using 2D mea-
surement variables of the hindfoot, WBCT mainly focused on
improving the definition of alignment [26,27,31,35,39,42,49] and

improving the evaluation of joint width [43,45-47,50]|. Hirschmann
et al. [27] measured the hindfoot alignment angle and tibiocalcaneal
distance and found that alignment of the hindfoot significantly
changes in weightbearing position. Bakshi et al. [31] measured the
calcaneal moment arm and found that the hindfoot valgus was as-
sociated with first metatarsal (M1) pronation, and the hindfoot varus
was associated with M1 supination. Fuller et al. [42] used WBCT to
evaluate medial arch anatomy. Six studies [45-50] have also used
WBCT to assess various aspects of hindfoot anatomy and diagnose
specific conditions. More specifically, de Cesar Netto et al. [45] used
WABCT to observe peritalar subluxation in patients with progressive
collapsing foot deformity (PCDF) and evaluated the correlation be-
tween WBCT markers of peritalar subluxation and Magnetic Re-
sonance Imaging (MRI) [47]. Findings of soft tissue insufficiency in
patients with PCFD, corresponded with WBCT markers of pro-
nounced deformity and peritalar subluxation were significantly
correlated to MRI involvement of the posterior tibial tendon; Lalevée
et al. [46] used WBCT to measure the peritalar subluxation and foot
and ankle offset (FAO) to evaluate lateral bony impingements; Kim
et al. [49] and Jeng et al. [50] used WBCT to measure the talo-
calcaneal and calcaneofibular distance to diagnose calcaneofibular
impingement.

In studies [25,28-30,32-34,36-38,40,41,44,48,51-64| using 3D
measurement variables of the hindfoot,Burssens et al. [25,28,33,34]
translated routine radiographic 2D hindfoot measurements towards
their 3D equivalents based on segmentation of the CT- slices (Fig. 2).
Afterwards, these 3D measurements were used to assess the out-
come of the hindfoot alignment (HA) after infra- and supra malleolar
osteotomies [25,34]. Peiffer et al. [32] measured the calcaneal os-
teotomy angle in 3D variables to assess the correlation between the
pre-operative hindfoot valgus deformity and calcaneal osteotomy



Foot and Ankle Surgery 30 (2024) 7-20

“JUSIDLJ20D UOIIB[ILI0D SSB[D BIIUI ‘D)D) ‘[BUOISUSWIP 321y} ‘g ‘S[EnpIAIpul Aylfeay ‘[H ‘syusned ‘J :suoneiaaiqqy

11T [9A9]
aA1adsolg

1T 19A9]
dA1adsold

11 [9A97]
9A1adsonay

I [9A97]
ETVARETNIREN|
I [9A97
2Anadsonay

Il [9A97]
A13dso1y

1T [9A9]
9A1adsonay

11 [9A9T
QA1adsonay
Al [P9AT
9A1adsonay
Al 1297
9A1ads0119y
11 [9A97
QA1dadsonay

III [9A9]
EJNSRET N EN |

[T [9A97
aA1adsonay
IIT [9A9]
aA1adsold

(£9°0-81°0 :SDDI) JusWINSLIW
uonejol jo a[Sue ay3 woiy rede (86°0-,9°0 :SIJI) ANiqeral
19)B1I9JUI JUI[[9IXI-0]-)BISPOW PAJeIISUOWIP anbruyda) IneN ayL

([gww £°9 ¥ ¢l %1°¢) Sapue panfutun snsiaA ([Zww 6'6 ¥ 9°91]
%L°€1) dpue d[qeisun ur Surreaqiysiam 03 patedwod Suriesaqiy3om-uoN
*SJUIWAINSEIW SuLIEIqIYSI9M-Uuou

pue SurreaqiySiom SuruIewal Y3 UMD DUIIYIP JUBIYIUSIS ON
‘sjuduWRINSeIW safewl SuLeaqIySam-uou uo uey) 1amoj Apuedyrusis
2Iam sagewll SuLILIQIYSIOM U0 ddeds Ie3[d [PIPAW ) JO SIN[BA UBIA
‘paydeal aIe %06

Jo £oeandoe ue pue ‘%€ Jo AdYads e ‘%8°G6 JO ANANISUIS B 3I9YM
‘Afrewrxold wd G [9A3] e 01 puoje[d [eIqI} SU) WOJJ PIINSEIW SWN[OA €
*BINSIOUL 33 0} UONP[I Ul B[Ny Y] JO UOIILI0T

[eUIdIXd pue ‘uolne[suel) JoLsod pue [e1d3e] ul snsal SuLIeaqIySIap
'suonIpuod SuLIeaqIYSIOM 19pun SUOISI] IP[UB SISOWSIPUAS

Jo dmyiom d13souserp ay) ajeln[Ide) ued sanbruyda) Surddeim

JuaweS oyads juaned ym paurquiod Surppow adeys [eI1ISIILIS
‘AIn[ur dnowsapuAs

Jo aAnedIpul 3q Aew siy3 ueyy JYSIH ‘A[oandadsal ‘wul i ¢-8'1-
pue W 6G'Z-1€°0 SIZueI ay3 uIyiim Aej uonjejsuely Joraisodorajue pue
‘ww £z'G sem syuanzed parnfurun ur uorye|suelry [e1ae] jo i Jaddn ay,

*SIILIYLIB03)SO
9P[ue Jo 3ZeIS AYI YIIM 9]e[a110D JoU S30p uonesuadwo) urof spjue
9] 9A0(® SINIULIOJAP J0J Julof Ie[eiqns 9yl ul aesuadwiod sap[ue sniep
‘paje[suel) A[[eIpaW Sem sn[e} ay) pue ‘paje[nsue snIea

31om puojeld [eIqr} 3y} pue AJIWIIIXS JIMO[ Y3 JO SIXE [EIIUBYIIW Y,
*,G'6 'S SI (13 IB[E] 9] USYM SIILIYIIR0I]SO SPUE SNIBA Ul UOI}EIUSLIO
sueld [euo10d y3m Alojesuadwod sreadde snauedied ay3 jo uonisod ayL

*%GY SEM SN[E] 3YJ JO UOIILIOI [BUIIUI [BULIOUQE JO DUIPIIUI YL
‘punoj sem jurof 1e[eiqns ay} Jo UONBIUILIO

sng[eA ‘SIILIYIIe03)S0 snS[eA yim sjuanied uf ‘urof Jefeigns ay3

JO UOIIBIUILIO SNLIBA Y3IM PILINIIO0 JUI0f U Y3 JO SIILIYIILOISO SNIBA

‘(Jeuralxa Qg 01 [PUIAIUI Z1) &1 PUB ([PUIdIXD [ 0} [PUIUI F[) LT
a1om suonisod Jusuoduwod Jefe) [eIxe aaneIadolsod pue -e1jul UBIW A,
‘sapjue painfurun yym pazedwod

Sapjue painfur ay) ul SS9 %1z sem deds julof Je[eloiqry ueaw ayJ,

nIpm
2oeds jurof Jo uonen[eas panoiduw

YIpim
Joeds jurof Jo uonenjeas pasordwy
‘uonenieAd yipim adeds jurof

pue Ayiqeaadiajul fenjeds pasorduwig

'SJUWIAINSEAW JWN[OA pUB BAIR
pue ‘Ayjiqelaidiajur [erzeds panoadug

‘uonejol jo uonedynuenb pasoxduwy
Juawusie jo uoniuyap

ay3 ‘Ayiqeardiaiur fenpeds pasorduwy

ppm
doeds jurof Jo uonen[eas panoxduw

Juawusie jJo uoniuyap pasoiduwy
YIpim
doeds julof uonenjeas pasorduwy

‘Juawusie jo uoniuyap parordwy

‘uornejol jo uoredynuenb pasoiduy

‘Juawusie jo uoniuyap parordwy

‘uoneol jo uonedynuenb pasoidug
ppm
9oeds jurof Jo uonen[eas panoxduwi]

‘a1njoeyy puojerd eiqn

[eISIp Jo uonexy aanerado Iayye uonisod siSOWSapuAs
10J sanbruysa) JuswaInseaw Jo AjIqer[al pajenjeas
suonisod

SuneaqiySdrom pue uriesaqiySram-uou ui saLnfui
J1IOWSIPUAS YIIM BITE Ul IFUueYD JIWEUAp a3 pajenjeag

‘sapows SuLIeaqIy3om
-uou pue SuLIeaqIYIIam Uaam1dq sauefd [erxe
0M] J® SISOWSIPUAS PazipIepuels aA[am] pareduwio)

*A)1[1qeISUI DJOWISIPUAS YIIM

2oeds Ie[nqyorqry [eISIp Y3 JO JWN[OA (€ YJ PAINSEIN
‘e[nqy ays jo

aue[d [eIXE 3y} Ul UOIILIOI PUE UONEB[SUBI) 3} PAINSEIA

“3P[UB JOWSAPUAS
JO JUSWISSISSE IB[NqYOIqI) Paseq-[apow adeys [ed1IS1IeIS

'sisowsapuAs re[nqyoiqn yimm syuaned
ul eIq1} pue e[nqy 9yl UaaM3aq UolIe[suel] Y3 pazAfeuy

*SLIY1IR0)SO
ap[ue jo sadeys JualayIp ur Juawusife julof Ieeigns

*SILIYAIE 19133 [BIPAW UI 3P[UE 3Y) JO JUSWUSIY
*SLIY1IB0)SO

JpjUE UI SN[E) Y3 03 2A1L[21 SNAUBI[ED 3] JO UOIIBIUILIQ
*SLIY1IR0)SO

JPUE SNIBA UI SNJE] U3 JO UOIILIOT [BUIIUI 3Y) PIASSASSY

*SIILIYLIE03)SO
Spue ul jurof Je[eIqns ay3 Jo UOIILIUSLIO 3Y) PaUIULIAIR]
dAje1ddolsod pue

-12d syuauodwod Aysejdolyire apjue [e30) JO [eIqL) pue
1B} 9] UIIMII( UOIRIOI [BIXE JAIIR[I A} PISSISSY

‘a1njoely uojid-jeiquy 19yje adeds-jurof paynueng)

[ez] e

(9z=u)d Kauooy
[zz] e

(6e=u)d ory
[1z]re 1

(Lz=u)d lo0yeys
(pz=uw)IH loz]e 3

(pg=u)d uexysy
[61]"Te 33

(9z=u)d enoyeN
(8e=u)H [81][e 3

(9z=u)d JayJ1ad
VARNEES

(oor=u)d [938d

saunfuj apjuy d130wsapuls

(Lz=w)H [91]Te 30

(88=u)d [ynquayeny
(8e=u)IH [si]"e 3@

(zor=u)d wny
[p1]"e 39

(oor=u)d Suey|
(zs=w)H [e1] e

(96=u)d ‘winy
(oz=u)IH [z1]e 30

(09=u)d [ynquayesy|
[11]"1e 39

(8p=u)d UUBULIDIUIH
[o1]"e 39

(0z=u)d Aam

SLIYIID03ISO APUY
SISPIOSIP Apjuy

DUIPIAD JO [9AI]

ssuIpuly

sigauaq [enu}0J

suonedidde Jnsouselq

s123[qns Apmis

10

J. Li, M. Fang, A. Van Oevelen et al.

"SAIPNIS AP[UE JO MIIAI INJBIANIT
1 d1qeL



J. Li, M. Fang, A. Van Oevelen et al.

Foot and Ankle Surgery 30 (2024) 7-20

Fig. 2. Patient with progressive collapsing foot deformity (PCFD) assessed by (A) weightbearing radiographs using an anterior-posterior, dorsal-plantar and lateral view (B)
weightbearing CT (WBCT) imaging after 2D reconstruction in the frontal, axial and lateral view (C) WBCT imaging after 3D reconstruction using in Mimics® (Materialise, Haasrode,

BE) in the frontal, axial and lateral view.

| Foot| _____FLRGHT]
CO.fmmk:| 2420

Valgus

Fig. 3. Explanation of the foot and ankle offset (FAO) A. Three-dimensional model of the previous patient with PCFD B The FAO determined the hindfoot axis relative to the ankle
and base of the first as well as the fifth metatarsal head using the foot ankle offset on WBCT datasets. Hereby, a marked planovalgus deformity is observed on the scale bar.

angles and the post-operative calcaneal displacement. Bernasconi
et al. [26] and de Cesar Netto et al. [37] measured HA in the national
football league and the national basketball association players. They
found that WBCT can provide valuable information about anatomic
risk factors for common injuries in professional players. de Cesar
Netto et al. [51,52,54,58] measured hindfoot and midfoot angles in
PCFD and reported that weightbearing 3D images improved the
spatial interpretability of articular incongruency compared with
traditional CT images. Lintz et al. [29,36] determined the hindfoot
axis relative to the ankle and base of the first as well as the fifth
metatarsal head using the foot ankle offset (FAO) on WBCT datasets
(Fig. 3). Hereby, a 3D perspective is given with excellent intra- and
interobserver reliability. Moreover, the FAO has been utilized as a
valid tool in patients with ankle instability, total ankle replacement
and pre- versus post-op comparisons [29,35,36,90]. Day et al. [41]
measured the subtalar joint space width following intra-articular
calcaneal fractures; Bernasconi et al. [38] quantified hindfoot angles
using 3D measurements; Krdhenbiihl et al. [48] used 3D measure-
ment to diagnose sinus tarsi impingement; Day et al. [55] evaluated
PCDF using both 2D and 3D imaging techniques in standing position;
Behrens et al. [56] used 3D coverage mapping techniques to evaluate

1

the talonavicular and calcaneocuboid interfaces; An et al. [63] used
3D WBCT analysis to isolate and quantify the multiplanar rotational
deformation of the talonavicular joint in patients with Charcot-
Marie-Tooth disease. Their studies [29,36,38,41,48,55,56,63] re-
ported that multi-planar weightbearing imaging obtained from
WBCT has excellent intra- and inter-observer reliability in assessing
alignment and aids surgeons in deciding the appropriate treatment
strategy (e.g. osteotomies vs realignment arthrodesis).

3.3. Midfoot

A total of four studies [65-68] addressed disorders at the midfoot
(Table 3). Two studies focus on Lisfranc injuries, Sripanich et al. [65]
and Falcon et al. [66] used 2D variables to measure the distance
between the medial cuneiform and second metatarsal to diagnose
injuries of the Lisfranc ligamentous complex and evaluate potential
subtle injuries. In contrast, Bhimani et al. [67] used 3D variables to
measure the volume of the injured Lisfranc joint complex. They re-
ported that WBCT scans can effectively differentiate between stable
and unstable Lisfranc injuries [65-67]. Steadman et al. [68] retro-
spectively reviewed 302 patients to analyze the naviculocuneiform
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and tarsometatarsal arthritis and reported that WBCT imaging fa-
cilitates an earlier, more reliable diagnosis and grading of midfoot
osteoarthritis relative to WBRX.

3.4. Forefoot

A total of nineteen studies [69-87] reported on forefoot disorders
(Table 4), these studies used 2D or 3D variables to diagnose and
quantify hallux valgus deformity. In studies [69,72,74-76,79] using
2D measurement variables, WBCT mainly focused on quantifying
first metatarsal (M1) alignment [75,76,79] and rotation [69,72,74].
Mansur et al. [69] evaluated the accuracy of various radiographic
measurements in diagnosing hallux valgus deformity; Najefi et al.
[72], using WBCT-assessed hallux valgus and metatarsal rotation
angles; Mahmoud et al. [74]| measured several angles, including the
first-second intermetatarsal angle, hallux valgus angle, Meary’s
angle, and calcaneal pitch angle. Their study reported that WBCT can
be a valuable tool for quantifying M1 pronation. Conti et al. [79]
investigated changes in foot width following pre- compared to post-
operatively for the patients with hallux valgus and reported that the
modified Lapidus can effectively decrease foot width.

In studies [70,71,73,76-78,80-82] using 3D measurement vari-
ables, Zhong et al. [70] reconstructed 3D models to improve spatial
interpretability, when measuring hallux valgus and the distal me-
tatarsal articular angle. Lalevée et al. [71] utilized WBCT to correct
the pronation and plantarflexion of the M1 and compared the 3D
distal metatarsal articular angle in patients with hallux valgus de-
formity and control populations. They [71] reported that conven-
tional radiographs overestimate the valgus deformity of the M1
distal articular surface. Finally, Carvalho et al. [76] measured the
hallux valgus angle and Day et al. [77] used WBCT to measure the
forefoot on artificial intelligence-based measurement. Their [76,77]
studies reported that 3D measurements are more reliable and ac-
curate than 2D measurements.

3.5. Imaging and segmentation time, radiation dose and costs

A total of 2 studies were identified that investigated radiation
dose, time spent on image acquisition, and cost-effectiveness
[84,85]. Richter et al. [84] reported that the time spent for the WBCT
was 70% faster than radiographs and 35% faster than CT scan, be-
cause no changes in patient positioning was required. In a second
study, Richter et al. [85], analyzed 11,009 WBCT scans over 5.6 years
to assess the potential benefit of using WBCT over WBRX and/or CT
as the standard imaging modality. They reported there was a 10%
decreased in radiation dose, 77% decrease in image acquisition time
and increased financial profit for the institution.

A total of 2 studies [86,87] compared the time to segment CT data
using automated versus manual measurements and obtain accurate
results in 5 angles of the foot and ankle. Investigators reportedly
spent 73% less time than manual measurements (44.5 s per angle)
using the semi-automated measurement software (12s per angle)
(Bonelogic Ortho Foot and Ankle, Version 1.0.0-R, Disior Ltd, Hel-
sinki, Finland) [86]; Full-Automated measurement (automatically
generate 3D models and identify different bones) software (1s per
angle) (AM, Autometrics, Curvebeam, Warrington, PA, USA) reduced
measurement time by 97% compared to manual measurements
(44.5 s per angle) [87].

4. Discussion

The principal finding of this systematic review identified a
growing diagnostic landscape for applications of WBCT, which was
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most frequently studied in hindfoot deformities (Table 2). Compared
to WBRX, the most commonly reported diagnostic applications of
WBCT imaging were improved spatial interpretability to quantify
structural and rotational deformities, amongst others due to 3D re-
construction (Table 5, Figs. 2-4), and the benefits were time spent on
image acquisition, radiation dose, and the cost-effectiveness of using
WBCT compared to WBRX or traditional CT [84,85]. Off note, one
additional value of 3D reconstructions is to allow (semi-)automated
measurements. These have shown to reduce the measurement
time, but reported also different values compared to manual mea-
surements [86,87]. This should be taken in to account when per-
forming (semi-)automated measurements and needs further
investigation in future studies.

Specifically, in the ankle, WBCT showed higher accuracy for
quantifying alignment, ankle joint space width for patients with
osteoarthritis [ 11,14,16] or tibiofibular distance in syndesmotic ankle
injuries [19,20,22] using both 2D and 3D measurements. Although
the consensus in these studies points towards the benefits of WBCT
in ankle disorders, it should be taken into account that the level of
evidence was moderate. The mean MINORS of the 14 studies in the
ankle was equalled 10.1 on a total of 24, and twelve studies are level
IIl of the evidence, and two studies are level IV.

In the hindfoot, WBCT is a valuable tool for accurately quan-
tifying the hindfoot alignment [25,28,29,36,38,41]. Measure-
ments were not significantly affected by the presence of hardware
[29,33,37], anatomic variability [28,30], and projection or or-
ientation [31,34-36,41] when compared to WBRX. In particular,
the reconstructed 3D models of the talus and calcaneus allowed
also to quantify 3D talocalcaneal alignment of the subtalar joint
[25,28,34,56,57,62,63]. To overcome the inability of WBCT to as-
sess soft tissue structures, one study combined WBCT and MRI to
evaluate hindfoot disorders, with a good correlation between
both modalities [47]. The level of evidence was in the same range
as the ankle studies and demonstrate mean MINORS of the 41
studies in the hindfoot was equalled 9.7 on a total of 24, thirty-
four studies are level III of the evidence, and seven studies are
level II.

In the midfoot, WBCT overcame the superposition of the bones
and improved the characterization of the 3D structural details
[67,68]. Assessing the Lisfranc joint complex under physiological
load allowed to effectively differentiate between stable and unstable
Lisfranc injuries [65,67] and determine joint space changes for pa-
tients with ligamentous disruption, especially in subtle cases [66].
Additionally, midfoot osteoarthritis is often missed or under-
estimated on WBRX [68]. WBCT allowed for an earlier and more
reliable diagnosis of midfoot osteoarthritis than WBRX [68]. The
mean MINORS of the 4 studies in the midfoot was equalled 9.5 on a
total of 24; Four studies were level III of the evidence. Of note, the
mean MINORS was the lowest among the studies assessing the
midfoot, indicating that this anatomical area would benefit more
from higher-quality studies.

In the forefoot, WBCT allowed the assessment of the bone in
coronal, axial, and sagittal planes to determine rotation, varus/
valgus, and plantarflexion [70,71,74,77]. The ability to accurately and
reliably quantify M1 pronation is an important step to help surgeons
acquire more optimal corrections and maximize functional results
[69,72]. Unfortunately, an accurate linear evolution of hallux valgus
could not be evaluated due to the retrospective nature of the stu-
dies [75]. In addition, there is no “gold standard” [78] for the mea-
surement of M1 rotation and sesamoid pronation [74,75]. The mean
MINORS of the 17 studies in the forefoot was equalled 10.2 on a total
of 24, sixteen studies are level III of the evidence, and one studies are
level IV.
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Table 5
List of potential benefits.

Foot and Ankle Surgery 30 (2024) 7-20

Benefits Number of studies

Reference of studies

Absence of superposition

Improved evaluation of joint space width 18
Improved quantification of rotation 8
Improved definition of alignment 36
Availability of 3D reconstructions

Area and volume measurements 5
Improved spatial interpretability 36
Novel 3D measurements 5

(3D distance map)

Reduced imaging time 4
Reduced costs 2
Radiation dose 1

Ankle 10,15,17,21-23
hindfoot 43-47,50,51,56
Midfoot 65,66,68
Forefoot 79
Ankle 11,13,20
hindfoot
midfoot 62
forefoot 68,71,74,80
ankle 12,14,16,18
hindfoot 25-28,30-40,42,49,52-55,58,59,62,63,64,70,71,75
midfoot
forefoot 76,79
ankle 20,21
hindfoot 41
midfoot 66
forefoot 72
ankle 18,20,21,
hindfoot 24,25,28-30,32-34,36-38,40,41,44,48,51-64
midfoot 67
forefoot 70,71,73,76-78,80,81;82
ankle 19
hindfoot 34,41,47,56,57,60-62
midfoot
forefoot
83,84,85,86
83,84
84

Left Neutral

Right Neutral

,

Right Stress

\

Fig. 4. Examples of distance mag analysis using Disior® software (Paragon 28, Denver, US) (A) Patient with ankle valgus deformity demonstrating a lateral overload in the ankle
joint (B) weightbearing CT (WBCT) images in neutral stance (upper) and augmented external rotation stress (lower) in a patient with a syndesmotic injury in the left ankle. For
each condition, a corresponding 3D distance mapping plot is presented, which reveals an increased tibiofibular clear space on the left side during external rotation stress as

described by Peiffer et al. [94].

This study contained several important limitations. Firstly,
some publications may not have been identified with the applied
search strategy. This could be attributed to the chosen search
terms or the fact that studies that were not written in English
were excluded. To minimize error, all references of included stu-
dies were additionally screened. Secondly, the results and con-
clusions were based on a limited number of studies with

17

heterogeneous study designs. Furthermore, since there were
considerable differences in the reported radiological and clinical
outcomes, we were unable to perform a meta-analysis assessing
the general effect of WBCT on the alignment of the ankle and foot.
Thirdly, 22 out of the 76 studies presented a relatively low study
quality, which could impede the generalizability of the obtained
findings.
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|

Studies included in the review per anatomical area

Fig. 5. Number of weightbearing CT (WBCT) studies per anatomical area the in foot and ankle.

5. Conclusion

Diagnostic applications of WBCT imaging are, at present, most
frequently studied in hindfoot deformity, but other areas are on the
rise due to rapid growth in the number of indications (Fig. 5). De-
finition of alignment, evaluation of joint width and spatial inter-
pretability of images in 3D were identified as the main benefits
compared to WBRX. This study was to first review the WBCT lit-
erature according to a systematic approach over the last ten years.
The identified applications of WBCT can help orthopaedic surgeons
to evaluate various disorders of the foot and ankle by avoiding
measurement errors caused by patient positioning and osseous su-
perimposition. Hereby, weightbearing CT is able to surmount the
diagnostic information obtained from weightbearing X-ray’s [8,84].
With the continuous application of WBCT, corresponding software
will be developed to facilitate measurement methods in both 2D and
3D [91]. Moreover, weight-bearing CT could further progress as
standard imaging tool in the diagnostic work-up of foot and ankle
disorders, since it is also capable of providing digitally reconstructed
radiographs (DDRs) from the CT images [92,93]. However, the ob-
tained findings should be interpreted with caution as the average
quality score was moderate. Therefore, future prospective studies
with adequate sample sizes are warranted to standardize the mea-
surement terminology and consolidate the role of WBCT in diag-
nostic and therapeutic algorithms.
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