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Abstract

The use of preoperative and intraoperative guidance in foot and ankle surgery has grown substantially in recent years.
Weight-bearing computed tomography (WBCT) and patient-specific instrumentation (PSl) are used in total ankle
arthroplasty (TAA) to achieve precise bone cutting and implant positioning, and intraoperative 3-dimensional (3D) imaging
has been used to reduce complications and improve clinical outcomes in other foot and ankle surgical procedures. This
narrative review of the literature focuses on the evidence supporting the use of WBCT and PSl in TAA and looks at other
promising technologies used to guide foot and ankle surgery.
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Introduction

In recent years, several preoperative and intraoperative
guidance techniques have emerged in foot and ankle sur-
gery. Although intraoperative robotics and navigation are
not currently used in foot and ankle surgery, new guidance
techniques have contributed to an increase in the informa-
tion accessible to surgeons. Weight-bearing computed
tomography (WBCT) can be used to create patient-specific
instrumentation (PSI) for surgery. The implementation of
WBCT, PSI, and intraoperative imaging has been valuable
in total ankle arthroplasty (TAA), as well as in other foot
and ankle procedures.

Arthritis of the ankle joint affects about 1% of the pop-
ulation [7]. End-stage ankle arthritis can give rise to debil-
itating outcomes that compromise quality of life—for
example, pain and swelling that limits work and daily
function and creates emotional and mental distress [15].
Recently, TAA has emerged as a valid alternative to ankle
arthrodesis, which was historically the gold-standard
treatment for ankle arthritis [35]. The number of total
ankle replacements performed annually continues to rap-
idly increase [30]. This increase is linked to improvements
in implant design and surgical techniques, which have led
to improved implant longevity and expanded patient
candidacy.

Proper bony alignment and implant positioning are cru-
cial to optimize postoperative outcomes following TAA [5].
Even minor malpositioning can significantly affect motion
and contact pressure, potentially leading to implant failure
[18,39,45]. Implant positioning is critically dependent
on the quality of cuts of the distal tibia and proximal talus.
Cuts that are inappropriately varus, valgus, internally
rotated, externally rotated, dorsiflexed, plantarflexed, or
uneven (and therefore cause the implant to not seat fully on
bone) can all increase micromotion, bony strain, and the
risk for implant failure [44]. Recent innovations in TAA
have allowed surgeons to provide more accurate component
positioning using PSI with individualized cutting guides
generated from WBCT scans [12]. These advancements
allow for improvements in bone cutting precision prior to
implant insertion.

This review article includes a brief discussion of inno-
vations in foot and ankle procedures outside of TAA, in
which similar imaging techniques are being used to
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provide surgeons with a more complete understanding of
patients’ unique anatomical features. This information can
help guide preoperative planning and operative decision-
making. For example, in procedures such as arthrodesis
and open reduction internal fixation (ORIF), the use of PSI
and novel intraoperative imaging techniques—such as
3-dimensional (3D) fluoroscopy and computed tomogra-
phy (CT)—can help surgeons by providing guidance that
enables them to make better-informed decisions during
surgery, ultimately improving clinical outcomes.

Preoperative Imaging

Use of WBCT in Foot and Ankle Surgery

WBCT involves CT imaging of the loaded foot and ankle
while the patient is standing upright. It is used to identify
underlying pathologies, such as malalignment and impinge-
ment, that may not be fully appreciated when the joint is
offloaded. WBCT uses cone-beam CT technology, rather
than conventional multidetector CT configurations, to allow
the detector to move around the upright patient while he or
she remains stationary [31].

Compared to other imaging modalities, WBCT has
demonstrated substantial advantages. Conventional X-rays
have demonstrated limitations in terms of perspective,
rotational and fan distortion, and reproducibility [4,6,31].
In addition, the complex architecture of the foot and ankle
present challenges when using X-rays to visualize the anat-
omy, even if loads are borne during capture. Conventional
CT can compensate for some of these limitations, but it
does not allow for weight-bearing capability, rendering it
somewhat misrepresentative of the articular configuration
when a patient is loading the joint. Without loading the
foot, pathological severity is often underestimated and
clinical manifestations may appear less severe or even
undetectable [21]. To fully understand the function of the
foot and the relationships of structures, the joint must be in
the appropriate weight-bearing position. WBCT enables
this, providing a more accurate representation of the true
orientation of the ankle during loading [11]. As a result, it
has the potential to improve clinical outcomes in compli-
cated foot and ankle disorders.

This technology has applications in TAA and in numer-
ous other areas of foot and ankle surgery, including adult-
acquired flatfoot deformity (AAFD), hallux valgus, injury
at the syndesmosis, and lateral ankle instability, among
others [11]. In patients with AAFD, WBCT can identify
with greater sensitivity subtalar and subfibular impinge-
ment, potentially providing insight into which patients
might fail a flatfoot reconstruction [26,32]. In patients
with hallux valgus, WBCT can be used to identify the
degree of pronation of the first metatarsal to guide surgical
management [9,29].

Use of WBCT in TAA

Preoperative CT-derived PSI alignment guides allow for
optimal bone cuts in TAA [48]. These guides are designed
using 3D imaging from the patient’s preoperative WBCT.
The cutting guides are constructed based on the patient’s
unique anatomy, thus offering the potential to improve
ankle alignment and reproducibility of the prosthesis place-
ment [7,23].

The use of CT-based cutting guides and implants may
enable more accurate and reliable bone cutting [20]. While
there is no current intraoperative navigation system for use
in TAA, incorporating WBCT into the preoperative plan-
ning process allows for modeling of potential implant sizes
and positions. Computer models are able to account for the
degree of deformity, retained hardware, and the presence of
large cysts or osteophytes [23]. This all allows for more
comprehensive preoperative planning and, ultimately, less
variability in the operating room.

Preoperative WBCT is also useful in the evaluation of
ancillary procedures to be done alongside TAA, including
calcaneal osteotomies, ligamentous reconstruction, and
adjacent joint arthrodesis [13]. This is clinically significant,
as 73% of ankles with varus deformity greater than 5°
require ancillary procedures [43]. Understanding the func-
tional loading anatomy of the foot and ankle using preop-
erative WBCT is critical to developing a preoperative plan
for intraoperative reconstruction.

Due to the novelty of WBCT technology, there are lim-
ited data on its usefulness in reducing postoperative compli-
cations, and further clinical studies are warranted. While
correlations between implant positioning and outcomes
have been reported [8,33,42], further investigation is needed
to determine the position that yields optimal outcomes. The
available evidence shows that using preoperative WBCT
for intraoperative procedures can both decrease operative
time and increase rates of implant survival [1,41]. Moreover,
both preoperative WBCT and PSI have the potential to
improve accuracy and reproducibility of component align-
ment, thus resulting in more appropriate correction of
deformities as more is learned about optimal implant posi-
tioning and alignment. This can in turn decrease the need
for corrective osteotomies, ultimately lowering the burden
for patients [48].

Intraoperative Guidance
PSI

Several PSI systems on the market used in TAA aim to
facilitate the installation of the implant using customizable
modules created from CT imaging. The most widely used is
PROPHECY (Wright Medical Technology, Memphis, TN),
which is most commonly used for preoperative navigation
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Fig. 1. An INBONE total ankle replacement in a 48-year-old man with end-stage ankle arthritis: preoperative standing radiographs
(a: anteroposterior [AP], b: lateral); preoperative weight-bearing computed tomography (c: coronal, d: sagittal) used to create patient-
specific instrumentation with customized cutting guides and a preoperative surgical plan (e); intraoperative fluoroscopy (f) used to
confirm adequate position of the cutting guides; postoperative weight-bearing (WB) radiographs (g: AP, h: lateral) showing excellent

positioning and adherence to the preoperative plan.

with the INFINITY (Wright Medical Technology) total
ankle system, a modular prosthetic. However, PROPHECY
can also be used alongside the INVISION and INBONE II
(Wright Medical Technology) modular prostheses; these are
commonly used in TAA revision, as well as in TAA cases
with extensive deformity. WBCT imaging has recently been
used alongside PROPHECY [48]. The PROPHECY system
optimizes accuracy; with INBONE, it was found to produce
an average variation between preoperative planned implant
placement and postoperative actual implant placement of
less than 2° and less than 1.4 mm [7]. A case example with
INBONE is shown in Fig. 1, and a case example with
INFINITY is shown in Fig. 2.

In addition, PSI systems can improve accuracy and pre-
cision in cases of extensive tibial deformities or existing
implants. In implant systems like Vantage (Exactech,

Gainesville, FL)—which uses an extra-medullary align-
ment guide anchored at a proximal pin at the tibial tuber-
cle—deformity at the knee or tibia may make it difficult to
assess alignment for bony cuts. A case example with
Vantage is shown in Fig. 3. Moreover, implants proxi-
mally such as a total knee arthroplasty (TKA) prosthesis
may further complicate this process and necessitate alter-
native methods for judging bony resection. In cases such
as these, PSI provides an opportunity to ensure satisfac-
tory bony cuts and implant position while minimizing
complications. Another PSI system newly available on the
market is the APEX 3D (Paragon28, Englewood, CO),
which is designed for maximal rotational stability during
natural motion of the ankle [2,19]. Further research regard-
ing the accuracy and precision of these PSI systems is
warranted.
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Fig. 2. An INFINITY total ankle replacement in a patient with end-stage ankle arthritis and valgus deformity of the hindfoot:
preoperative anteroposterior (AP) (a) and lateral (b) weight-bearing (WB) radiographs; preoperative WB computed tomography
(c: coronal, d: sagittal) used for preoperative planning (e) that includes customized cutting guides and guidance for implant position;
postoperative standing AP (f) and lateral (g) radiographs confirming position of the implant and of the hindfoot (the patient also
underwent concomitant calcaneal osteotomy and first tarsometatarsal fusion to realign the foot).

Intraoperative Imaging

While not yet approved for use in TAA, advanced intraop-
erative radiologic techniques have already improved surgi-
cal methods for multiple procedure types in foot and ankle
surgery [33,41]. Unlike traditional fluoroscopy, which pro-
duces 2-dimensional (2D) images, intraoperative 3D fluo-
roscopic imaging uses a mobile isocentric C-arm to obtain
CT-like 3D images. This has improved outcomes in foot
and ankle surgery, specifically in operative treatment of
osteochondral lesions of the talus [22]. In fixation of both
ankle and pilon intraarticular fractures, 3D fluoroscopy
helps prevent revision procedures [3]. Intraoperative guid-
ance using 3D imaging provides novel information: Richter
[41] found that in about one-third of fracture reduction and
fixation cases, it illuminated the need for reduction/correc-
tion and/or implant repositioning.

Another type of intraoperative imaging system that uses
CT, known as the O-arm, is used for ORIF of calcaneal frac-
tures and syndesmotic injuries, allowing for more accurate
visualization of bony anatomy and implants. Intraoperative
use of the O-arm has been shown to improve patient out-
comes, including wound healing and revision rates [10].
The O-arm can also be used intraoperatively to identify dia-
stases of the syndesmosis that would otherwise be missed
[16]. It also improves the detection of necessary intraopera-
tive re-reduction in ankle ORIF and the quality of resection

in talocalcaneal coalitions in children, a procedure in which
3D fluoroscopy is less contributive [17,27].

Imaging can also be used to make 3D models of a joint
for intraoperative guidance in a technique known as com-
puter-assisted surgery (CAS). The use of CAS in arthrode-
sis of foot and ankle deformities allows for rapid correction
and improved accuracy, potentially leading to improved
clinical outcomes [14,41]. CAS guidance uses 3D fluoros-
copy or CT for intraoperative navigation to provide imme-
diate control of surgical treatment. It has improved accuracy,
procedure speed, and clinical outcomes in the correction of
deformities of the ankle, hindfoot, and midfoot/tarsometa-
tarsal [12].

Future Applications

Intraoperative navigation been used in other orthopedic
procedures for decades. Since first being used for TKA in
the 1990s, CAS has improved the accuracy of tibial prepa-
ration, coronal alignment, and implant survival [1,28,47].
When it is used in total hip arthroplasty (THA), CAS results
in better positioning of the implants and may reduce intra-
operative complications [34,38,40].

Intraoperative navigation in TAA has significant poten-
tial benefits, as described by its use in TKA and THA. The
Mako (Stryker, Kalamazoo, MI) is a robotic-arm assisted
surgery system that enables accurate execution of the
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Fig. 3. A vantage patient-specific instrumentation total ankle replacement in a 54-year-old woman with debilitating left ankle arthritis:
preoperative standing radiographs (a and b); preoperative weight-bearing computed tomography (c: coronal, d: sagittal) used for
preoperative planning and creating patient-specific cutting guides; intraoperative photograph (e) of the customized cutting guide
pinned into place; intraoperative fluoroscopy (f: anteroposterior, g: lateral) demonstrating the implant; early postoperative non-
weight-bearing radiographs (h: anteroposterior, i: lateral) showing excellent implant position.

surgical plan and protects against soft tissue damage in
TKA and THA [46]. KneeAlign and HipAlign (OrthAlign,
Aliso Viejo, CA) are intraoperative navigation systems that
provide information on where to cut the distal femur and
proximal tibia in TKA and on cup placement and leg length
in THA [36,37]. Intellijoint KNEE and Intellijoint HIP
(Intellijoint Surgical, Kitchener, ON) are navigation tools
that provide real-time intraoperative measurements for
accurate TKA and THA implant alignment [24,25]. The use
of these technologies in TAA, alongside WBCT planning,
has the potential to offer precise and accurate implant posi-
tioning. While current WBCT and PSI allow for precise
tibial and talar cuts, there is still the risk for subsequent
implant malrotation or malposition. An additional direction
to explore is to validate the measurements that have been
collected using existing deep learning and artificial intelli-
gence algorithms. This would entail using measurements
recorded by WBCT, for example, to develop models that
can predict clinical outcomes. Using these methods, the
measurements will become increasingly accurate as addi-
tional data are collected.

Finally, an ultimate goal for intraoperative guidance
would be the implementation of WBCT techniques in the
operating room. Currently, surgeons simulate loading using
2D imaging, but this has limited efficacy. Simulated weight-
bearing with a 3D imaging modality could provide accurate
and immediate feedback on implant positioning, joint align-
ment, and projected function.

In conclusion, recent technological advancements in
orthopedic surgery have led to the incorporation of opera-
tive navigation and preoperative planning to improve clini-
cal results. In TAA, preoperative WBCT has helped
surgeons better understand the orientation and specifica-
tions of patients’ joints, and it allows for the development of
individualized cutting guides that are both reliable and
reproducible. In other areas of foot and ankle surgery, intra-
operative fluoroscopic and CT imaging has improved post-
operative outcomes, reducing complications and revisions.
Future work in TAA will ideally lead to intraoperative navi-
gation to further improve implant positioning and maximize
outcomes.
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