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Abstract: Osteoarthritis (OA) of the ankle affects about 1% of the world’s adult population, causing
an important impact on patient lives and health systems. Most patients with ankle OA can show an
asymmetrical wear pattern with a predominant degeneration of the medial or the lateral portion of
the joint. To avoid more invasive ankle joint sacrificing procedures, joint realignment surgery has been
developed to restore the anatomy of the joints with asymmetric early OA and to improve the joint
biomechanics and symptoms of the patients. This narrative, comprehensive, all-embracing review
of the literature has the aim to describe the current concepts of joint preserving and reconstructive
surgery in the treatment of the valgus and varus ankle early OA, through an original iconography
and clear indications and technical notes.

Keywords: ankle deformity; early osteoarthritis; reconstruction; joint-sparing; surgery; review

1. Introduction

Ankle osteoarthritis (OA) affects about 1% of the world’s adult population [1], causing
an important socioeconomic impact on patients and health systems [2,3]. Unlike the hip
and the knee, ankle OA is reported in about 80% of the cases related to trauma [4,5], and a
part of the population involved is represented by active and high-performance-demanding
patients, with a large part younger than 50 years [1].

Most patients with ankle OA show an asymmetrical wear pattern [6] with a predomi-
nant degeneration of the medial or the lateral portion of the joint. If left untreated, these
patients will have a progression of the disease up to end-stage global osteoarthritis [7].

To avoid more invasive ankle joint sacrificing procedures, joint realignment surgery has
been developed to restore the anatomy of the joints with asymmetric early osteoarthritis
and improve the biomechanics of the joints and symptoms of the patients [6–8]. This
narrative, comprehensive, all-embracing review of the literature has the aim to describe
the current joint preserving and reconstructive surgery in the treatment of the valgus and
varus ankle early osteoarthritis.

2. Etiology

About 80% of ankle OA has a post-traumatic origin, such as articular fractures or
repeated trauma [9,10]. The fractures that can lead to an asymmetric valgus ankle are
represented by the distal diaphysis of the tibia, tibial plafond, and distal fibular frac-
tures [3]. Another frequent cause of valgus ankle osteoarthritis is repeated ankle sprains
with associated insufficiency of the deltoid ligament complex [11].

The deltoid ligament complex has a fundamental role in preventing the lateral transla-
tion and valgus inclination of the talus [12]. It has been demonstrated that lesions of the
deep portion of the deltoid ligament can lead to a lateral translation of the talus and cause
valgus ankle osteoarthritis [11–13]. Moreover, the adult flatfoot deformity associated with

J. Clin. Med. 2022, 11, 5288. https://doi.org/10.3390/jcm11185288 https://www.mdpi.com/journal/jcm
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tibialis posterior (TP) dysfunction and hindfoot abnormalities can be recognized as a cause
of ankle OA [14,15].

Varus deformities can also be related to previous fractures (mostly lower-leg frac-
tures [16,17] and/or repetitive ankle sprains [18]), as well as bone deformities, chronic
lateral capsulo-ligamentous insufficiency or muscle imbalance, or neurologic diseases such
as cerebral palsy or nerve disorders. As with valgus deformities, the varus ones can be asso-
ciated with a concomitant deformity that may be seen at the supramalleolar, intraarticular,
and/or inframalleolar level [18–20].

3. Management of Valgus Ankle Early Osteoarthritis

3.1. Diagnosis
3.1.1. Clinical Assessment

It is necessary to obtain a full clinical history of the patient, including comorbidities,
previous surgeries, trauma, and fractures. Both the lower limbs need to be fully exposed; it
is necessary to evaluate the alignment of the entire limb during weight-bearing and the
posture during standing and walking [11].

The painful areas of the ankle and foot have to be evaluated, as well as the motion of
the joints. The instability of the medial or lateral ligamentous complex should be clinically
tested. Tightness of the Achilles tendon has to be studied with the knee in extension
and flexion.

Tiptoe position and the function of the tibialis posterior tendon should be assessed;
the hindfoot alignment, plantar arch, and midfoot are then considered. The mobility of the
hindfoot and midfoot and any deformity should be highlighted and defined if mobile or
rigid [11]. The position of the forefoot, in particular of the first ray, should be determined,
as well as the eventual supination or pronation of the forefoot and toe deformities [21].

3.1.2. Radiographic Assessment

In the literature, authors routinely reported weight-bearing standardized radiographs
for radiographic evaluation. These require anteroposterior and lateral views of the ankle
and lateral and dorsoplantar views of the foot [3,22]. Besides, it is also useful to perform a
mortise view of the tibiotalar joint [14]. A Saltzman view is included for the evaluation of
the hindfoot alignment.

Patients with a deformity involving the ipsilateral hip or knee should be assessed with
a panoramic weight-bearing radiograph of the entire limb.

One of the most important parameters for the analysis of the valgus deformity of the tibiotalar
joint is the medial distal tibial angle (MDTA, Figure 1), which measures the angle between the
longitudinal axis of the tibia and the transverse axis of the tibial plafond. The mean value reported
in the literature differs between measurements on radiographs and studies on cadavers. In vivo
radiographic measurements reported a mean value of 92.4 ± 3.1◦ (84–100◦) and studies on
cadavers a mean value of 93.3 ± 3.2◦ [3,23]. Moreover, the measures could differ between
radiographs in standard and mortise views of the ankle; it is recommended to perform the
angle measurements on standardized radiographs.

Another fundamental measurement for the preoperative evaluation of a valgus an-
kle is the medial tibiotalar angle (MTTA). The MTTA measure the position of the ar-
ticular surface of the talus concerning the main axis of the tibia, with a mean value of
9.5◦ ± 1.2◦ [14]. The difference between the MDTA and the MTTA gives the talar tilt and
measures the incongruence of the tibiotalar joint [4]. The talar tilt in a normal aligned
ankle has a value of less than 4◦ [24]. As reported by Krähenbühl et al. [25], the MDTA
and talar tilt are useful measurements to distinguish between a supramalleolar and an
intraarticular deformity. An MDTA value greater than 92◦ indicates a supramalleolar
valgus deformity. A talar tilt greater than 4◦ is related to an incongruent tibiotalar joint and
an intraarticular deformity.
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Figure 1. Visual artwork showing α angle of correction and MDTA (medial distal tibial angle).
α: angular correction desired.

In selected cases with degenerative alterations of the ankle and other adjacent joints, it is
recommended to use single-photon emission computed tomography (SPECT/CT) to evaluate
the exact location of the degenerative joint changes and their biological activity [21,26].

Eventually, magnetic resonance imaging (MRI) will be useful in the evaluation of the
amount of residual cartilage layer, the grade of joint degeneration, eventual osteochondral
lesions, and the quality of the ankle ligaments and tendons [22,27].

4. Indications and Contraindications

The main indication for a realignment surgery procedure is represented by an asymmetric
OA with a valgus deformity associated with a lateral articular surface preserved [7,28]. Some
authors reported that at least 50% of the articular surface should be preserved for this
surgery [4,29]. In selected patients, another indication is isolated lateral osteochondral
lesions of the ankle [30]. In some cases, a realignment procedure represents the first
surgical step in ankle replacement surgery [31], making it easier and faster. It reduces the
time of surgery and complications and improving the final alignment of the definitive
components [3].

The contraindications to a realignment surgery can be found in an end-stage OA
with less than 50% of cartilage preserved, patients in poor general health or not able
to follow the postoperative protocol [28], vascular or neurological diseases, poor bone
quality [4], acute or chronic infections of the ankle, unmanageable hindfoot instability [3],
or neuropathic disorders.

Relative contraindications are represented by advanced age (older than 70 years) [3],
smoking, diabetes mellitus, soft tissue or skin disorders, or abnormalities [4,32].

5. Supramalleolar Osteotomy

A supramalleolar osteotomy is a surgical procedure introduced by Takakura et al. [14,33]
in 1995. In a supramalleolar valgus deformity, the most indicated surgical procedure is a medial
closing wedge osteotomy.

5.1. Preoperative Planning

To determine the height of the wedge of the osteotomy, the width of the distal tibia (W)
is measured on an anteroposterior weight-bearing radiograph. The height of the wedge to
remove from the tibia is the result of the formula: H = tan α1 × W, with α1 as the desired
angular correction [3,34] (Figure 1). The osteotomy distal plane should be perpendicular
to the medial cortex of the tibia. The proximal plane is inclined based on the angle of
correction desired and the height of the wedge to remove (as a general rule, it is suggested

3
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there be an overcorrection of 2–4◦) [4]. For anomalous MDTA, the center of rotation of
angular (CORA) is measured. It is represented by the intersection of the mid-diaphyseal
line and the line from the center of the joint and perpendicular to the abnormal MDTA.
CORA may be at the level of the joint line (usually due to misalignment or degeneration of
the anatomical joint line) or proximal (usually due to tibial defects/fractures) [34–36].

5.2. Clinical Results

Hintermann et al. [37] reported 48 cases of ankle malunited fracture sequaele, treated
by supramalleolar osteotomy, finding a correction of malalignment in all patients at the
follow-up. At the follow-up of 7.1 years, good–excellent results were found in 42 patients.
Pagenstert et al. [7] reported 35 cases of realignment surgery for valgus or varus osteoarthri-
tis. At a mean follow-up of 5 years, the authors found a significant improvement in pain
and functionality.

Knupp et al. [8] reported 92 patients with valgus or varus malalignment treated
with realignment surgery. At a mean follow-up of 43 months, they reported clinical
and radiological improvements, with a subsequent ankle arthrodesis or arthroplasty in
10 patients.

6. Distal Fibular Lengthening Osteotomy

The unsatisfactory reduction of a distal fibular fracture, or the loss of the reduction
obtained with the surgery, could lead to an alteration of the anatomical axis and distribution
of the loads on the articular surfaces, with a consequent deformity in the valgus of the
tibiotalar joint [38,39]. The incidence of malunion after ankle fractures is reported as
between 5% and 68% [40,41].

The fibula represents the tibiotalar joint lateral buttress and contributes to maintain
the normal anatomy and position of the talus in the mortise. The most frequent malunion
of the fibula is shortening and external rotation and can lead to a widening of the mortise
and lateralization and instability of the talus [42,43]. Typically, an ankle with a malunion of
the fibula is characterized by a widened medial joint space due to the external rotation and
lateral translation of the talus [43–45]. As described, the translation and instability of the
talus have important implications for the function of the tibiotalar joint: a translation of
1 mm of the talus can lead to a reduction of the joint contact surface by up to 40% [38,39,44].

Speed et al. [41] first described the corrective osteotomy of a malunited fibula in 1936.
Since then, several authors have reported encouraging results with this type of surgical
procedure. Weber et al. [46] described a Z-lengthening osteotomy, Roberts et al. [47]
described an oblique osteotomy at the level of the initial fracture, and Yablon and Leach [48]
used a transverse fibular osteotomy with or without the use of bone graft (Figure 2).

 
Figure 2. Visual artwork showing fibular lengthening osteotomy technique.
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The oblique or Z-lengthening osteotomy is indicated only for shortening of minimum
entity and malrotations of less than 10◦. In cases of important deformities, a transverse
osteotomy must be preferred [49]. It is important to note that in this procedure the de-
bridement of the syndesmotic scar tissue is mandatory to enable lengthening the fibula,
otherwise, the fibula cannot be pushed downwards to the tibiofibular joint [46]. Due to the
altered anatomy of the fibula and also due to instability of the syndesmosis, it is common
to detect a high talar tilt value on the radiograph. Most authors measured radiographic
parameters on weight-bearing radiographs internally rotated at 20◦ [43].

Three main alterations of the normal anatomy of the ankle are common on an an-
teroposterior 20◦ internally rotated radiograph: unequal joint space, a broken Shenton’s
line, and a broken curve between the lateral part of the talar articular surface and fibular
recess [38,43,50]. Other parameters important for the evaluation and planning are the talar
tilt, the talocrural angle, and the bimalleolar angle.

Leaving out the already explained talar tilt, the talocrural angle represents the angle
between the line of the tibial plafond and a line connecting the tips of the lateral and medial
malleolus [43]. If this measurement is greater than 3◦ compared to the contralateral side,
a fibular shortening is present. The bimalleolar angle is formed by a line connecting the
tips of the two malleoli and a vertical line that follows the fibular intramedullary space
(Figure 3). A difference greater than 2.5◦ compared to the contralateral side indicates a
fibular shortening [43,51].

Figure 3. Visual artwork highlighting the bimalleolar angle.
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To assess the amount of fibular shortening on the affected side, it can be useful to
compare the relationship between the medial and lateral malleolus to those on the normal
contralateral ankle [42].

Computerized tomography (CT) is useful for the evaluation of malrotation and to
detect the incongruence of the lateral malleolus in the fibularis tibiae notch [42,46].

Clinical Results

Weber et al. reported 23 cases of fibular malunion treated with lengthening osteotomy,
with 73% good–excellent results [50]. El-Rosasy et al. [42] described 17 cases, with 12 good
or excellent and 5 unsatisfactory results. Van Wensen et al. [43] found, in their case series,
75% good or excellent results. Mosca et al. [38] reported the outcomes of 23 patients treated
with ankle joint rebalancing through fibular lengthening, with an improvement of the AOFAS
score from a preoperative 32.6 ± 7.6 points to a postoperative score of 74.0 ± 8.9 points and
all cases treated with radiographic evidence of good alignment.

7. Ligament Reconstructions

The deltoid ligament complex has a fundamental role in the medial stability of the
ankle. Besides, it contributes to preventing the lateral translation and the valgus angula-
tion of the talus [11,12]. In case of concomitant insufficiency of the deltoid ligament, its
reconstruction is indicated.

As reported by Hogan et al. [11], the reconstruction of the deltoid ligament complex
represents a valid additional treatment when ligamentous stability and balancing are required.
Instead, an isolated reconstruction of the deltoid ligament is not an effective treatment of the
valgus ankle OA and cannot have satisfactory outcomes as an isolated procedure.

Various techniques have been described for the repair or reconstruction of the del-
toid ligament. It is possible to repair the deltoid ligament anatomically by reattachment
and retensioning it to its origin on the medial malleolus with anchors or trans-osseous
sutures [14]. Wiltberger and Mallory described a technique using a tendinous autograft,
splitting the posterior tibial tendon (PTT). The PTT was left attached to its insertion and the
split proximal end passed through a bone tunnel in the medial malleolus [11,52].

8. Associated Procedures (Calcaneal Osteotomy, Evans Osteotomy, Subtalar and
Midfoot Arthrodesis, Cotton Osteotomy, Posterior Tibial Tendon Repair
or Reconstruction)

In cases of associated valgus deformity of the hindfoot or of the mid- or forefoot, or
posterior tibial tendon dysfunction, additional procedures could be considered.

9. Management of Varus Ankle Early Osteoarthritis

9.1. Diagnosis
9.1.1. Clinical Assessment

The patient’s examination has a central role in the evaluation work-up: during the
clinical examination, it is important to expose not only the foot but the entire lower limb
because the varus malalignment can be related not only to the ankle but also to the entire
lower limb. The patient must be examined barefoot, during walking and standing, and the
position of the ankle, the foot, and the hindfoot should be assessed. It is not rare to point
out heel varus, cavus foot, and/or a first ray plantarflexion while examining the foot during
weight-bearing. Using the Coleman Block test, it is possible to assess the role of the first ray
on the varus hindfoot position. Clinical evaluation should also take into consideration the
compensatory valgus position of the hindfoot. After visual examination, palpation must
be performed; it is important to focus on the search for a tender spot on the course of the
medial and lateral ligament complexes and tendons; the joint lines of the ankle, subtalar,
and Chopart joints should be always palpated to highlight painful points.

The functionality of muscles should be evaluated and particular attention must be
paid to possible tightness of the heel cord and function of plantar flexors. The stability of
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the ankle and the hindfoot should be manually assessed. It is also important to measure the
tibiotalar range of motion both in plantarflexion/dorsiflexion and in eversion/inversion.

The last part of the clinical examination should include a neurovascular status exami-
nation and in particular tibial nerve function.

9.1.2. Radiographic Assessment

The radiographic examination is performed through weight-bearing X-rays: dorso-
plantar and lateral plain radiographs of the foot, ankle mortise, and hindfoot alignment
view (Saltzman view).

Panoramic lower limb radiographs should also be included allowing the surgeon to
assess the bony deformities of the entire lower extremity. Preoperative CT scans, SPECT-
CT [26], or a weight-bearing CT (WBCT) could be useful to better comprehend the case,
assess the quality of the bone, and identify cysts preoperatively [53]. Magnetic resonance
imaging (MRI) may be helpful to evaluate possible tendon and muscle pathologies [54].

9.1.3. Surgical Treatment

If conservative treatment has given no benefit to the patient, surgical treatment should
be taken into consideration. The surgical options are joint-sparing techniques, arthrodesis,
and arthroplasty. Regardless of the technique, the goal is to reach a plantigrade, fully
functional, and stable foot. To obtain an optimal treatment, associated deformities, forefoot
malalignment, lesser toe deformities, Achilles tendon tightness, knee deformities, and
contralateral lower limb malalignment, lateral chronic ankle instability, and hindfoot OA
must be recognized.

10. Supramalleolar Osteotomy

The aims of supramalleolar osteotomy (SMOT) are both restoration of the lower-
leg axis (to improve intra-articular load distribution) and to slow down or to stop the
degeneration of the tibiotalar joint [3,55,56] (Figure 4).

Figure 4. Visual artwork showing supramalleolar osteotomy in varus ankle deformity.

Before performing a SMOT it is important to assess different parameters preoperatively,
such as the medial distal tibial angle to quantify the supramalleolar varus deformity, the
tibiotalar tilt to evaluate intra-articular deformity in the coronal plane, and the calcaneal
moment arm to quantify inframalleolar deformity in the coronal plane. Based on leg length,
the osteotomy can be performed either in a medial opening-wedge or lateral closing-wedge
fashion when the varus deformity is larger than 10◦ and/or a previously fused distal
tibiofibular joint is present [16]. It may (in most cases) or may not be associated with a
fibular osteotomy in case of an overlong fibula. Knupp and colleagues [34] modified a
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classification of varus ankle providing a treatment algorithm for the joint sparing procedure.
It is extremely useful if an isolated supramalleolar osteotomy may not be sufficient to correct
the deformity.

Depending on the case, different procedures could be associated, such as an intra-
articular distal tibia osteotomy, if varus talar tilt persists due to asymmetric joint wear
(it could be done simultaneously with medial opening wedge osteotomy as described
by Hintermann and colleagues [57]). Other concomitant procedures could be done if
ligamentous instability or fixed hindfoot deformity is present [7].

Indications and Contraindications

The common indications for SMOT are represented by supramalleolar varus defor-
mity with a partially preserved tibiotalar joint, end-stage ankle OA requiring total ankle
replacement, or ankle arthrodesis (as a staged procedure to improve the overall leg axis).

Contraindications to SMOT are end-stage varus OA with degeneration of the entire
tibiotalar joint.

11. Discussion

Ankle OA results from mainly post-traumatic causes. The typical patient is relatively
young and active and because of that, their expectations are higher than those of the
patient affected by hip or knee OA. In the early stages of varus ankle OA, the best option
is represented by an osteotomy to shift the weight load from medial to lateral [3,55,56].
Through surgery, it is possible to resume normal biomechanics and to achieve pain relief,
functional improvement, and also slow down the degeneration process [7,33,58–62].

On the other hand, it is important to underline that 25% of patients who undergo
a SMOT procedure need a secondary procedure [63]. Krähenbühl and colleagues [6],
in a prospective study showed the need of a secondary ankle replacement or an ankle
arthrodesis at long-term follow-up.

Risk factors associated with failure of an early OA treatment are young age at the time
of the surgery and a Takakura preoperative score 3B. Additionally, a preoperative tibiotalar
varus tilt greater than 7◦ can be considered a risk factor [6], as well as a varus ankle with
the talus tilted within the mortise, and degenerative changes located in the medial gutter
as described by Tanaka [64].

On the other hand, Kim and colleagues [55] in their retrospective study showed
significant pain relief in most of the 31 patients who underwent supramalleolar medial
wedge OT (Visual Analog Scale (VAS) 7.1 + 0.8/3.4 + 1.3); they also showed a functional
improvement (American Orthopedic Foot and Ankle Society (AOFAS) hindfoot score
62.9 + 4.0/83.1 + 7.5) at a mean of 13.2 + 1.4 months after surgery. In another series of
35 patients who had undergone supramalleolar osteotomies by Pagenstert and colleagues [7],
91% postponed total ankle replacement.

Today, computer tomography-based 3D planning allows the operators to make a
precise prediction of the correction and the possibility of performing the surgical procedure
using patient-specific cutting guides, increasing its accuracy [65].

However, it is important to underline the fact that complete pain relief cannot be
achieved by SMOT because of preexisting irreversible degenerative changes of the tibiota-
lar joint.

12. Complications and Pitfalls

The intraoperative complications of these procedures include neurovascular or tendon
lesions. An accurate surgery is necessary to minimize this risk [3].

Wound healing problems are frequent, above all in patients with risk factors such as
smokers, diabetes, or poor quality of soft tissues.

Over- or under-correction of the deformity can be linked to inaccurate preoperative
planning or technical errors [48] and could lead to an impingement syndrome, deformity
of the ankle, or faster cartilage wear.

8



J. Clin. Med. 2022, 11, 5288

A malunion or nonunion can occur at the site of the osteotomy. Among the possible
causes of this complication, inappropriate surgical technique, violation of the lateral cortex
of the tibia [3], and a non-anatomic reduction or a secondary displacement are included.

A loss of correction is possible in case of non-compliance of the patient regarding the
early postoperative period or case of inadequate fixation [14].

The bone graft used in the procedure of fibular lengthening could be reabsorbed
or collapse. An appropriate surgical technique with a stable fixation could prevent this
complication [48].

Moreover, pain or discomfort at the level of the hardware is possible, and in some
cases, a subsequent hardware removal procedure after the consolidation of the osteotomy
is necessary.

Months after the procedure, a progression of osteoarthritis of the tibiotalar joint can
occur [6].

One of the most feared complications is infection, which can be superficial or deep [66].
A superficial infection can appear as delayed or poor healing of the wound, necrosis of the
wound, or hematoma. In contrast, deep infection can involve hardware, soft tissues, or
reach the bone.

13. Summary

Patients with osteoarthritis of the ankle in most cases present a varus or valgus malalignment.
When osteoarthritis has not reached its final stage, a joint realignment surgical proce-

dure can slow down the cartilage wear and relieve symptoms. Realignment surgery of the
ankle has to be carefully planned, evaluating the origin of the deformity and associated
pathological conditions of the ankle and the foot.

The literature has shown promising results for the various techniques available for the
correction of ankle malalignment.
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Abstract: Femoral shaft fractures are one of the most common injuries in trauma patients. The gold
standard treatment consists of closed reduction and intramedullary nailing, providing a high fracture
healing rate and allowing early mobilization. However, rotational malalignment is a well-known
complication following this procedure, and excessive femoral anteversion or femoral retroversion can
trigger functional complaints. In order to achieve the ideal degree of femoral rotation, a 3D planning
and printing cutting guides procedure was developed to correct femoral malrotation. A patient
series with malalignment after a femoral diaphyseal fracture was operated on with the customized
guides and evaluated in this study. Computed tomography scans were performed to accurately
determine the number of degrees of malrotation, allowing the design of specific and personalized
surgical guides to correct these accurately. Once designed, they were produced by 3D printing.
After surgery with the customized guides to correct femoral malrotation, all patients presented a
normalized anteversion angle of the femur (average −10.3◦, range from −5◦ to −15◦), according to
their contralateral limb. These data suggest that the use of customized cutting guides for femoral
osteotomy is a safe and reproducible surgical technique that offers precise results when correcting
femoral malrotation.

Keywords: 3D printing; 3D technology; femoral osteotomy; femoral malrotation; femoral anteversion;
femoral shaft fractures

1. Introduction

Femoral shaft fractures (FSF) are one of the most common injuries in trauma patients,
with an incidence of between 10 and 21 per 100,000 people per year [1,2]. Their causes are
often related to high energy mechanisms such as traffic accidents and are commonly associ-
ated with multiple injuries, life-threatening complications, sequelae and limb deformities,
namely shortening and malrotation, if not treated appropriately [3].

The gold standard treatment for FSF consists of closed reduction and intramedullary
nailing. This technique provides a high fracture healing rate and allows early mobiliza-
tion [4,5]. However, a rotational malalignment is a well-known complication following
this procedure, and a difference in rotation greater than 15◦ compared with the healthy
side can be responsible for functional complaints [6,7]. This complication may occur in
28% of the patients [8], although other studies showed that the incidence of malrotation
after intramedullary nailing for femur fractures ranges from 19% to 56% [9–11]. Femoral
malrotation is calculated by measuring the femoral version, which is defined according to
the technique described by Jeanmart et al., determining the angle between a line tangential
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to the dorsal bony contours of the femoral condyles and a line drawn through the axis of
the femoral neck [12,13].

The average values of femoral anteversion range from 10◦ to 15◦, and exceeding these
values on both sides can lead to pathological conditions [14]. On the one hand, excessive
femoral anteversion can imply anterior knee pain and patellofemoral instability, anterior
hip pain and labral tears in patients with concomitant femoro-acetabular impingement,
posterior extra-articular hip impingement and ischiofemoral impingement. It is also a
frequent reason for an internally rotated gait, which can cause discomfort when walking,
with tripping, and difficulties with running and doing sports. On the other hand, a lack of
femoral anteversion (or femoral retroversion) can cause damage to the labrum and articular
cartilage of the hip and early osteoarthritis, and an externally rotated gait [7,15–26].

By means of derotation osteotomies, surgeons seek to resolve the malrotation resulting
from the initial surgery for FSF. However, achieving the ideal degree of femoral version
is difficult and challenging. One of the reasons is that current surgical techniques for
correcting malrotation are observer-dependent, based on measurements of intraoperative
clinical and radiological parameters [27–31].

Therefore, new techniques need to be developed to allow for more accurate correction.
In this regard, the use of custom 3D planning and printing cutting guides is a novel tool
in surgical interventions to correct femoral malrotation. Advances in 3D technology in
recent years have led to an exponential increase in its use in medicine, and especially in
orthopedic surgery [32–35].

3D printing is an additive manufacturing technique that allows us to transform a
digital model into a three-dimensional object. Three-dimensional models are obtained by
processing digital radiological studies of patients, such as computed tomography (CT)
scans, and when the virtual model has been obtained, it can be printed. Objects are built
layer by layer, using different technologies and materials depending on the final application
for which they are intended. 3D printing allows manufacturing by successively adding
material to the object, so as to create complex structures that could not be obtained with
other technologies [36].

CT scans can accurately determine the degree of malrotation, enabling the design of
a specific and personalized surgical guide. Its design and 3D printing according to the
surgical plan would improve the predictability of osteotomy procedures [37,38]. Another
option to solve this problem could be the use of navigated surgery, but, to our knowledge,
there are so far no publications on this technique.

In the present study, we describe in detail a new surgical technique based on the design
and 3D printing of customized cutting guides for femoral osteotomies with rotational
malalignment after a diaphyseal fracture, and the clinical outcomes in a case series.

2. Materials and Methods

2.1. Patients

Six patients with a medical history of closed FSF after a traffic accident are described
in Table 1. Five of them had undergone surgery at other centers, and were brought into our
clinic for a second opinion; the other patient did not have any previous surgery.

Table 1. Clinical and surgical data of the patients.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Age (years) 23 72 40 30 59 35
Sex Female Male Male Male Female Male
Side Left Left Left Right Right Left

Previous distal
femur deformity Internal rotation External rotation External rotation Internal rotation External rotation Internal rotation

Pre-angulation (◦) −60 40 43 −44 1 −24
Correction (◦) 45 50 50 33 15 19

Post-angulation (ª) −15 −10 −7 −11 −14 −5
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Clinical examination showed groin and/or knee pain, with an in-toe or out-toe gait.
On the initial telemetry all the patients presented signs of femoral malrotation, so a CT
scan was performed to calculate the degree of femoral torsion.

2.2. Design and 3D Printing

The CT images were treated with 3D reconstruction software (Mimics®, Materialise,
Belgium), obtaining a 3D composition of the femoral head, proximal metaphysis and
condyles of both lower extremities (Figure 1A). The rotational malalignment was accurately
measured by the software according to Jeanmart’s technique, as described above [12], and
compared with the contralateral limb (Figure 1B).

Figure 1. Calculation of correction degrees (Patient 3). A 3D composition of the femoral head, proximal metaphysis and
condyles of both lower extremities are obtained from CT images (A), and the rotational malalignment of both limbs is
evaluated (B). The degrees of malrotation are calculated by software according to Jeanmart’s technique (top, (C)), as well as
the degrees needed for correction (red) (bottom, (C)). Once the position of the distal femur is established before and after
(red) rotation correction (D), the guides are designed to correct the necessary number of degrees and to fit the patient’s
bone surface.

After quantifying the required degree of correction, preoperative planning was per-
formed (Figure 1C,D). A diaphyseal derotational osteotomy with intramedullary fixation
was considered for all the patients. A segmentation process was performed, in which
3D volume is generated from a CT scan, and custom surgical guides were made for the
correction of the femoral rotation.

The planning, design and manufacturing process is divided into different phases.
Initially, the desired anatomical area, in this case the femur, is segmented. The Mimics
Innovation Suite from Materialise is used for this purpose. Subsequently, using Nx Uni-
graphics from Siemens and Magics (Materialise, Materialise, Belgium; NX Unigraphics,
Munich, Germany), the surgery is planned and simulated. During this phase we compare
different strategies and results in order to obtain an optimal outcome.
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Once the correction is defined, customized guides are designed with Nx Unigraphics
and Magics. Depending on the bone deformity, these can be placed separated or joined
together as required to facilitate placement during the surgical procedure. After defining
the design, all components are manufactured in biocompatible ABS M30i with a Stratasys
F380mc printer and after undergoing a validated cleaning process, they are sent to the
hospital for sterilization by a Low Temperature Hydrogen Peroxide and Plasma sterilizer
(Matachana 130 HPO®) and subsequent surgical use.

2.3. Surgical Technique

The femoral diaphysis was exposed through a postero-lateral approach, between
the vastus lateralis and lateral intermuscular septum (Figure 2A). The two initial surgi-
cal guides were pinned to the bone surface with two monocortical Kisrchner wires and
two monocortical screws for each piece (Figure 2B). The 3D-printed guides adapted accu-
rately to osteophytes and fracture lips, ensuring perfect rotational positioning and precision
in placement.

Figure 2. Surgical technique (Patient 3). After exposing the femoral diaphysis through a postero-lateral approach (A), the
two initial surgical guides are pinned to the bone surface (B). Subsequently, the osteotomy is carried out by removing
all previous osteosynthesis material (C). The correction is performed with an external or internal rotation of the distal
femoral fragment and the third 3D- printed guide is used to connect the other two, providing the correct femoral rotation
degree (D). The degrees of rotation of the distal femoral fragment are defined by the alignment of the two guides (E). Once
the two guides are aligned and connected by the third piece, the distal fragment is already correctly rotated according
to the surgical planning (F). Finally, the osteotomy is completed by inserting the intramedullary nail and removing the
surgical guides.

The next step was to remove previous osteosynthesis material (T2 femoral nail,
Kuntscher nail or Russell-Taylor nail). After conducting a femur osteotomy through the
previous fracture site, correction of internal or external femoral torsion was performed with
an external or internal rotation of the distal femoral fragment, respectively (Figure 2C–E).
Then, the third 3D-printed guide was used to connect the other two, and provide the correct
femoral rotation degree (Figure 2D–F). Finally, a new T2 nail (Stryker) was introduced, with
both proximal and distal locking. As the screws in the guides were monocortical, it was
not necessary to remove the guides to place the new nail, which maintained the correction
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and provided stability for the derotation femoral osteotomy. Once the nail was placed, the
surgical guides were removed, and correct positioning was checked under fluoroscopy.

In cases of fracture sequelae, it may be easier to apply the guides separately to better
adapt each part of the guide to the deformed relief of the bone. Furthermore, in cases of
idiopathic anteversion without fracture and in cases with poorly exuberant callus bone, the
different parts of the guide are first joined together and then separated before correcting
the rotation (Figure 3).

Figure 3. Surgical procedure. Guides are fixed separately in cases of fracture sequelae to correctly
adapt them to the relief of the bone (A) and then the rotation is performed until the wires are aligned
(B). In cases of idiopathic anteversion without fracture and in cases with poorly exuberant callus
bone, the guide is first fixed with the pieces joined together (C), and then separated (D) and rotated
until the alignment of the wires is achieved (E).

The success of the surgery is assessed both clinically and radiologically. Thus, X-
rays are employed to see the consolidation status of the osteotomy and, additionally,
teleradiography is performed to confirm the rotation. This rotation is then compared with
the initial one. As for the physical examination, the hip is explored for internal and external
rotation and to assess the symmetry between both hips (Figure 4).

Figure 4. Pre- and postoperative image study (Patient 3). Teleradiographs are conducted to observe
rotation before (A) and after surgery (B). It also indicates callus formation over time. The CT scan
also indicates whether the alignment of the femur is correct after surgery (C).
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3. Results

Results are shown in Table 1. A total of six derotation osteotomies were performed in
six patients: two female and four male. The average age was 43 years (range 23–72 years).
Three of the patients presented a femoral external rotation deformity (average +28◦, range
from +1◦ to +43◦), while the other three patients displayed an internal rotation deformity of
the femur (average −43◦, range from −24◦ to −60◦). After surgery, all patients presented
a normalized anteversion angle of the femur (average −10.3◦, range from −5◦ to −15◦),
with respect to their contralateral limb.

As explained before, the etiology was post-traumatic in all the patients, in each case
due to a traffic accident, and five of the six patients had previously undergone surgery. The
mean time elapsed from the first surgery to the surgery performed by our medical team was
179.2 months (range 10–600 months). Three of the patients had a T2 nail (Stryker) implanted
at the first operation, another patient had a Russell-Taylor nail (Smith & Nephew), while
the remaining patient had a Küntscher nail. No major complications had occurred in this
time (after first surgery), nor any deep or superficial infections.

4. Discussion

This study describes a new surgical technique to correct femoral malrotation using
custom 3D-printed cutting guides. In addition, we present a series of six patients who
consulted for femoral malalignment after an FSF, in which a femoral derotation osteotomy
was performed using the customized guides. The results suggest this is a safe process
with great precision to establish the proper rotation of the femur. Using 3D-printed guides
makes the surgery shorter and technically easier, with less radiation inside the operating
room. Furthermore, this procedure is inexpensive.

Customized osteotomy guides solve one of the major difficulties when correcting malro-
tations by providing a highly accurate calculation and correction of the degrees of malrotation.
Several methods of calculating intraoperative femoral rotation were published in the literature.
A work by Krettek et al. described simple and useful techniques used to analyze limb align-
ment after initial fixation of femoral and tibial fractures [39]. Jagernauth et al. used a protractor
to correct the femoral internal rotation after intramedullary nailing, performing a derotation
osteotomy leaving the previous nail in situ [40]. A method carried out by Espinoza et al.
set femoral rotation in acute fractures using the inherent anteversion of the intramedullary
nail [41]. Stambough et al. determined femoral anteversion measuring the trochanteric promi-
nence angle in adolescents with symptomatic excessive femoral anteversion [42]. Although
all these techniques offer a variety of possibilities for solving the proposed challenge, they
present some limitations, such as the requirement of a high dose of radiation in the operating
room, or the help of an experienced radiology technician to achieve the correct visualization
of the necessary projections. However, the major drawback of these techniques is that the
correction to be performed is observer-dependent and, therefore, it should be taken into
consideration that these techniques are somewhat susceptible to error.

On the other hand, the technique described in the present study calculates the degrees
to be corrected by means of virtual planning prior to surgery based on the patient’s
imaging studies, from which the guides are designed to accurately correct the degrees
of rotation as well as fitting the patient’s bone tissue with exactitude. Consequently, the
surgeon only needs to follow the indications provided by the custom 3D-printed guide,
thus avoiding a subjective estimation of the number of degrees to be corrected during the
surgical intervention, and the resulting error. This was confirmed by the fact that patients
who underwent this surgical technique achieved a normalized anteversion within the
recommended range (from −5◦ to −15◦).

The major disadvantage of this procedure is that it requires open surgery. As a
consequence, there is an increased risk of blood loss during the operation as well as a
possible risk of delay in the union or nonunion at the level of the osteotomy. This was
resolved by Buly et al. by performing 55 femoral derotation osteotomies in 43 patients
for version abnormalities using an intramedullary hand saw, with the advantage of not

17



J. Clin. Med. 2021, 10, 3366

requiring exposure of the osteotomy site [43]. Rotational control was achieved by placing
1/8-inch smooth Steinmann pins into the femur, proximal and distal to the osteotomy to
the desired amount of rotational correction. However, the angular correction was again
observer-dependent, controlled visually using flat, triangular guides from a blade plate
instrument set. Other authors also carried out rotational femoral osteotomies using an
intramedullary saw [44,45].

It should be noted that the positioning of the 3D-printed guides is a critical step in
this type of surgery [46]. Thus, the detailed and meticulous fabrication of the guides is
mandatory, as well as correct positioning in the bone, taking into account the fracture ends
and reference bone reliefs used in the design of the guides. Suboptimal intraoperative
guide positioning could lead to incomplete or excessive correction.

In the case of bilateral femur malrotation due to bilateral FSF, it is not possible to
compare with a healthy limb, and the desired femoral anteversion should be estimated
based on the mean values of the population.

In recent years, the techniques of designing and manufacturing surgical guides have
been improved, as well as the printing material. This is a modern and personalized tech-
nique, in constant evolution, in which different custom guides are manufactured for each
case. Its versatility makes it a promising alternative for other types of surgical intervention.
It might be a valid surgical treatment of acute fractures with severe comminution of the
fracture site, since only a CT scan of both lower extremities is needed, and the preparation
time of the guides is relatively short; around 5–6 h. It may even be an option for treatment
with osteosynthesis plates or external fixation, when needed, in other pathologies such as
hypophosphatemic osteomalacia, osteogenesis imperfecta, polyostotic fibrous dysplasia,
vitamin D-resistant hypophosphatemic rickets and other lower extremity bone deformities.

This study has several limitations, including the small sample size, and further studies
are needed to evaluate the technique more in greater depth. In addition, it presents the
usual shortcomings associated with retrospective studies of this kind.

5. Conclusions

The design and 3D printing of customized cutting guides for femoral osteotomies with
rotational malalignment after a diaphyseal fracture is a reproducible surgical technique that
offers precise results when correcting femoral malrotation. Following surgery, all patients
presented a normalized anteversion angle of the femur. The use of patient-tailored surgical
guides could be implemented in different types of surgical interventions, improving aspects
such as accuracy and surgery times.
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Abstract: Background: Periacetabular resections are more affected by late complications than other
pelvic resections. Reconstruction using bone allograft is considered a suitable solution. However, it is
still not clear how the bone-allograft contact surface impacts on mechanical and functional outcome.
Materials and methods: This paper presents the results of a retrospective analysis of 33 patients
with resection of the entire acetabulum and reconstruction with an allograft-prosthetic composite
for the period 1999 to 2010. Patients were divided in two groups, based on type of resection. In
Group 1. patients had resections under anterosuperior iliac spine allowing the highest bone-allograft
surface contact in reconstruction, while in Group 2 patients had resections over it. Results: Mechanical
survival of the implant and Musculoskeletal Tumor Society functional score were calculated. Impact of
age and artificial ligament were investigated as well. Patients in Group 1 had 38% mechanical failure
rate of the implant while patients in Group 2 had 88%. Average functional score was higher in Group
1 compared with patients in Group 2. An artificial ligament was shown to have non-significant impact
on survival of the reconstruction in Group 1, while significantly improving survival of reconstruction
in Group 2. Conclusion: Bone-allograft contact matters: resection under anterosuperior iliac spine
allows better mechanical survival and offers better reconstruction functional scores.

Keywords: pelvic resection; alloprosthetic composite; bone sparing; multiplanar osteotomies; surgical
navigation; 3D custom made prosthesis

1. Introduction

Pelvic resections involving acetabulum are more affected by late complications than
other pelvic resections, and, hence, the worst functional prognosis should be expected [1].
The resulting large bone and soft tissue defects, the perioperative complications and the
post-operative tumour treatment frequently result in complications threatening the implant
survival. Factors majorly determining complications are post-operative chemotherapy, the
long surgical intraoperative time and the type of reconstruction [2–6]. Indeed, reaching
a suitable reconstruction following this type of resection is a major challenge for the or-
thopaedic oncologist [3]. Different reconstructive techniques have been proposed over the
years: Harrington reconstruction, iliofemoral coaptation or pseudoarthrosis, ischiofemoral
arthrodesis, saddle prosthesis, alloprosthetics composite and 3D custom made prosthe-
ses [3,7,8]. When reconstruction is not a suitable option, flail hip can be performed [9].
Among all these techniques, alloprosthetics composite reconstruction consists of a bone
allograft customized on the operative table to restore pelvic bone defect combined with a
total hip arthroplasty. In most cases, it is a reliable solution after periacetabular tumour
resection in terms of durability and function [3,6]. However mechanical, infective and local
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tumour relapse complications range from 30% to 90% [2,6,10–12]. Infection and disloca-
tion are the most common complications in the early stages [2,3,6], while, loosening and
mechanical failure are later complications [6,10]. However, type II pelvic resections can
involve much more than the periacetabular area, and, thus, it is unclear if extension of the
resection due to tumour location impacts on the functional outcome of the reconstruction
over time [1]. The extension of resection is reported with no effect on outcome of a periac-
etabular reconstruction in [5,6], while other reports [5,11,13,14] showed better outcome in
cases with limited bone excision. We, therefore, decided to retrospectively review our series
of patients who experienced pelvic resection and reconstruction with allograft prosthetic
composite to investigate if the extension of bone-allograft interface in the reconstruction
impacts on survival of reconstruction, thus, pivoting the choice of the type of resection
when this is possible.

2. Materials and Methods

2.1. Criteria of Data Collection

We retrospectively reviewed 69 patients treated with internal hemipelvectomy for a
bone tumour involving the periacetabular area between November 1990 and August 2010.
According to the Enneking and Dunham classification, all the patients had a type II alone or
a combined type II resection; i.e., extending to ilium, ischium, pubis or sacrum, depending
on tumour location [15]. Inclusion criteria: (a) patients with locally aggressive benign (Stage
III) or malignant bone tumour of the periacetabular area; (b) diagnosis performed with
either needle or incisional biopsy confirmed by an expert pathologist; (c) type II resection
alone or combined type II resection of the pelvis; (d) follow up longer than 24 months;
(e) no infection or local tumour relapse. Exclusion criteria: follow up less than 24 months;
infective or local tumour relapse complications. According to the inclusion and exclusion
criteria, 33 patients were considered for the retrospective analysis.

2.2. Classification System of Pelvic Resections Used

The 33 patients were divided into 2 groups following the classification system here
suggested: Group 1 (resection under anterosuperior iliac spine allowing high bone-allograft
contact in the reconstruction: 1A type resection) and Group 2 (resection above antero-
superior iliac spine allowing low bone-allograft contact in the reconstruction: all other
resections) (Figure 1) (Table 1).

Table 1. Classification System.

Region of Proximal Osteotomy Line: Region of Distal Osteotomy Line:

1 Osteotomy inside an area comprised between
the roof of the acetabulum and a line that
connects the apex of the ischiatic notch and the
anterosuperior iliac spine

A Osteotomy involving the ipsilateral pubic
ramus

2 Osteotomy inside an area comprised between
the anterosuperior iliac spine and the lateral
margin of posterosuperior iliac spine bone bulk

B Osteotomy involving the pubic symphysis

3 Osteotomy inside an area comprised between
the lateral margin of posterosuperior iliac spine
bone bulk and the sacro-iliac joint (excluded)

C Osteotomy involving the contralateral pubic
ramus

4 Osteotomy medial to the sacro-iliac joint
(included)
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Figure 1. Classification system based on the amount of bone resected. Numbers are related to the
four different regions in which the proximal osteotomy (super acetabular) can be made. Letters define
the distal osteotomy (medial) location.

The classification system was based on where the proximal osteotomy and the distal
osteotomy were made at the time of surgery to achieve wide margins resection. We
defined 4 regions in the super acetabular area (Figure 1) in which the proximal osteotomy
had been performed in the different cases. Region 1 was contained between the roof
of the acetabulum and a line that connects the apex of the greater sciatic notch and the
anterosuperior iliac spine. Region 2 was comprised of the area between the anterosuperior
iliac spine and the lateral margin of posterosuperior iliac spine. Region 3 was the area
in between the lateral margin of the posterosuperior iliac spine bone and the sacroiliac
joint. Region 4 included the sacroiliac joint, and thus, it was placed in the sacral wing. For
the distal (medial) osteotomy, we identified three osteotomy locations: type A osteotomy
involved the ipsilateral pubic ramus, type B osteotomy was in the pubic symphysis and
type C involved the contralateral pubic ramus.

The Senior Author (DD) participated in all procedures and more than 5 senior surgeons
have been involved in the procedures during the considered period of time. In 4 patients
only the extended iliofemoral (lateral) approach was used. In all other patients, inguinal
extension was performed in order to better expose iliac vessels and nerves, including the
obturator bundle. To improve the exposure of the posterior column of the acetabulum,
in 7 patients a trochanteric osteotomy was performed and repaired using a cable grip
device or a tension band wire. An extra-articular resection, removing the entire hip en
bloc. during tumour excision was used in 9 patients. All procedures were performed using
a frozen, non-irradiated, pelvic allograft shaped to match the bone excised. Grafts were
thawed in Rifampin solution (Lepetit, Milan, Italy) for 60 min before use. Cultures for
aerobic and anaerobic bacteria were performed after thawing. The first 9 patients received
a reconstruction using a bipolar cup or a metal-backed cup cemented in the acetabular
allograft. The other 14 patients were reconstructed with different acetabular cups. In all
these cases, the acetabulum was cemented, and bone screws supplemented fixation of the
cup to the allograft. To protect the allograft from possible fracture of the medial acetabular,
a contoured neutralization plate along the innominate bone was used in 6 of these patients.
The remaining 10 patients were treated with a McMinn acetabular prosthesis (Waldemar
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Link, Hamburg, Germany), which incorporated a large central stem, from 45 mm to 85 mm
in length. We did not use additional screws for fixation, nor a contoured neutralization
plate, in this type of reconstruction. In all procedures involving the iliac wing, we used
three or four large cancellous screws fitted with washers (Synthes, Paoli, PA, USA) passing
through the graft, into the sacrum (Figure 2). In allograft-host junctions at the symphysis
pubis, an anterior plate was fixed onto the contralateral pubic bone with screws and locking
nuts, or the symphysis was fixed with screws and cerclage wires. In 21 patients, to avoid
early hip prosthetic dislocation, we decided to use one or two artificial ligaments. They
were fixed to the proximal femur (inter trochanteric area) with a screw, after having passed
the screw into the allograft ileopubic branch through drilled holes and twisting it around
the prosthetic neck. A Ligament Advanced Repair System (LARS) artificial ligament was
used in the reconstruction (Corin Group, Cirencester, UK) in Figure 2.

Figure 2. Ileo-femoral artificial ligament used for immediate stabilization of the hip joint.

2.3. Data Collection

According with the described classification, Group 1 included 16 patients who had
received 1A resection, while Group 2 included 17 patients who had received other resections
(two 1B, one 2A, two 2B, one 3B, seven 4A and four 4B). Characteristics of patients are
recorded in Table 2. Resection margin results were wide in all patients.

In Group 1 (16 cases), six patients were younger than 40 years old at the time
of the surgical procedure, while ten were older. Ten patients were treated with a hip
artificial ligament.

In Group 2 (17 cases), eight patients were younger than 40 years old, while nine were
older at the time of the surgical procedure. In 11 hip artificial ligaments were used in
the reconstruction.

The end point of the analysis was composite revision, with either revision of the
acetabular cup or allograft retrieval (including acetabular cup).
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Table 2. Data on the 33 patients of the study. Chs c = central chondrosarcoma; Chs dediff = dedifferenti-
ated chondrosarcoma; GCT = giant cells tumour; Os L = low grade osteosarcoma; Os H = high grade
osteosarcoma; Spindle cell s = spindle cell sarcoma; Ewimg = Ewing sarcoma; Angios = angiosarcoma;
Dod = dead of disease; Ned = no evidence of disease.

Number Gender Age Diagnosis Stage Resection Type
Postoperative
Chemotherapy

Patient Follow Up
(Months)

Status

1 M 40 Chs c II B 1A No 194 Ned
2 M 32 Chs c I B 1A No 187 Ned
3 F 56 Chs c I A 2A No 256 Ned
4 F 69 Chs c I B 1A No 168 Ned
5 M 34 GCT 3 1A No 286 Ned
6 F 59 Chs c I B 4A No 255 Ned
7 M 38 Chs c I A 1A No 194 Dod
8 M 62 Chs c IB 1A No 110 Ned

9 F 49 Chs
dediff II B 4B Yes 100 Dod

10 F 25 Chs c I B 3B No 277 Ned
11 M 22 Os L I A 2B No 258 Ned
12 F 17 Os H II B 4A Yes 252 Ned
13 F 22 Os H II B 4A Yes 252 Ned
14 M 21 Chs c IIB 4A No 295 Ned
15 F 33 GCT 3 1A No 230 Ned

16 M 57 Chs
dediff II B 4B No 300 Ned

17 M 56 Chs c IB 1A No 142 Ned
18 M 60 Chs c I B 4B No 146 Ned
19 M 65 Chs c II B 2B No 266 Dod
20 F 37 Chs c II B 4B No 305 Ned
21 M 51 Chs c I B 1B No 138 Ned
22 F 63 Angios IIB 4A No 38 Dod
23 M 29 Tcg III 4A No 331 Ned
24 F 51 Os H II B 1A Yes 65 Dod
25 M 48 Chs c I B 1A No 169 Ned
26 M 66 Chs c I B 1A No 123 Ned

27 F 24 Chs
dediff II B 1A No 276 Ned

28 F 43 Os H I B 1A No 167 Ned
29 M 59 GCT 3 1A No 250 Ned

30 F 35 Spindle
cell s II B 4A Yes 184 Ned

31 M 53 Chs c I A 1B No 173 Ned
21 F 59 Chs c I B 1A No 51 Ned
33 M 18 Ewing II 1A Yes 157 Ned

Patients had regular follow ups, every three months in the first three years, every
six months in the fourth and fifth year and once a year thereafter. Functional status was
calculated during follow-up through the Musculoskeletal Tumor Society evaluation score
(MSTS93) [16].

All follow up radiographs were compared with previous ones: loosening was consid-
ered when the cup was displaced, compared to the previous follow-up. Reabsorption was
defined when more than 1 cm of the allograft around the cup was eroded over time or when
large progressive lucencies were seen around the fixation devices. Fracture of the allograft
was considered when a bone interruption inside the body, or in the margins of the allograft,
was seen. Dislocation of the hip prosthesis was considered when the femoral head lost
articular contact with the acetabular cup. Breakage of plate and screws was evident when
these fixation devices lost their integrity as one single element. Non-union was finally
defined as failure of union by one year after surgery.
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2.4. Statistical Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS) software version 21.0 (SPSS Inc., Chicago, IL, USA). Kaplan-Meier analysis with
the log-rank test was used in order to calculate the failure rate and the mean failure time
of the 2 groups [17]. In all reconstructions, the endpoint of the analysis was at least one
surgical operation for revision of the implant. Functional evaluation of the patients in the
two groups was recorded at two and five years, and at the final follow up. The planned
functional evaluation was completed in all but eight patients. Two of them lacked the
two years follow up, five the five years follow up and one lacked the final follow up. Cox
regression multivariate analysis (with Wald’s backward method) was used to calculate the
impact of age (</>40 years old) and artificial ligament on failure rate in the two groups at
120 months (Table 2).

3. Results

3.1. Impact of Bone-Allograft Contact on the Reconstruction

Patients in Group 1 had a reconstruction with better survival and functional scores
compared to patients in Group 2. In Group 1 the implant had a 38% failure rate and a mean
failure time of 144 months (+/−69 months). While patients in Group 2 had an 88% failure
rate with a mean failure time of 109 months (+/−84 months) (95% CI, p = 0.021) (Figure 3).
The endpoint of analysis was at least one surgical operation for revision of implant due to
mechanical failure (aseptic loosening, fracture or resorption of the allograft, dislocation or
breakage of the hardware).

Figure 3. Kaplan-Meier plot shows different cumulative survival in Group 1 (A1 resection) and in
Group 2 (Other resections) (CI 95%, p = 0.02). Endpoint of analysis was at least one surgical operation
for revision of implant due to mechanical failure (aseptic loosening, fracture or resorption of the
allograft, dislocation or breakage of the hardware). Grey lines represent standard deviation.

Post-hoc sample size analysis for survival of implant (16 patients in Group 1 and
17 patients in Group 2, with 38% failure rate in Group 1 and 88% in Group 2, p > 0.05)
showed power of the study to be 88%.

In Group 1, average functional score was 81% at two years follow up, 77% at five years
and 68% at final follow up (mean time 145 months). In Group 2 the average functional
score at two, five years and at the final follow up (mean time 109 months) were 62%, 70%
and 54%, respectively.
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In Group 1 (16 patients), failure occurred in 7 patients (%). Six of these patients pre-
sented implant failure for loosening of the acetabular cup and were treated with acetabular
cup substitution. Another patient failed due to reabsorption of the acetabular wall and
was treated with substitution of the acetabular cup with a cemented one. None of these
patients underwent allograft removal. Of the six failed patients, in three of them an artificial
ligament had been used in the primary reconstruction.

In Group 2 (17 patients), failure occurred in 15 patients (%). Seven patients presented
cup loosening and were treated with acetabular cup revision (one 1B, one 2B, one 3B, three
4B and one 4B). Four patients had a fracture of the allograft, treated with acetabular cup
revision with an acetabular reinforcement cage in one case (2A), removal of the composite
and saddle prosthesis in another case (4B), removal of the implant and flail hip in another
patient (1B) and acetabular cup revision with iliac crest bone autograft in the other one
(4A). One patient underwent a femoral head revision for dislocation (4A), one patient had
a revision of the implant without allograft removal, due to breakage of the neutralization
plate (4B). Finally, two more patients presented with non-union of the bone graft. One had
the implant and the graft removed and substituted by saddle prosthesis (2B); while, in the
other. the implant was revised with an iliac bone crest autograft without allograft removal
(4A). In six failures of Group 2 an artificial ligament had not been used, three of them failed
with removal of the allograft.

3.2. Impact of Age on the Reconstruction

In both groups, patients older than 40 years old had lower failure rates. In Group 1,
patients older than 40 years old had a survival rate of 90%, while patients younger than
40 years old had 67% survival at 120 months (CI 95%, p = 0.048). In Group 2, patients older
than 40 years old had a survival rate of 56%, while patients younger than 40 years old had
a 38% survival rate at 120 months (CI 95%, p = 0.048).

3.3. Impact of Artificial Ligament on the Reconstruction

In Group 1 there was no significant difference in implant survival if the artificial
ligament was used or not. On the other hand, in Group 2, survival of the reconstruction
benefited from the use of the artificial ligament.

Considering patients in Group 1, those in whom an artificial ligament was used in the
reconstruction had an 83% survival rate, while those with no artificial ligament used in the
reconstruction had an 80% survival rate, at 120 months (CI 95%, p = 0.02) (Figure 4).

Figure 4. Kaplan-Meier plot shows similar survival rate in Group 1 with ligament in the reconstruction
(Yes) or without artificial ligament in the reconstruction (No), at 120 months (CI 95%, p = 0.02). The
endpoint of analysis was at least one surgical operation for revision of implant due to mechanical
failure (aseptic loosening, fracture or resorption of the allograft, dislocation or breakage of the
hardware). Grey lines represent standard deviation.
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In Group 2, those in whom an artificial ligament was used in the reconstruction had a
64% survival rate, while those with no artificial ligament used in the reconstruction had a
17% survival rate, at 120 months (CI 95%, p = 0.02) (Figure 5).

Figure 5. Kaplan-Meier plot shows improved mechanical survival in Group 2 (Yes) using artificial
ligament, at 120 months (CI 95%, p = 0.02). The endpoint of analysis was at least one surgical
operation for revision of implant due to mechanical failure (aseptic loosening, fracture or resorption
of the allograft, dislocation or breakage of the hardware). Grey lines represent standard deviation.

4. Discussion

This study was a retrospective analysis on a limited number of patients, but due to
rarity of the site of operation and the need for long term follow-ups this case series was
larger than others in the literature.

4.1. Impact of Bone-Allograft Contact on the Reconstruction

Reconstruction in Group 1 had a better implant survival if compared to Group 2,
scoring a failure rate of 38% vs. 88% (average 144 months +/−69 months vs. 109 +/−84).
Concerning functional score, Group 1 scored 81%, 77% and 68% vs. 62%, 70% and 54%,
respectively, at two year follow up, five year follow up and final follow up. These results
indicate that providing higher bone-allograft contact allows more mechanical durability and
higher performance of functional reconstruction. These results are comparable with those
of Beadel et al., where type II pelvic resections had a better functional score than type II
combined [18]. In our opinion, our results integrate Beadel’s conclusion under a mechanical
point of view, as in that series deep infection severely impaired the mechanical outcome
of larger resections [18]. Other series, considering resection type, also suggest that larger
resections are consistently influenced by related deep infection, so, the potential mechanical
outcome remains unclear in those series as they appear to be indirectly influenced by
infection [4,5,19]. Compared with the MSTS reported in literature (average functional
result 70%), in our study Group 1 scored higher and Group 2 lower than 70% [3,4,6]. One
of the reasons to explain the better results in Group 1 is related to the direction of the
iliac osteotomy. In Group 1, the osteotomy under the anterosuperior iliac spine endures
less vertical mechanical shear stress at the bone-allograft interface (Figure 6); therefore,
multiplanar osteotomies could be suitable options to tackle this problem in proximal
osteotomies over to the anterosuperior iliac spine [20] (Figure 7). On the other hand,
the distal osteotomy (pubic area) affects pelvic ring integrity; in type A resections pubic
symphysis is spared, while it is not spared in types B and C [21,22]. This factor could
contribute to better results in 1A resections.
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Figure 6. Shear stress vertical forces are less when the osteotomy line is made under the anterosuperior
iliac spine.

Figure 7. Biomechanics of a multiplanar osteotomy: the mechanical load is distributed along the two
osteotomy lines with limited vertical shear stress.
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Long-term survival and functional results of alloprosthetic composite reconstruction
in this series was fair. However, we believe surgically navigated resections and 3D custom
made reconstructions assisted by patient specific instrumentation should provide better
results [20,23–27]. Actually, some studies highlight the importance of bone stock sparing
resections in order to improve mechanical properties of the reconstruction, such as in the
following scenarios, which preserve wide oncological margins while sparing the bone mass
needed for a suitable bone-reconstruction contact: iliac multiplanar osteotomies, surgically
navigated resections and 3D custom made reconstructions [13,14,20,23,24,28].

4.2. Impact of Age on the Reconstruction

In both groups, patients older than 40 years old had lower failure rates at 120 months.
The lifestyle and the higher functional requests of a younger patient could justify mechanical
overuse and earlier failure of the implant. Influence of age on cementless fixation is of
paramount interest in orthopaedics, as most orthopaedic implants are placed in elderly
bone tissues. Despite the fact that it is reported that bone and mineral metabolism decreases
with ageing, the impact of age on bone-implant interface remains unclear in humans [29].
Almost all studies investigating this topic have been conducted on animals presenting
contrasting results: some studies state ageing decreases bone callus formation and causes
lower bone ingrowth in porous implants [29], while in other studies older animals present
lower interface shear stress and comparable fixation survival if compared to younger
animals [18,22,30,31]. Despite ageing probably having a negative effect on bone-allograft
union, these works support the idea that the higher shear stress forces in younger patients
can overcome the good performance of a younger bone.

4.3. Impact of Artificial Ligament on the Reconstruction

In Group 1, the use of an artificial ligament to stabilize hip articulation had no sig-
nificant impact on the mechanics of the reconstruction. On the other hand, in Group 2,
the artificial ligament significantly impacted on the mechanics of reconstruction, giving
64% and 17% survival rates, at 120 months. The mechanical role of artificial ligaments in
improving mechanics of the reconstruction is well known [6,32,33]. However, due to lower
soft tissue excision, a limited resection probably has lower impact on hip stability. The
correct indication for the use of artificial ligament is to be defined, as it has been demon-
strated to increase the risk of infection and synovitis in some series [34–36]. Therefore, in
reconstruction with limited soft tissue sacrifice, this risk could be avoided without any
consequence on the stability of the reconstruction.

5. Conclusions

In conclusion, where periacetabular tumour resection is performed can influence
reconstruction survival and function. In this study, resections under anterosuperior iliac
spine allowed more bone-allograft contact in the reconstruction and were demonstrated
to perform better in terms of long-term failure (38% at long term follow up), yielding
better functional outcomes (75%), if compared to resections above the anterosuperior iliac
spine. Studies comparing functional results after resections inside the iliac wing (low
contact reconstruction) and after resections directly in the sacroiliac joint (higher contact
reconstruction) should be considered. These studies could demonstrate that pursuing a
higher contact reconstruction may provide better functional results, even at the cost of a
wider resection. Furthermore, older age and the use of an artificial ligament in selected cases
showed better clinical and functional scores. In the future, multiplanar osteotomies, surgical
navigation and 3D custom made prostheses could improve the results of all resections,
allowing better bone-reconstruction contact.
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Abstract: In the treatment of knee periprosthetic joint infection with a two-stage protocol, static
spacers allow for the local delivery of high doses of antibiotics and help to preserve soft tissue tension.
Articulated spacers were introduced to better preserve flexion after the reimplantation. The aim of
this systematic review is to provide a comprehensive data collection of the results of these different
spacers. An in-depth search on the main clinical databases was performed concerning the studies
reporting data on the topic. A total of 87 studies and 4250 spacers were included. No significant
differences were found both in pooling data analysis and meta-analysis of comparative studies about
infection recurrences, complications, and clinical scores. Mean active knee flexion at last follow-
up after total knee reimplantation was found to be significantly higher using articulated spacers
(91.6◦ ± 7◦ for static spacers vs. 100.3◦ ± 9.9◦ for articulated spacers; p < 0.001). Meta-analysis also
recognized this strong significant difference (p < 0.001). This review has confirmed that articulated
spacers do not appear to be inferior to static spacers regarding all clinical outcomes, while they are
superior in terms of active flexion. However, the low quality of the studies and the risk for selection
bias with complex patients preferentially treated with static spacers need to be accounted for.

Keywords: knee arthroplasty; periprosthetic joint infection; two-stage protocol; static spacer;
articulated spacer; knee revision surgery

1. Introduction

Periprosthetic joint infection (PJI) is one of the main complications following primary
total knee arthroplasty (TKA), with high morbidity and a significant negative impact on
the outcome. Because of the increase in the number of arthroplasties, the incidence of
PJI has been increasing steadily as well, and it has been reported to range from 0.5% to
1.9%, currently representing a growing social and economic issue for health systems [1,2].
Treatment of PJI represents one of the main challenges of modern orthopedics, requiring a
multidisciplinary approach, as it aims for infection control, pain relief, and restoration of
joint function [3].

The main treatment options for primary PJIs include debridement and implant re-
tention (DAIR), even with the use of local adjuvants (Debridement, Antibiotic Pearls, and
Retention of the Implant—DAPRI) [4], single-stage revision, one-and-half revision with
long-lasting spacer, and two-stage revision. Currently, there are well-established guidelines
for the management of infections after knee arthroplasty, with DAIR recommended only
for early infections with an immature bacterial biofilm and exchange of the prosthesis
required for late infection or in case of implant loosening [5,6]. In particular, two-stage
treatment has proven to be the most cross-adaptive and the most recommended in cases of
infections with highly virulent bacteria and/or bone or soft tissue problems (with possible
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fistulas) [6–9]. The two-stage procedure consists of the removal of the infected prosthesis
and cement, followed by extensive debridement of the non-viable tissue and multiple
washes. A temporary spacer impregnated with antibiotic is then implanted and left in
place for a variable amount of time. Postoperatively, long-term antibiotic therapy is set up.
Empirical intravenous broad-spectrum antibiotic therapy is generally begun immediately
after surgery. After culture results, antibiotic therapy is modified, using an oral regimen
whenever possible [10].

The reimplantation is performed once the infection has been eradicated, on the basis
of clinical and laboratory criteria. However, if there is any suspicion of persistent infection,
a repeat debridement with exchange of the spacer should be undertaken.

The use of an antibiotic-loaded cement spacer is an established method to increase
knee stability and for local antibiotic administration prior to implantation of the definitive
prosthesis [11–14]. Many different types of spacers are regularly used in surgical practice.
Static spacers have demonstrated excellent results over the years in terms of eradicating
the infection and therefore remain a valid treatment option [8]. However, several risks
associated with the use of the static spacer are described in the literature, such as reduced
function between the two stages, shortening of the soft tissues, increased bone loss, and an
increased risk of spacer displacement [15]. To overcome these problems, articulated spacers
are increasingly used, which allow one to avoid the shortening of soft tissues, to reduce
bone loss, and to guarantee the patient a better function between the two stages [16]. Several
categories of mobile spacers are regularly used, including prefabricated cement-on-cement
components, intraoperatively molded cement-on-cement and cement-on-polyethylene
components, and autoclaved femoral component on polyethylene [17].

Currently, the scientific evidence to support the use of static or articulated spacers is
still not conclusive, both for the functional outcomes and the infection eradication rates.
Thus, the choice is often determined by the surgeon’s experience.

The aim of this systematic literature review is to provide a comprehensive data col-
lection on two-stage reimplantation using different types of spacers, in terms of infection
control, complications, and functional outcomes.

2. Materials and Methods

This systematic review was conducted in accordance with the 2020 PRISMA guidelines
(Preferred Reporting Items of Systematic Reviews) [18].

All studies (randomized controlled trials (RCT), prospective (PCCS) and retrospec-
tive comparative studies (RCCS), prospective (PCS) and retrospective case series (RCS))
reporting the use of static or articulated cement or hybrid metal/cement/polyethylene
spacers in two-stage surgery to treat PJI of a primary knee arthroplasty were included. The
two-stage surgical protocol consists of the following: (1) a first surgery with total removal
of the infected implant, extended surgical debridement, and placement of a spacer (usually
an antibiotic-laden spacer)—this step may be repeated in the case of failure to control the
infection; (2) a second surgery for further debridement and reimplantation (regardless of
the type of implant used).

No restrictions were made based on the initial indication for knee replacement surgery,
as the study focused on the treatment outcome of a complication, namely the PJI. Due to
the wide time window of the studies included in this review, the definition of PJI has not
been uniformly stated. The criteria adopted by the individual authors for the most recent
studies are those which were discussed in the 2018 International Consensus Meeting on
Orthopedic Infections [5]. With regard to the remaining articles, the authors of this review
unanimously agreed that the criteria adopted by the authors of the individual studies
included in this review were always diagnostically appropriate to identify patients with
plausible PJI. Otherwise, non-conforming studies were excluded.

Studies reporting the results of PJI treatments other than two-stage protocols (includ-
ing DAIR with or without partial component replacement, single-stage with partial or
total explantation, one-and-half procedure with long-lasting spacer, permanent spacer,
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megaprosthesis, and resection arthroplasty) were excluded. Studies reporting the results of
various treatments of knee PJI were excluded. Cases in which single- or two-stage protocols
were used in the treatment of a recurrence of infection were excluded. Only studies with a
minimum follow-up of 12 months and a minimum of 5 patients were included. Biomechan-
ical studies, cadaveric studies, “in vitro” studies, and animal model studies were excluded.
Only studies in English were included.

Studies eligible for this systematic review were identified through an electronic system-
atic search of the studies published from 1 January 2000 up to 30 June 2022, published on
PubMed (https://pubmed.ncbi.nlm.nih.gov/ (accessed on 30 June 2022)), Scopus (https://
www.scopus.com (accessed on 30 June 2022)), and Web of Science (www.webofscience.com
(accessed on 30 June 2022)) databases. Terms used for the search included “infection”,
“prosthesis-related infection”, “knee joint”, “knee arthroplasty”, “knee replacement”,
“periprosthetic infection”, “2-stage”, “two-stage”, “explant”, “re-implantation”, “static
spacer”, “articulated spacer”, “mobile spacer”, “dynamic spacer”. Articles that were con-
sidered relevant by electronic search were retrieved in full text, and a cross-referencing
search of their bibliographies was performed, to find further related articles. Reviews and
meta-analyses were also analyzed, in order to broaden the search to studies that might have
been missed through the electronic search. All duplicates were removed, and all the articles
retrieved have been analyzed. After the first screening, records without eligibility criteria
were excluded (Figure 1). Remnant studies were categorized by type, according to the
Oxford Centre for Evidence-Based Medicine (OCEBM). To assess the quality of the articles,
the revised Cochrane risk-of-bias tool for randomized trials (RoB2) (Figure 2a) and the
Cochrane risk of bias in non-randomized studies of interventions (ROBINS-I) assessment
tool (Figure 2b) were utilized [19,20]. Each study was assessed by two reviewers (Ma.F.
and L.M.) independently and in duplicate; disagreement was resolved by the senior author
(M.D.). All the included studies were analyzed, and data related to topics of interest were
extracted and summarized (Tables 1 and 2).

Figure 1. PRISMA 2020 flow diagram and the selection of studies.

35



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

1
.

D
at

a
fr

om
se

ri
es

re
po

rt
in

g
on

st
at

ic
sp

ac
er

s.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )
M

e
a

n
A

g
e

(Y
e

a
r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
o

f
P

JI
O

n
se

t
a

ft
e

r
Im

p
la

n
t

(M
o

n
th

s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

cu
rr

e
n

ce
(M

o
n

th
s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-U

p
(D

e
g

re
e

s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-U

p
:

S
co

re
T

y
p

e
a

n
d

V
a

lu
e

s

P
e

ri
-O

p
e

ra
ti

v
e

N
o

n
-I

n
fe

ct
io

n
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(n

◦ )

A
kh

ta
r

et
al

.,
20

19
[2

1]
3

R
C

C
S

17
81

.3
46

N
/A

N
/A

2
9

N
/A

1
N

/A
N

/A
N

/A
N

/A
6

Ba
rr

ac
k

et
al

.,
20

00
[2

2]
3

PC
C

S
28

68
.5

36
(r

an
ge

24
–6

0)
N

/A
N

/A
0

0.
9–

1.
4

2
2

(a
rt

ro
de

si
)

N
/A

N
/A

(r
an

ge
4–

7)
89

K
SS

:1
15

N
/A

Br
un

ne
kr

ee
fe

ta
l.,

20
13

[2
3]

3
R

C
C

S
9

61
12

62
.4

N
/A

0
3.

6
(r

an
ge

1–
10

)
0

0
/

6
73

.8
N

/A
N

/A

C
he

n
et

al
.,

20
16

[2
4]

3
R

C
C

S
8

73
.9

(r
an

ge
63

–8
2)

40
.8

N
/A

N
/A

0
5.

1
(r

an
ge

1.
6–

13
.8

)
0

2
17

.5
6

74
.3

(r
an

ge
50

–9
0)

K
SS

:7
1.

4
(r

an
ge

60
–8

1)
2

C
hi

an
g

et
al

.,
20

11
[2

5]
3

PC
C

S
22

72
(r

an
ge

67
–8

0)
N

/A
N

/A
N

/A
1

3.
1

(r
an

ge
2–

4)
1

2
N

/A
11

.7
85

(r
an

ge
70

–1
00

)

H
SS

:8
2

(r
an

ge
81

–8
8)

7

C
ho

ie
ta

l.,
20

12
[2

6]
3

R
C

C
S

14
N

/A
N

/A
N

/A
N

/A
0

6
4

7
N

/A
6

97
(r

an
ge

75
–1

30
)

N
/A

11

Em
er

so
n

et
al

.,
20

02
[2

7]
3

R
C

C
S

26
65

.7
90

(r
an

ge
33

.6
–1

52
.4

)
N

/A
N

/A
0

N
/A

(r
an

ge
6–

12
)

0
8

N
/A

6
93

.7
N

/A
N

/A

Fa
sc

hi
ng

ba
ue

r
et

al
.,

20
16

[2
8]

4
R

C
S

13
3

70
.1
±

9.
9

N
/A

N
/A

N
/A

0
2.

8
32

16
N

/A
6

N
/A

N
/A

20

Fe
hr

in
g

et
al

.,
20

00
[2

9]
3

R
C

C
S

25
N

/A
36

(r
an

ge
24

–7
2)

N
/A

N
/A

0
N

/A
0

3
N

/A
6

98
±

17
(r

an
ge

50
–1

20
)

H
SS

:
83

±
17

(r
an

ge
37

–9
8)

2

Fr
ee

m
an

et
al

.,
20

07
[3

0]
3

R
C

C
S

28
71

.2
86

.6
(r

an
ge

24
–1

96
.3

)
N

/A
N

/A
0

N
/A

0
3

N
/A

6
N

/A
K

SS
:4

5
(r

an
ge

35
–8

0)
N

/A

G
ha

ne
m

et
al

.,
20

16
[3

1]
3

R
C

C
S

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
0

3
N

/A
ra

ng
e

4–
6

N
/A

N
/A

N
/A

H
al

ee
m

et
al

.,
20

04
[3

2]
4

R
C

S
96

69
(r

an
ge

37
–8

9)
86

.4
(r

an
ge

30
.0

–1
58

.4
)

26
.2

(r
an

ge
0.

5–
17

7)
26

.0
%

M
SS

A
;

14
.6

%
M

R
SA

N
/A

1.
4

(r
an

ge
0.

2–
80

.4
)

0
9

12
(r

an
ge

1.
2–

11
7.

6)
5.

3
(r

an
ge

1–
24

)
90

(r
an

ge
30

–1
20

)

K
SS

:8
9

(r
an

ge
35

–9
7)

6

H
ip

fl
et

al
.,

20
19

[3
3]

4
R

C
S

97
70

(r
an

ge
30

–8
8)

41
(r

an
ge

27
–5

6)
N

/A
42

%
C

oN
S;

22
%

P.
ac

ne
s

9
2.

1
(r

an
ge

1.
4–

5.
5)

0
15

10
(r

an
ge

1–
26

)
9

(r
an

ge
6–

24
)

N
/A

N
/A

10

H
su

et
al

.,
20

07
[3

4]
3

R
C

C
S

7
N

/A
10

1
(r

an
ge

63
–1

20
)

N
/A

N
/A

0
2.

7
(r

an
ge

1.
8–

3.
5)

0
1

21
9.

7
(r

an
ge

6–
12

)
78

(r
an

ge
60

–1
00

)
K

SS
:8

1.
4

N
/A

H
su

et
al

.,
20

08
[3

5]
4

R
C

S
32

66
(r

an
ge

50
–7

8)
68

.3
(r

an
ge

8–
19

7)
N

/A
15

.6
%

S.
ep

id
er

m
id

is
;

12
.5

%
M

SS
A

0
7.

4
(r

an
ge

2.
3–

29
.7

)
4

4
N

/A
(r

an
ge

:
2.

5–
7)

ra
ng

e
6–

8
88

±
19

(r
an

ge
30

–1
20

)

K
SS

:
82

±
14

(r
an

ge
33

–9
9)

22

H
us

te
d

et
al

.,
20

02
[3

6]
4

R
C

S
17

72
.2

(r
an

ge
60

–7
8)

25
.7

(r
an

ge
5–

62
)

17
.2

(r
an

ge
1–

13
3)

41
.2

%
S.

au
re

us
;

41
.2

%
S.

ep
id

er
m

id
is

0
N

/A
2

2
N

/A
5.

4
99

.3
(r

an
ge

70
–1

30
)

N
/A

N
/A

Ip
po

lit
o

et
al

.,
20

21
[3

7]
4

R
C

S
21

52
.4
±

20
.6

12
3.

6
±

76
.8

(r
an

ge
20

.4
–2

91
.6

)

57
.4

(r
an

ge
3–

24
6)

24
%

C
oN

S;
19

%
S.

au
re

us
0

N
/A

1
7

N
/A

12
10

0
±

17
N

/A
18

36



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

1
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )
M

e
a

n
A

g
e

(Y
e

a
r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
o

f
P

JI
O

n
se

t
a

ft
e

r
Im

p
la

n
t

(M
o

n
th

s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

cu
rr

e
n

ce
(M

o
n

th
s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-U

p
(D

e
g

re
e

s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-U

p
:

S
co

re
T

y
p

e
a

n
d

V
a

lu
e

s

P
e

ri
-O

p
e

ra
ti

v
e

N
o

n
-I

n
fe

ct
io

n
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(n

◦ )

Jo
hn

so
n

et
al

.,
20

12
[3

8]
3

R
C

C
S

81
61

(r
an

ge
58

–6
4)

66
(r

an
ge

12
–1

21
)

N
/A

N
/A

N
/A

3.
5

(r
an

ge
2.

7–
4.

3)
N

/A
14

N
/A

N
/A

95
(r

an
ge

30
–1

30
)

K
SS

:8
4

(r
an

ge
48

–1
00

)
0

K
on

g
et

al
.,

20
21

[3
9]

3
R

C
C

S
22

67
.2
±

10
.1

43
(r

an
ge

30
–6

1)
N

/A
N

/A
1

3
(r

an
ge

1.
8–

5.
5)

0
1

N
/A

N
/A

80
(r

an
ge

70
–1

10
)

K
SS

:
60

±
6.

3
0

Li
ch

st
ei

n
et

al
.,

20
16

[4
0]

4
R

C
S

10
9

67
(r

an
ge

42
–8

9)
44

.4
(r

an
ge

24
.0

–1
17

.6
)

N
/A

51
%

St
ap

hy
lo

-
co

cc
us

sp
p.

;
19

%
St

re
pt

oc
oc

cu
s

sp
p.

0
N

/A
N

/A
7

N
/A

11
(r

an
ge

5–
20

)
10

0
(r

an
ge

60
–1

39
)

K
SS

:8
6

(r
an

ge
65

–9
8)

N
/A

Lo
Pr

es
ti

et
al

.,
20

21
[4

1]
4

R
C

S
12

64
(r

an
ge

39
–8

5)
34

.3
(r

an
ge

10
–6

2)
N

/A
25

%
M

R
SA

;
16

.7
%

E.
fa

ec
al

is
4

N
/A

8
2

N
/A

N
/A

(r
an

ge
6–

8)
N

/A
N

/A
0

M
a

et
al

.,
20

20
[4

2]
3

R
C

C
S

66
70

.3
±

11
.0

(r
an

ge
19

–8
6)

75
.3
±

30
.6

(r
an

ge
24

–1
33

)
N

/A
N

/A
6

4
2

0
/

SH
C

:0
.7

ST
C

:1
4.

7
N

/A
N

/A
5

N
ah

ha
s

et
al

.,
20

20
[4

3]
1

R
C

T
24

64
.9
±

8.
4

42
±

14
.4

N
/A

N
/A

2
2.

4
±

0.
7

(r
an

ge
2.

1–
2.

6)
2

2
N

/A
6

10
3
±

12
.7

(r
an

ge
97

.6
–1

08
.3

)

K
SS

:
69

.8
±

14
.1

(r
an

ge
63

.6
–7

3.
1)

13

Pa
rk

et
al

.,
20

10
[4

4]
3

R
C

C
S

20
66

.5
(r

an
ge

48
–8

4)
36

(r
an

ge
24

–6
2)

N
/A

30
%

M
R

SA
;

20
%

M
SS

A
N

/A
N

/A
N

/A
3

N
/A

6
92

(r
an

ge
65

–1
40

)

H
SS

:8
0

(r
an

ge
74

–9
7)

N
/A

Pe
ti

s
et

al
.,

20
19

[4
5]

4
R

C
S

24
0

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

Pr
eo

br
az

he
ns

ky
et

al
.,

20
19

[4
6]

3
R

C
C

S
25

N
/A

12
N

/A
N

/A
0

N
/A

0
0

/
N

/A
(r

an
ge

6–
8)

N
/A

N
/A

N
/A

R
os

si
et

al
.,

20
21

[4
7]

3
R

C
C

S
13

N
/A

18
N

/A
N

/A
0

N
/A

0
0

/
N

/A
10

0.
8
±

28
K

SS
:

76
.9
±

12
1

Sc
hn

ei
de

r
et

al
.,

20
22

[4
8]

3
R

C
C

S
47

63
(r

an
ge

9–
36

)
N

/A
N

/A
N

/A
N

/A
N

/A
2

10
N

/A
N

/A
90

.5
N

/A
6

Si
lv

es
tr

e
et

al
.,

20
13

[4
9]

4
R

C
S

43
(4

5)
72

(6
3–

81
)

86
(r

an
ge

60
–1

32
)

N
/A

17
.8

%
St

ap
hy

-
lo

co
cc

us
sp

p.
;

15
.6

%
M

R
SA

N
/A

4.
4

2
2

N
/A

6
92

(r
an

ge
50

–1
15

)

K
SS

:8
3

(r
an

ge
43

–9
5)

7

Sk
w

ar
a

et
al

.,
20

16
[5

0]
3

R
C

C
S

21
N

/A
8.

5
N

/A
N

/A
N

/A
N

/A
N

/A
2

N
/A

N
/A

79
±

26
N

/A
1

Sp
ri

ng
er

et
al

.,
20

04
[5

1]
4

R
C

S
34

66
.5

(r
an

ge
48

–8
4)

N
/A

N
/A

61
.7

%
C

oN
S;

17
.6

%
S.

au
re

us
N

/A
N

/A
1

3
N

/A
6

N
/A

N
/A

N
/A

V
as

ar
he

ly
ie

ta
l.,

20
22

[5
2]

3
R

C
C

S
76

69
.4
±

10
.0

22
8
±

75
.6

51
,4

(r
an

ge
3–

12
0)

N
/A

4
3

N
/A

10
N

/A
6

82
.1
±

25
.4

K
SS

:7
2
±

23
.3

9

V
ie

lg
ut

et
al

.,
20

21
[5

3]
4

R
C

S
77

64
.9

(r
an

ge
31

.3
–8

2.
4)

24
.5

(r
an

ge
6–

10
7)

23
.6

(r
an

ge
6–

33
6)

N
/A

17
3.

2
(r

an
ge

1.
8–

7.
3)

2
14

19
.5

(r
an

ge
0–

63
.9

)
N

/A
(r

an
ge

6–
8)

N
/A

N
/A

N
/A

Z
am

or
a

et
al

.,
20

20
[5

4]
3

R
C

C
S

14
N

/A
N

/A
N

/A
N

/A
1

N
/A

2
2

N
/A

N
/A

N
/A

N
/A

N
/A

A
bb

re
vi

at
io

ns
:

R
C

T,
ra

nd
om

iz
ed

co
nt

ro
lle

d
tr

ia
l;

P
C

C
S,

p
ro

sp
ec

ti
ve

co
m

p
ar

at
iv

e
co

ho
rt

st
u

d
y;

R
C

C
S,

re
tr

os
p

ec
ti

ve
co

m
p

ar
at

iv
e

co
ho

rt
st

u
d

y;
P

C
S,

p
ro

sp
ec

ti
ve

ca
se

se
ri

es
;R

C
S,

re
tr

os
pe

ct
iv

e
ca

se
se

ri
es

;C
oN

S,
co

ag
ul

as
e-

ne
ga

tiv
e

st
ap

hy
lo

co
cc

i;
M

SS
A

/M
R

SA
,m

et
hi

ci
lli

n-
se

ns
ib

le
/r

es
is

ta
nt

St
ap

hy
lo

co
cc

us
au

re
us

;S
H

C
,s

ho
rt

-c
ou

rs
e

an
tib

io
tic

th
er

ap
y;

ST
D

,s
ta

nd
ar

d-
co

ur
se

an
ti

bi
ot

ic
th

er
ap

y;
PJ

I,
pe

ri
pr

os
th

et
ic

jo
in

ti
nf

ec
ti

on
;F

U
,f

ol
lo

w
-u

p;
K

SS
,K

ne
e

So
ci

et
y

Sc
or

e;
H

SS
,H

os
pi

ta
lf

or
Sp

ec
ia

lS
ur

ge
ry

K
ne

e-
R

at
in

g
Sc

al
e;

N
/A

:d
at

a
no

ta
va

ila
bl

e.

37



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

D
at

a
fr

om
se

ri
es

re
po

rt
in

g
on

ar
ti

cu
la

te
d

sp
ac

er
s.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

A
hm

ad
et

al
.,

20
13

[5
5]

3
PC

C
S

C
/C

75
67

.5
(r

an
ge

57
–8

5)

51
.6

(r
an

ge
24

–8
4)

N
/A

27
.9

%
S.

au
re

us
;

25
.6

%
C

oN
S;

11
.6

%
0

N
/A

(r
an

ge
0.

7–
5)

1
7

42
N

/A
(r

an
ge

4–
12

)

11
5

(r
an

ge
90

–1
25

)

K
SS

:8
9.

5
(r

an
ge

74
–9

5)
N

/A

A
kh

ta
r

et
al

.,
20

19
[2

1]
3

R
C

C
S

C
/C

13
69

32
.9

N
/A

N
/A

2
9.

6

N
/A

2

N
/A

N
/A

N
/A

N
/A

10

Pe
de

st
al

C
/C

14
73

.4
52

.5
1

7.
7

1
2

Ba
bi

s
et

al
.,

20
08

[5
6]

4
PC

S
C

/C
24

71
(r

an
ge

58
–8

4)
72

(r
an

ge
24

–1
20

)
N

/A
58

.3
%

S.
au

re
us

;
42

.9
%

S.
ep

id
er

m
id

is
0

1.
4

0
0

/
6

10
0

N
/A

1

Bo
el

ch
et

al
.,

20
21

[5
7]

4
R

C
S

C
/C

60
67

.8
(r

an
ge

46
–8

5)

35
.6

(r
an

ge
1–

13
5)

53
.5

(r
an

ge
2–

23
9)

N
/A

8
N

/A
4

12
N

/A
6

N
/A

N
/A

N
/A

Br
un

ne
kr

ee
fe

ta
l.,

20
13

[2
3]

3
R

C
C

S
M

/P
26

58
12

56
.4

N
/A

0
4.

4
0

0
N

/A
6

96
.4

N
/A

N
/A

Bu
yu

k
et

al
.,

20
17

[5
8]

4
PC

S
C

/C
25

70
±

9.
7

(r
an

ge
52

–8
8)

39
.8
±

12
.5

(r
an

ge
22

–7
3)

N
/A

36
%

M
R

SE
;

12
%

M
SS

E
2

3.
8
±

1.
4

(r
an

ge
2–

6)
0

1
N

/A
9.

3
±

3.
4

N
/A

K
SS

:7
7

(r
an

ge
32

–9
6)

3

C
ar

ul
li

et
al

.,
20

13
[5

9]
4

PC
S

M
/P

9
66

.5
(r

an
ge

59
–7

1)

55
.2

(r
an

ge
48

–8
4)

15
.5

(r
an

ge
5–

32
)

67
%

S.
au

re
us

;
33

%
S.

ep
id

er
m

id
is

0
1.

9
(r

an
ge

1.
6–

2.
3)

0
0

/
4.

2
(r

an
ge

3–
7)

11
0

(r
an

ge
10

5–
12

5)

K
SS

:8
6.

4
(r

an
ge

74
–9

7)
0

C
as

te
lli

et
al

.,
20

14
[6

0]
4

PC
S

C
/C

50
68

(r
an

ge
54

–8
0)

84
(r

an
ge

24
–1

56
)

N
/A

46
%

C
oN

S;
11

%
M

SS
A

0
3.

7
(r

an
ge

0.
9–

13
.8

)
0

4
12

.8
6

94
K

SS
:7

5.
38

0

C
he

n
et

al
.,

20
16

[2
4]

3
R

C
C

S
M

/P
(a

ut
oc

la
ve

d)
10

68
.9

(r
an

ge
20

–8
8)

32
(r

an
ge

24
–4

6)
N

/A
N

/A
0

4.
4

(r
an

ge
2

–9
.7

)
0

2
13

(r
an

ge
11

–1
5)

6
94

.5
(r

an
ge

70
–1

25
)

K
SS

:7
4.

7
(r

an
ge

62
–8

8)
3

C
hi

an
g

et
al

.,
20

11
[2

5]
3

PC
C

S
C

/C
23

71
(r

an
ge

65
–7

8)
N

/A
N

/A
N

/A
0

3.
4

(r
an

ge
2.

5–
5)

0
1

11
.2

11
3

(r
an

ge
95

–1
25

)

H
SS

:9
0

(r
an

ge
86

–9
4)

0

D
eB

oe
r

et
al

.,
20

20
[1

5]
3

R
C

C
S

C
/C

77
63

(r
an

ge
42

–8
3)

N
/A

(r
an

ge
:

12
–1

20
)

N
/A

N
/A

0
4.

4
(r

an
ge

1.
8–

18
.9

)
2

14
N

/A
6

N
/A

N
/A

N
/A

D
ur

bh
ak

ul
a

et
al

.,
20

04
[6

1]
4

R
C

S
C

/C
24

72
(r

an
ge

44
–9

4)
33

(r
an

ge
28

–5
1)

N
/A

37
.5

%
S.

ep
id

er
m

id
is

;
25

%
S.

au
re

us
0

2.
8

(r
an

ge
2.

3–
4.

4)
2

0
/

6
10

4
(r

an
ge

89
–1

22
)

H
SS

:8
2

(r
an

ge
63

–9
6)

2

Ev
an

s
20

04
[6

2]
4

R
C

S
C

/C
31

64
>2

4
N

/A
29

%
M

R
SA

;
25

.8
%

M
SS

A
0

2.
4

2
3

21
.3

6
11

1
(r

an
ge

0–
13

0)
N

/A
1

Fe
hr

in
g

et
al

.,
20

00
[2

9]
3

R
C

C
S

C
/C

30
N

/A
27

(r
an

ge
24

–3
6)

N
/A

N
/A

0
N

/A
1

1
N

/A
6

10
5
±

12
(r

an
ge

90
–1

26
)

H
SS

:
84

±
13

(r
an

ge
45

–9
5)

2

38



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

Fe
ie

ta
l.,

20
22

[6
3]

3
R

C
C

S

C
/C

23
67

.6
±

9.
4

(r
an

ge
52

–8
1)

46
.6
±

25
.4

(r
an

ge
14

.4
–9

1.
3)

N
/A

30
.4

%
S.

ep
id

er
m

id
is

;
17

.4
%

S.
au

re
us

0
3.

6
±

2
(r

an
ge

2.
2–

10
.9

)
4

0
/

6

77
.4
±

9.
2

(r
an

ge
60

–9
0)

K
SS

:
84

.1
±

5.
6

(r
an

ge
73

–9
3)

0

M
/P

(a
ut

oc
la

ve
d)

24
67

.8
±

9.
5

(r
an

ge
37

–8
0)

50
.5
±

28
.8

(r
an

ge
19

.1
–1

34
.5

)

33
.3

%
S.

ep
id

er
m

id
is

;
12

.5
%

S.
au

re
us

1
6.

4
±

4.
6

(r
an

ge
2.

2–
20

.1
)

0
/

85
±

11
.1

(r
an

ge
60

–1
00

)

K
SS

:
83

.4
±

10
(r

an
ge

52
–9

3)

1

Fr
ee

m
an

et
al

.,
20

07
[3

0]
3

R
C

C
S

C
/C

48
64

.9
62

.2
(r

an
ge

25
.7

–1
19

.6
)

N
/A

N
/A

0
N

/A
0

4
N

/A
6

N
/A

K
SS

:7
0

(r
an

ge
39

.5
–9

0)
N

/A

G
ar

g
et

al
.,

20
11

[6
4]

4
R

C
S

C
/C

36
62

(r
an

ge
50

–7
6)

62
.4

10
(r

an
ge

7–
16

)
N

/A
0

18
(r

an
ge

6–
42

)
7

0
/

N
/A

(r
an

ge
10

–1
2)

75
.6

N
/A

2

G
ha

ne
m

et
al

.,
20

16
[3

1]
3

R
C

C
S

C
/C

30
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
2

8
N

/A
N

/A
(r

an
ge

4–
6)

N
/A

N
/A

N
/A

G
ha

ne
m

et
al

.,
20

18
[6

5]
4

R
C

S
C

/C
16

72
.0
±

8.
3

22
.5
±

16
.6

N
/A

37
.5

%
S.

au
re

us
;

31
.2

%
S.

ep
id

er
m

id
is

0
6.

2
±

5.
2

0
4

N
/A

N
/A

(r
an

ge
4–

6)

10
3.

3
±

17
.1

N
/A

0

G
oo

di
ng

et
al

.,
20

11
[6

6]
4

R
C

S
M

/P
11

5
68

(r
an

ge
35

–8
6)

10
8

(r
an

ge
60

–1
44

)
N

/A
32

.2
%

S.
ep

id
er

m
id

is
;

31
.3

%
S.

au
re

us
2

3.
9

(r
an

ge
1.

2–
28

.3
)

2
14

N
/A

>
5

93
.2

(r
an

ge
30

–1
40

)
N

/A
50

H
a

20
06

[6
7]

4
R

C
S

C
/C

12
65

.7
(r

an
ge

54
–7

3)

N
/A

(r
an

ge
:

24
–4

2)
N

/A
25

%
M

R
SA

;
16

.7
%

M
SS

A
0

2.
1

(r
an

ge
0.

9–
3.

7)
0

0
/

N
/A

10
2

(r
an

ge
75

–1
40

)
K

SS
:8

7
8

H
ad

da
d

et
al

.,
20

00
[6

8]
4

R
C

S
M

/P
45

69
(r

an
ge

26
–8

3)
48

(r
an

ge
20

–1
12

)
N

/A
40

%
S.

ep
id

er
m

id
is

;
20

%
S.

au
re

us
N

/A
3.

6
(r

an
ge

0.
8–

22
.3

)
1

4
N

/A
N

/A
94

.5
(r

an
ge

20
–1

35
)

H
SS

:7
1.

5
(r

an
ge

32
–9

6)
12

H
am

m
er

ic
h

et
al

.,
20

21
[6

9]
4

R
C

S

R
ev

er
se

C
/C

(c
on

ve
x

ti
bi

a
+

co
nc

av
e

fe
m

ur
)

11
0

67
.2

(r
an

ge
43

–8
9)

N
/A

41
.0
±

3.
4

(r
an

ge
1–

24
0)

N
/A

3
1.

8
0

0
/

N
/A

N
/A

N
/A

0

H
ar

te
ta

l.,
20

06
[7

0]
4

R
C

S
C

/C
48

68
.2

(r
an

ge
37

.2
–8

1.
3)

48
.5

(r
an

ge
26

–8
5)

39
.6

(r
an

ge
5–

72
)

62
.5

%
C

oN
S;

10
.4

%
S.

au
re

us
0

4.
3

(r
an

ge
1.

4–
15

)
2

6
N

/A
2

92
(r

an
ge

30
–1

20
)

N
/A

N
/A

H
os

hi
no

et
al

.,
20

21
[7

1]
4

PC
S

C
/C

7
77

54
±

28
(r

an
ge

11
–9

0)

28
±

16
(r

an
ge

10
–5

3)
N

/A
0

6
±

3
(r

an
ge

3–
12

)
0

0
/

3
99

±
22

K
SS

:
84

±
10

0

H
su

et
al

.,
20

07
[3

4]
3

R
C

C
S

C
/C

21
N

/A
58

(r
an

ge
27

–9
6)

N
/A

N
/A

0
3.

2
(r

an
ge

1.
4–

5.
5)

0
2

17
.3

8.
4

(r
an

ge
6–

12
)

95
(r

an
ge

80
–1

20
)

K
SS

:8
8.

9
N

/A

In
ca

vo
et

al
.,

20
09

[7
2]

4
R

C
S

C
/C

11
61

.1
(r

an
ge

32
–8

3)
N

/A
37

(r
an

ge
4–

10
8)

45
.5

%
S.

au
re

us
0

N
/A

(r
an

ge
1.

4–
5.

5)
0

0
/

N
/A

(r
an

ge
4–

6)
N

/A
N

/A
2

39



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

Ji
a

et
al

.,
20

12
[7

3]
4

R
C

S
C

/C
21

64
.4

32
.2

(r
an

ge
17

–5
4)

12
.9

(r
an

ge
8–

26
)

42
.9

%
S.

ep
id

er
m

id
is

;
19

%
S.

au
re

us
1

2.
7

(r
an

ge
1.

4–
7.

4)
0

0
/

4.
9

(r
an

ge
2–

8)
94

.3
K

SS
:8

2.
1

16

Jo
hn

so
n

et
al

.,
20

12
[3

8]
3

R
C

C
S

C
/C

or
M

/C
34

62
(r

an
ge

59
–6

5)
27

(r
an

ge
12

–7
2)

N
/A

N
/A

N
/A

3.
1

(r
an

ge
2.

4–
3.

7)
N

/A
6

N
/A

N
/A

99
(r

an
ge

60
–1

20
)

K
SS

:8
3

(r
an

ge
48

–9
9)

4

Ju
ng

et
al

.,
20

22
[7

4]
3

R
C

C
S

C
/C

12
74

.5
(r

an
ge

63
–8

5)
N

/A
N

/A

25
%

M
SS

A
;

16
.7

%
E.

co
li

0
1.

9
(r

an
ge

1.
4–

2.
9)

0
0

/

N
/A

N
/A

N
/A

0

Sp
ik

ed
C

/C
15

73
.5

(r
an

ge
60

–8
1)

26
.7

%
M

SS
A

;2
0%

E.
co

li
1

0
0

/
1

K
al

or
e

et
al

.,
20

12
[7

5]
3

R
C

C
S

M
/P

(a
ut

oc
la

ve
d)

15
67

.3
73

(r
an

ge
37

–1
05

)
38

.5

37
.7

%
M

SS
A

;1
7%

M
R

SA

1
4.

9
2

2

N
/A

>
6

95
.7

N
/A

1

M
/P

(n
ew

)
16

63
.6

19
(r

an
ge

12
–3

2)
31

.9
1

2.
7

1
1

98
.3

0

C
/C

22
61

.1
32

(r
an

ge
14

–5
6)

41
.9

0
5.

8
0

2
93

.8
0

K
on

g
et

al
.,

20
21

[3
9]

3
R

C
C

S
C

/C
20

65
.5
±

11
.4

18
(r

an
ge

8–
28

)
N

/A
N

/A
1

2.
9

(r
an

ge
2.

1–
5.

1)
0

1
N

/A
N

/A
94

(r
an

ge
80

–1
15

)
K

SS
:

75
±

11
.5

4

K
oh

le
ta

l.,
20

11
[7

6]
4

PC
S

C
/C

16
73

.1
(r

an
ge

54
–8

9)
>

24
N

/A
43

.8
%

C
oN

S;
12

.5
%

S.
au

re
us

0
3.

5
(r

an
ge

3–
5)

0
0

/
N

/A
11

4
(r

an
ge

90
–1

25
)

K
SS

:8
9.

5
(r

an
ge

78
–9

5)
N

/A

Li
n

et
al

.,
20

21
[7

7]
3

R
C

C
S

C
/C

C
R

:6
6

64
.4

(r
an

ge
57

–8
4)

58
.3

(r
an

ge
31

–8
2)

N
/A

31
.9

%
St

ap
hy

lo
co

cc
us

sp
p.

;2
1.

3%
St

re
pt

oc
oc

cu
s

sp
p.

5
3.

5
(r

an
ge

2.
5–

6.
4)

4
8

N
/A

>
4

N
/A

N
/A

37

C
/C

PS
:7

5
67

.9
(r

an
ge

58
–8

7)

56
.7

(r
an

ge
35

–8
1)

10
3.

4
(r

an
ge

2.
3–

6.
0)

3
8

Lu
et

al
.,

20
18

[7
8]

4
R

C
S

C
/P

11
69

.9
(r

an
ge

59
–8

0)

24
(r

an
ge

12
–4

8)
N

/A
63

.6
%

S.
au

re
us

;
27

.2
%

S.
ep

id
er

m
id

is
0

N
/A

0
0

/
6

93
.2

(r
an

ge
80

–1
05

)

K
SS

:8
4.

9
(r

an
ge

80
–9

2)
0

M
ac

A
vo

y
et

al
.,

20
05

[7
9]

4
R

C
S

C
/C

13
58

(r
an

ge
36

–7
1)

28
(r

an
ge

15
–4

4)
N

/A
38

.5
%

S.
ep

id
er

m
id

is
;

30
.8

%
S.

au
re

us
0

N
/A

2
4

/
6

98
(r

an
ge

45
–1

35
)

N
/A

5

M
ac

he
ra

s
et

al
.,

20
11

[8
0]

4
R

C
S

C
/C

34
64

(r
an

ge
45

–7
3)

14
5.

2
(r

an
ge

12
0–

16
8)

N
/A

41
.1

%
S.

au
re

us
;

20
.6

%
S.

ep
id

er
m

id
is

0
N

/A
1

3
N

/A
6

10
5

(r
an

ge
95

–1
20

)

K
SS

:
76

±
18

(r
an

ge
58

–9
4)

1

40



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

M
ar

ot
hi

et
al

.,
20

16
[8

1]
4

R
C

S
C

/C
28

70
(r

an
ge

56
–7

9)
4

N
/A

N
/A

0
N

/A
(r

an
ge

1.
4–

1.
8)

0
0

/
6

N
/A

N
/A

2

M
ut

im
er

et
al

.,
20

09
[8

2]
4

R
C

S
C

/C
12

71
10

N
/A

N
/A

0
3.

3
(r

an
ge

2.
4–

9.
0)

0
0

/
6

N
/A

N
/A

0

N
ah

ha
s

et
al

.,
20

20
[4

3]
1

R
C

T
C

/C
25

65
.7
±

8.
9

42
±

16
.8

N
/A

N
/A

1
2.

5
±

1.
2

(r
an

ge
2.

0–
3.

0)
1

1
N

/A
6

11
4.

0
±

10
.5

(r
an

ge
10

9.
7–

11
8.

3)

K
SS

:7
9.

4
±

17
.1

(r
an

ge
72

.4
–8

6.
3)

8

N
od

zo
et

al
.,

20
17

[1
6]

3
R

C
C

S

Pr
ef

or
m

ed
C

/C
58

65
.3
±

8.
6

74
.9
±

35
.1

N
/A

N
/A

N
/A

2.
5

(r
an

ge
1.

8–
3.

3)

N
/A

10

N
/A

6
N

/A
N

/A
N

/A
M

ol
de

d
C

/C
43

66
±

11
.0

43
.7
±

16
.7

2.
3

(r
an

ge
1.

8–
3.

2)
5

M
/P

(a
ut

oc
la

ve
d)

39
67

.8
±

10
.2

52
.4
±

21
.9

2.
7

(r
an

ge
2.

2–
3.

5)
8

O
cg

ud
er

et
al

.,
20

10
[8

3]
4

R
C

S
C

/C
17

63
(r

an
ge

54
–7

5)
20

(r
an

ge
13

–3
8)

7.
7

(r
an

ge
3–

12
)

29
.4

%
St

ap
hy

lo
co

cc
us

sp
p.

;2
3.

5%
S.

ep
id

er
m

id
is

0
4.

2
1

2
12

6.
8

(r
an

ge
6–

10
)

85
K

SS
:8

6
(r

an
ge

40
–9

7)
6

O
rt

ol
a

et
al

.,
20

17
[8

4]
4

R
C

S
C

/C
11

2
56

.2
±

16
.9

32
.9
±

12
36

.8
±

63
.6

25
.9

%
,

S.
au

re
us

;
22

.3
%

S.
ep

id
er

m
id

is
7

2.
1
±

0.
4

15
3

N
/A

N
/A

N
/A

N
/A

N
/A

Pa
rk

et
al

.,
20

10
[4

4]
3

R
C

C
S

C
/C

16
60

.2
(r

an
ge

47
–7

2)

29
(r

an
ge

25
–4

5)
N

/A
25

%
M

SS
A

;
25

%
C

.A
lb

ic
an

s
N

/A
N

/A
N

/A
1

N
/A

6
10

8
(r

an
ge

85
–1

40
)

H
SS

:8
7

(r
an

ge
76

–9
5)

N
/A

Pa
sc

al
e

et
al

.,
20

07
[8

5]
4

R
C

S
C

/C
14

68
(r

an
ge

60
–7

6)
N

/A
27

.6
(r

an
ge

12
–3

6)
71

.4
%

S.
ep

id
er

m
id

is
0

2.
3

0
0

/
9

(r
an

ge
6–

9)
12

0
(r

an
ge

97
–1

30
)

N
/A

0

Pi
tt

o
et

al
.,

20
05

[8
6]

4
R

C
S

C
/C

21
67

(r
an

ge
58

–8
9)

24
(r

an
ge

12
–4

3)
N

/A
57

.1
%

St
re

pt
oc

oc
cu

sp
p.

;1
4.

2%
S.

au
re

us
1

3
2

1
N

/A
6

94
K

SS
:8

1
(r

an
ge

30
–9

2)
0

Pr
eo

br
az

he
ns

ky
et

al
.,

20
19

[4
6]

3
R

C
C

S
M

/P
(a

ut
oc

la
ve

d)
67

N
/A

12
N

/A
N

/A
1

N
/A

0
1

N
/A

N
/A

(r
an

ge
6–

8)
N

/A
N

/A
N

/A

R
ad

oi
ci

c
et

al
.,

20
16

[8
7]

4
R

C
S

C
/C

18
66

.6
N

/A
N

/A
M

ul
ti

–
ba

ct
er

ia
l

3
N

/A
5

2
N

/A
N

/A
N

/A
N

/A
N

/A

R
oo

fe
ta

l.,
20

21
[8

8]
3

R
C

C
S

C
/C

or
M

/P
(n

ew
)

72
63

.4
±

11
.7

24
N

/A
N

/A
6

N
/A

5
8

N
/A

N
/A

93
.7
±

28
N

/A
1

R
os

si
et

al
.,

20
21

[4
7]

3
R

C
C

S
C

/C
or

M
/P

(a
ut

o-
cl

av
ed

)
27

N
/A

18
N

/A
N

/A
1

N
/A

0
1

N
/A

N
/A

11
4.

8
±

28
K

SS
:

80
.8
±1

0
1

41



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

Sa
ke

lla
ri

ou
et

al
.,

20
15

[8
9]

4
PC

S
C

/C
46

65
.3

(r
an

ge
32

–8
4)

36
(r

an
ge

8–
60

)
33

.6
(r

an
ge

4–
84

)

39
.1

%
S.

au
re

us
;

26
.1

%
St

re
pt

oc
oc

cu
s

sp
p.

0
N

/A
0

6
N

/A
N

/A
N

/A
N

/A
3

Sc
hn

ei
de

r
et

al
.,

20
22

[4
8]

3
R

C
C

S

M
/P

(n
ew

)
30

65
.6

(r
an

ge
11

.4
)

N
/A

N
/A

N
/A

N
/A

N
/A

2
6

N
/A

N
/A

99
.3

N
/A

5

C
/C

19
64

.6
(r

an
ge

11
.7

)
N

/A
N

/A
N

/A
N

/A
N

/A
2

6
N

/A
N

/A
77

.2
N

/A
5

Se
o

et
al

.,
20

20
[9

0]
4

R
C

S
C

/C
14

70
.2
±

6.
3

44
.9
±

6.
5

N
/A

21
.4

%
St

re
pt

oc
oc

cu
s

sp
p.

;2
1.

4%
S.

au
re

us
0

N
/A

0
0

/
N

/A
92

.9
N

/A
0

Sh
ai

kh
et

al
.,

20
14

[9
1]

4
R

C
S

C
/C

13
65

48
N

/A
(r

an
ge

0.
5–

18
)

15
.4

%
M

R
SA

;
15

.4
%

C
.A

lb
ic

an
s

1
5.

6
(r

an
ge

2–
29

)
0

0
/

>
2

11
5

(r
an

ge
75

–1
50

)
K

SS
:8

3
0

Sh
en

et
al

.,
20

10
[9

2]
4

R
C

S
C

/C
17

67
(r

an
ge

52
–7

6)
31

(r
an

ge
18

–4
7)

N
/A

23
.5

%
St

re
pt

oc
oc

cu
s

sp
p.

;2
3.

5%
S.

au
re

us
N

/A
7.

8
7

1
N

/A
>

6
95

.4
(r

an
ge

90
–1

05
)

H
SS

:8
3.

6
10

Si
eb

el
et

al
.,

20
02

[9
3]

4
R

C
S

C
/C

10
66

.1
18

.1
N

/A
20

%
S.

ep
id

er
m

id
is

;
10

%
S.

au
re

us
0

1.
9

(r
an

ge
1.

4–
2.

8)
0

0
/

N
/A

86
.5

H
SS

63
.8

0

Sk
w

ar
a

et
al

.,
20

16
[5

0]
3

R
C

C
S

C
/C

16
N

/A
8.

5
N

/A
N

/A
N

/A
N

/A
N

/A
1

N
/A

N
/A

10
2
±

8.
4

N
/A

0

St
ru

el
en

s
et

al
.,

20
13

[9
4]

4
R

C
S

C
/C

15
4

(1
55

)
66

±
11

N
/A

N
/A

N
/A

N
/A

1.
8
±

0.
79

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

82

Su
et

al
.,

20
09

[9
5]

4
R

C
S

C
/C

15
72

(r
an

ge
65

–7
9)

47
.5

(r
an

ge
37

–6
1)

N
/A

60
%

M
R

SA
;

10
%

C
oN

S
0

3
2

1
N

/A
N

/A
11

0
(r

an
ge

95
–1

20
)

H
SS

:9
0.

5
(r

an
ge

82
–9

2)
1

Th
ab

e
et

al
.,

20
07

[9
6]

4
R

C
S

C
/C

20
72

.3
(r

an
ge

48
–8

3)
73

.2
N

/A
N

/A
0

0.
9

0
0

/
N

/A
10

6
N

/A
0

Ti
an

et
al

.,
20

18
[9

7]
4

R
C

S
C

/C
25

64
.9

(r
an

ge
56

–8
3)

64
.2

(r
an

ge
52

–8
9)

N
/A

20
%

M
R

SE
;

16
%

M
SS

E
0

2.
6

(r
an

ge
1.

4–
7.

3)
0

0
/

N
/A

94
(r

an
ge

90
–9

8)

K
SS

:8
3

(r
an

ge
80

–8
8)

8

Ti
ga

ni
et

al
.,

20
13

[9
8]

4
PC

S
C

/C
37

(3
8)

68
(r

an
ge

36
–8

6)
65

(r
an

ge
24

–1
39

)
N

/A
31

.6
%

M
SS

E;
15

.8
%

M
R

SE
5

2.
4

(r
an

ge
1.

6–
6.

9)
2

9
N

/A
6

10
1

(r
an

ge
80

–1
15

)
N

/A
1

Ts
ai

et
al

.,
20

19
[9

9]
4

R
C

S
C

/C
32

73
.3

(r
an

ge
58

–9
3)

36
.9

(r
an

ge
30

.1
–4

5)
N

/A

21
.9

%
,

M
SS

A
;

15
.6

%
En

te
ro

co
cc

us
sp

p.

3
8.

8
(r

an
ge

4–
12

.5
)

1
4

N
/A

>
4

10
2

(r
an

ge
80

–1
22

)

H
SS

±
84

.2
(r

an
ge

78
–9

0)

2

42



J.
C

lin
.M

ed
.2

0
2
2
,1

1,
48

54

T
a

b
le

2
.

C
on

t.

A
rt

ic
le

L
e

v
e

l
o

f
E

v
id

e
n

ce
S

tu
d

y
T

y
p

e
S

p
a

ce
r

D
e

ta
il

s

P
a

ti
e

n
t

N
◦

(S
p

a
ce

r
N

◦ )

M
e

a
n

A
g

e
(Y

e
a

r)

M
e

a
n

F
o

ll
o

w
-U

p
(M

o
n

th
s)

M
e

a
n

T
im

e
to

P
JI

O
n

se
t

a
ft

e
r

Im
p

la
n

t
(M

o
n

th
s)

M
o

st
F

re
q

u
e

n
t

P
a

th
o

g
e

n
s

S
p

a
ce

r
E

x
ch

a
n

g
e

:
R

e
p

e
a

te
d

F
ir

st
S

ta
g

e

M
e

a
n

T
im

e
b

e
tw

e
e

n
F

ir
st

S
ta

g
e

a
n

d
S

e
co

n
d

S
ta

g
e

(M
o

n
th

s)

N
o

R
e

im
-

p
la

n
ta

ti
o

n
(n

◦ )

P
JI

R
e

cu
rr

e
n

ce
(n

◦ )

M
e

a
n

T
im

e
to

R
e

-
cu

rr
e

n
ce

(M
o

n
th

s)

M
e

a
n

D
u

ra
ti

o
n

o
f

A
n

ti
b

io
ti

c
T

h
e

ra
p

y
(W

e
e

k
s)

A
ct

iv
e

K
n

e
e

F
le

x
io

n
a

t
L

a
st

F
o

ll
o

w
-

U
p

(D
e

g
re

e
s)

F
u

n
ct

io
n

a
l

O
u

tc
o

m
e

s
a

t
L

a
st

F
o

ll
o

w
-

U
p

:
S

co
re

T
y

p
e

a
n

d
V

a
lu

e
s

P
e

ri
-

O
p

e
ra

ti
v

e
N

o
n

-
In

fe
ct

io
n

-
R

e
la

te
d

-
C

o
m

p
li

ca
ti

o
n

s
(N

◦ )

V
an

Th
ie

le
ta

l.,
20

11
[1

00
]

4
R

C
S

C
/C

60
66

(r
an

ge
42

–9
1)

35
(r

an
ge

24
–5

1)
N

/A
20

%
M

R
SA

;
20

%
M

SS
A

1
2.

7
1

7
16

.3
(r

an
ge

2–
30

)
N

/A
10

1.
3
±

18
K

SS
:

78
.6
±

17
.8

1

V
as

ar
he

ly
ie

ta
l.,

20
22

[5
2]

3
R

C
C

S
C

/C
10

4
68

.6
±

10
.6

12
0
±

49
.2

43
.8

(r
an

ge
3–

16
8)

N
/A

7
3

N
/A

17
N

/A
6

11
0.

6
±

13
.5

K
SS

:
86

.8
±

13
.6

4

V
as

so
et

al
.,

20
16

[1
01

]
4

R
C

S
C

/C
46

69
(r

an
ge

58
–8

4)
14

4
(r

an
ge

72
–1

92
)

N
/A

37
%

M
SS

A
;

28
.3

%
C

oN
S

2
2.

5
(r

an
ge

2.
3–

3.
1)

N
/A

0
/

8
11

5
(r

an
ge

10
0–

12
8)

N
/A

0

Ve
cc

hi
ni

et
al

.,
20

17
[1

02
]

4
PC

S
C

/C
19

(2
0)

65
.4

(r
an

ge
30

–8
2)

74
.1

(r
an

ge
10

–1
12

)
N

/A
60

%
M

SS
A

;
20

%
M

R
SA

0
9.

1
(r

an
ge

3–
27

)
1

0
/

3.
6

(r
an

ge
2–

5)
N

/A
N

/A
4

V
ill

an
ue

va
-

M
ar

ti
ne

z
et

al
.,

20
08

[1
03

]
4

R
C

S
C

/C
30

71
(r

an
ge

64
–8

2)
36

(r
an

ge
24

–6
0)

18
(r

an
ge

1–
14

4)
40

%
C

oN
S;

30
%

M
SS

A
1

3.
5

1
N

/A
N

/A
N

/A
10

7
(r

an
ge

90
–1

20
)

N
/A

6

W
an

et
al

.,
20

12
[1

04
]

4
R

C
S

C
/C

33
70

±
11

44
(r

an
ge

24
–6

2)
41

(r
an

ge
1–

19
2)

24
.2

%
M

SS
A

;
24

.2
%

C
oN

S
8

3.
2

(r
an

ge
1.

84
–7

.3
1)

2
3

N
/A

6
N

/A
N

/A
N

/A

Yi
et

al
.,

20
15

[1
05

]
4

R
C

S
C

/C
17

63
.7

(r
an

ge
43

–7
4)

45
.6

(r
an

ge
24

–9
6)

N
/A

23
.5

%
S.

ep
id

er
m

id
is

;
11

.8
%

M
SS

A
1

3.
9

(r
an

ge
2.

3–
6.

2)
1

1
N

/A
4

10
5.

9
(r

an
ge

90
–1

25
)

H
SS

:8
3.

9
(r

an
ge

77
–9

1)
N

/A

Z
am

or
a

et
al

.,
20

20
[5

4]
3

R
C

C
S

M
/P

(n
ew

)
3

N
/A

N
/A

N
/A

N
/A

1
N

/A
N

/A
0

/
N

/A
N

/A
N

/A
N

/A

A
bb

re
vi

at
io

ns
:

R
C

T,
ra

nd
om

iz
ed

co
nt

ro
lle

d
tr

ia
l;

P
C

C
S,

p
ro

sp
ec

ti
ve

co
m

p
ar

at
iv

e
co

ho
rt

st
u

d
y;

R
C

C
S,

re
tr

os
p

ec
ti

ve
co

m
p

ar
at

iv
e

co
ho

rt
st

u
d

y;
P

C
S,

p
ro

sp
ec

ti
ve

ca
se

se
ri

es
;R

C
S,

re
tr

os
p

ec
ti

ve
ca

se
se

ri
es

;
C

/
C

,c
em

en
t

on
ce

m
en

t;
C

/
P,

ce
m

en
t

on
p

ol
ye

th
yl

en
e;

M
/

P,
m

et
al

on
p

ol
ye

th
yl

en
e;

M
/

C
,m

et
al

on
ce

m
en

t;
C

oN
S,

co
ag

u
la

se
-n

eg
at

iv
e

st
ap

hy
lo

co
cc

i;
M

SS
A

/M
R

SA
,m

et
hi

ci
lli

n-
se

ns
ib

le
/r

es
is

ta
nt

St
ap

hy
lo

co
cc

us
au

re
us

;M
SS

E/
M

R
SE

,m
et

hi
ci

lli
n-

se
ns

ib
le

/r
es

is
ta

nt
St

re
pt

oc
oc

cu
s

ep
id

er
m

id
is

;P
JI

,p
er

ip
ro

st
he

ti
c

jo
in

ti
nf

ec
ti

on
;C

R
,c

ru
ci

at
e-

re
ta

in
in

g
to

ta
lk

ne
e

ar
th

ro
pl

as
ty

;P
S,

po
st

er
io

r-
st

ab
ili

ze
d

to
ta

lk
ne

e
ar

th
ro

pl
as

ty
;F

U
,f

ol
lo

w
-u

p;
K

SS
,K

ne
e

So
ci

et
y

Sc
or

e;
H

SS
,H

os
pi

ta
lf

or
Sp

ec
ia

lS
ur

ge
ry

K
ne

e-
R

at
in

g
Sc

al
e;

N
/A

:d
at

a
no

ta
va

ila
bl

e.

43



J. Clin. Med. 2022, 11, 4854

Figure 2. Cont.
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Figure 2. Quality assessment of the included studies in meta-analysis according to RoB2 [43] (a) and
ROBINS-I [21,23,25,29–31,34,38,39,44,46–48,50,52,54,106] (b) tools: “traffic light” plots of the domain-
level judgments for each individual result (a,b); weighted bar plots of the distribution of risk-of-bias
judgments within each bias domain (c).

In detail, data extracted included study type, mean age, mean follow-up, number and
details of spacers, mean time to infection onset, bacterial populations, number of spacers
used, and repeated first stages, mean time between first stage and second stage, mean
duration of antibiotic therapy, number of PJI recurrences, number of cases in which no reim-
plantation was performed, mean active knee flexion at last follow-up, functional outcome
at last follow-up, and peri-operative non-infection-related local complications. Functional
outcomes were reported according to the most reported scoring systems used in the stud-
ies analyzed in this review: Knee Society Score (KSS) and Hospital for Special Surgery
Knee-Rating Scale (HSS). Local peri-operative complications not related to infection were
reported, including extensor lag, spacer subluxation/fracture, extensor mechanism rupture,
nerve palsy, periprosthetic fracture, dislocation, instability, arthrofibrosis, hematoma, and
delayed wound healing. Success of the treatment was defined as the achievement of infec-
tion control at last follow-up (the absence of clinical and/or radiological and/or laboratory
signs of infection, as mentioned in the individual papers). Failure of the treatment was
defined as the persistence of infection, re-infection, or no reimplantation; the repetition of
the first stage of the two-stage protocol due to persistence of infection was not considered a
failure when it eventually resulted in successful control of the infection at last follow-up
after the end of the treatment.

Studies with reported quantitative data were used for statistical analysis
(Tables 3 and 4). Weighted means and standard deviations were calculated to summarize
the values reported in the individual studies and to compare them. Chi-square statistics
(Pearson Chi-square, Yates Chi-Square, Fisher exact test, Fisher–Freeman–Halton test) were
used to assess associations and homogeneity among categorical variables. For quantitative
variables, the Shapiro–Wilk test was used to verify normal distribution. The Levene test
was used to assess the equality of variances. As a parametric test, the two-tailed unpaired
Student T-test was used in case of equality of the variances; otherwise, the Welch T-test was
used. The Mann–Whitney U-test was used as a non-parametric test in case of non-normal
distribution of the variables. Spearman’s rho was used to identify monotonic correla-
tions between variables. Only comparative studies were included in the meta-analysis
(Figures 3 and 4). Quantification of the extent of statistical heterogeneity across studies in-
cluded in the meta-analysis employed the inconsistency statistic (I2 > 75% was considered
as high heterogeneity). Potential sources of heterogeneity by study level and clinically
relevant characteristics were explored using stratified analysis and meta-regression. Pub-
lication bias was assessed using Egger’s regression symmetry test. p-value < 0.05 was
considered to be significant. All statistical analyses were performed with IBM SPSS v26.0
for MacOS (SPSS Inc., Chicago, Illinois) and ProMeta 3 (Internovi, Cesena, Italy) software.
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Table 3. Summarized data from the included studies of this review.

Static
Spacers with Data

Available (n)
Articulated

Spacers with Data
Available (n)

p-Value

Study series (n)
• RCT
• PCCS
• RCCS
• PCS
• RCS

34

1
2

19
0

12

-

71

1
2
23
9
36

- 0.111

Spacers (n) 1511 - 2739 - -

Mean age (years) 67 ± 5.6 1147 66.4 ± 3.5 2545 0.532

Mean follow-up (months) 68 ± 52.3 1002 53.5 ± 32.9 2163 0.117

Most frequent
bacterial population

S. aureus
CoNS

S. epidermidis
347

S. aureus
S. epidermidis

CoNS
1303 -

Mean time to PJI (months) 34.8 ± 14.3 296 36.8 ± 11.9 737 0.735

Mean time between first
and second stage (months) 3.1 ± 1.1 854 3.6 ± 2.3 2071 0.480

Mean duration of
antibiotic therapy (weeks) 7.2 ± 1.9 870 6.1 ± 1 1170 0.007

Repeated first
stage/spacer exchange (n) 47 (5.4%) 922 89 (4%) 2237 0.159

No reimplantation (n) 67 (7.1%) 947 94 (4.3%) 2198 0.001 *

PJI recurrence (n) 157 (12.4%) 1271 230 (9%) 2554 0.001 *

Mean time to PJI
recurrence (months) 13.7 ± 3.9 285 23.2 ± 12.1 737 0.125

Mean active knee flexion
at last FU 91.6 ± 7 763 100.3 ± 9.9 1549 <0.001 *

Mean KSS score at last FU 81.1 ± 13.1 569 81.9 ± 5.5 732 0.792

Mean HSS score at last FU 81.8 ± 0.7 67 81.7 ± 7 229 0.981

Peri-operative
non-infection-related local
complications (nn)

146 (16.7%) 872 318 (16.5%) 1932 0.852

Non-infection-related
complications requiring
revision surgery (n)

24 (2.9%) 820 58 (3.1%) 1876 0.819

* Statistically significant. Abbreviations: RCT, randomized controlled trial; PCCS, prospective comparative cohort
study; RCCS, retrospective comparative cohort study; PCS, prospective case series; RCS, retrospective case series;
CoNS, coagulase-negative staphylococci; PJI, periprosthetic joint infection; FU, follow-up; KSS, Knee Society
Score; HSS, Hospital for Special Surgery Knee-Rating Scale.

Table 4. Correlations between time to second stage and outcomes.

Static Articulated Total Spacers with Data
Available (n)Rho p-Value Rho p-Value Rho p-Value

PJI recurrence (n) 0.040 0.876 0.274 0.040 * 0.202 0.082 2786
Mean time to PJI recurrence 0.5 0.391 −0.772 0.072 0.092 0.789 474
Mean active knee flexion at
last FU −0.080 0.595 −0.361 0.019 * −0.257 0.050 * 1656

Mean KSS score at last FU −0.267 0.455 −0.073 0.759 −0.147 0.438 956

* Statistically significant. Abbreviations: PJI, periprosthetic joint infection; KSS, Knee Society Score; FU, follow-up.
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Figure 3. Forest plot of overall meta-analysis evaluating comparative studies (static spacers vs. articu-
lated spacers) with data about PJI recurrences [21,23–25,29–31,34,38,39,43,44,46–48,50,52,54] (a), active
knee flexion at last follow-up (b), and non-infection-related peri-operative local complications (c).
Abbreviations: ES, effect size; 95% CI, 95% confidence interval; W, weight; V, variance; SE, standard
error; N, sample size; N1, static spacer series sample size; N2, articulated spacer series sample size.

Figure 4. Funnel plot of effect sizes for publication bias of the comparative studies evaluating PJI
recurrences (a), active knee flexion at last follow-up (b), and non-infection-related peri-operative local
complications (c).
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3. Results

A total of 3421 studies were found through the electronic search and 21 studies
were added after the cross-referenced research on the bibliographies of the examined
full-text articles. After a preliminary analysis, a total of 87 studies reporting series of
knee spacers used for two-stage treatment of PJI were included in this systematic re-
view (1 randomized controlled trial, 3 prospective comparative cohort studies, 26 ret-
rospective comparative cohort studies, 9 prospective case series, 48 retrospective case
series [18–102] (Tables 1 and 2; Figure 1)). Among these, eighteen studies were included in
the meta-analysis (Figures 3 and 4). Studies comparing static vs. articulated spacers were
1 RCT [43], 1 PCCS [22], and 16 RCCS [18,20,21,26–28,31,35,36,41,43–45,47,49,51]. In total,
34 series on static spacers [18–51] and 71 on articulated spacers [18,20,21,26–28,31,35,36,41,43–
45,47,49,51–102] were found (Figure 3).

The overall quality of the studies included in the meta-analysis, assessed by the
RoB2 and the ROBINS-I tools [16,17], was high in only one case [40], moderate in
6 cases [22,27,35,36,45,49], and low in 11 cases [18,20,21,26,28,31,41,43,44,47,51] (Figure 2a–c).

A total of 4250 knee spacers were included: 1511 static spacers and 2739 articu-
lated spacers (Table 3). The two groups were highly homogeneous considering a number
of variables (Table 3). Mean age was comparable between static and articulated series
(67 ± 5.6 years and 66.4 ± 3.5, respectively; p = 0.532) (Table 3). No statistical difference
was found between the two groups also concerning the mean follow-up (68 ± 52.3 months
for static group and 53.5 ± 32.9 months for articulated group; p = 0.117) (Table 3). The most
frequent bacterial populations found were Staphylococcus aureus, Streptococcus epidermidis,
and other coagulase-negative staphylococci in both groups (Table 3). Mean time to PJI onset
from primary arthroplasty surgery was also similar (34.8 ± 14.3 months for static group
and 36.8 ± 11.9 months for articulated group; p = 0.735) (Table 3). No significant difference
was found in the time between first and second stage (3.1 ± 1.1 months for static group and
3.6 ± 2.3 months for articulated group; p = 0.480), nor in the number of spacer exchanges
with repeated first stage before reimplantation (5.4% vs. 4% for static and articulated series,
respectively; p = 0.159) (Table 3). Instead, a mismatch was found between the two groups
in the mean duration of post-operative antibiotic therapy after first-stage surgery, being
longer for static spacers (7.2 ± 1.9 vs. 6.1 ± 1 weeks; p = 0.007) (Table 3).

With respect to the results in terms of infection control, a significantly higher rate of
both no reimplantation and PJI recurrence was found when static spacers were used. In
detail, a revision knee arthroplasty was not performed in 7.1% of the PJIs in the static spacer
group and in 4.3% of the cases in the articulated group (p = 0.001), while PJI recurrence was
found in 12.4% vs. 9% of the two-stage procedures (p = 0.001) (Table 3). The time elapsed
between the first and second stage appeared to directly influence the PJI recurrence rate
(with a trend towards more recurrences in the case of longer time with a spacer in situ),
although a significant correlation was only found for articulated spacers (p = 0.040) (Table 4).
The meta-analysis performed on comparative studies evaluating the PJI recurrence with
static vs. articulated spacers confirmed a trend for better infection control using articulated
spacers, although no significant difference was found between the groups (p = 0.530)
(Figure 3a). No significative heterogeneity (I2 ≈ 0%, p = 0.992) or relevant publication bias
(Figure 4a) was found regarding the PJI recurrence rate. No significant difference was
found concerning the mean time to PJI recurrence between static and articulated spacers
(13.7 ± 3.9 months and 23.2 ± 12.1 months, respectively; p = 0.125) (Table 3). Furthermore,
no correlations between the mean time to second stage after spacer placement and the
mean time to PJI recurrence were found (Table 4).

With regard to the functional outcomes, mean active knee flexion at last follow-up was
found to be significantly higher using articulated spacers (91.6◦ ± 7◦ for static spacers vs.
100.3◦ ± 9.9◦ for articulated spacers; p < 0.001) (Table 3). The meta-analysis also confirmed
this strong significant difference (p < 0.001) (Figure 3b). Moderate heterogeneity (I2 = 69.1%,
p = 0.059) and no relevant publication bias (Figure 4b) were found regarding the active knee
flexion. A significant negative correlation was found between the mean time to second
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stage after spacer placement and the mean final active knee flexion, which appeared to be
particularly marked when using articulated spacers (p = 0.019) (Table 4). However, when
clinical scores were considered (KSS and HSS), no significant difference was found between
static and articulated groups (81.1 ± 13.1 vs. 81.9 ± 5.5 for KSS, p = 0.792; 81.8 ± 0.7 vs.
81.7 ± 7 for HSS, p = 0.981) (Table 3).

No difference was found regarding the incidence of peri-operative local complica-
tions not related to the PJI between static and articulated spacers (complication rate:
16.7% vs. 16.5%; p = 0.852) (Table 3). The revision rate for non-infection-related complica-
tions was found to be also similar between static and articulated spacers (2.9% vs. 3.1%;
p = 0.819) (Table 3). The meta-analysis did not find significant differences between the
groups either (p = 0.573) (Figure 3c). Low heterogeneity (I2 = 41.3%, p = 0.099) and no
relevant publication bias (Figure 4c) were found regarding the complication rate.

4. Discussion

Both static and articulated antibiotic-laden spacers have benefits and drawbacks, and
the choice is based on multiple factors, including the clinical assessment of the patient’s
general functional status, general health, soft tissue envelope of the knee, virulence of
the organism, and extent of bone loss [107]. The existing literature on the subject largely
consists of small series with evidence levels III and IV and a limited number of randomized
prospective trials.

In this review, we found, in the pooled analysis, a significantly lower number of
PJI recurrences when an articulated spacer was used. This trend was also found in the
meta-analysis of the comparative studies alone, though without a statistically significant
difference. No significant differences were found either in the number of non-infection-
related complications or in the functional results from the evaluation of the HSS and KSS
scores, as already reported by previous studies [11].

Conversely, a strong difference emerged in favor of articulated spacers, both in the
general pooled data analysis and the meta-analysis of comparative studies, regarding active
knee flexion capability at the last follow-up after prosthesis reimplantation.

The main benefit of articulated spacers is that they enable movement of the joint
between surgeries. Articulated spacers also allow a more comfortable position of the knee
during sitting, standing, and car travel. Maintaining motion facilitates the recovery of limb
function during treatment of infection. Knee flexion preserves the length and elasticity of
the extensor mechanism and helps to prevent scarring of the soft tissue around the joint and
capsular stiffening [96,108,109]. As a result, the extent of surgical exposure required and the
overall difficulty of the second-stage surgery can be decreased [26,34,109]. Moreover, the
findings of an in vitro study showed that cyclical loading of the cement spacers enhanced
the elution of vancomycin and tobramycin [110]. A broad assortment of articulated spacers
that can be placed after the removal of an infected total knee arthroplasty is available—
for example, (1) handmade cement-on-cement spacers without molds, (2) premolded
or preformed antibiotic cement spacers (with or without stems), (3) surgical molds for
intraoperative fabrication (with or without metal femoral runners), and (4) autoclaved or
new metal femoral and polyethylene components (Table 1) [111]. Most of the articulated
spacers included in this study were found to be cement-on-cement spacers. Consequently,
no further investigation was performed to reveal whether there are differences in outcomes
depending on the subtype of mobile spacer.

Common indications for use of a static spacer are (1) patients with severe uncontrolled
infections; (2) ligamentous laxity, particularly in the case of collateral ligament compromise,
as an articulated spacer would not allow for multiplanar knee stability; (3) extensor mech-
anism disruption or insufficiency, as active flexion and control of the knee would not be
achieved; (4) compromised soft tissue coverage over the joint, since motion might apply
additional tension; (5) severe bone loss after prosthesis explant, as they can be customized
to fill the gap and eventually stabilized using intramedullary dowels [9,108,109,112–114].
Moreover, static spacers are usually cheaper [115,116].
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However, several shortcomings of static spacers have been suggested. Several studies
have reported poor limb mobility with static spacers after reimplantation compared to
articulated spacers [108,117,118]. In addition, unanticipated bone loss as a result of spacer
migration has been observed. Using static spacers may also complicate exposure during
the second-stage procedure due to the shortening of the ligaments and quadriceps, as well
as wound closure [29].

A factor that is difficult to standardize within the two-stage protocol is the time of
spacer persistence, before reimplantation. Longer intervals between the two stages are
known to correlate with worse infectious and functional outcomes [7,119,120]. Elution of
the antibiotic from any spacer reaches its peak in the first 72 h from placement: after this
time, the function of any is mainly mechanical [13,121]. Moreover, a longer time of spacer
persistence may increase the incidence of mechanical complications such as spacer rupture
or dislocation, which can eventually lead to an interim spacer exchange [122].

We observed that, in the case of articulated spacers, a spacer persistence of more
than 3 weeks increased the number of PJI recurrences. Furthermore, it was found that
spacer persistence progressively decreases the ability of articulated spacers to preserve
active flexion.

It was not possible to perform a detailed analysis of any inconsistencies in terms
of the surgical and infectious complexity of the cases in order to exclude any selection
bias whereby the more complex cases were preferentially treated with a static spacer. For
example, the study by Guild et al., analyzing data on the existence of bone loss of any
type, found no statistical difference in the placement of static vs. articulating spacers
for the indication of bone loss [11]. However, when they classified bone loss according
to the Anderson Orthopaedic Research Institute (AORI) classification [123], they found
that static spacers were placed significantly more frequently for femoral bone loss than
articulated spacers [11]. These data, however, may be biased as only a small minority of the
studies specifically addressed pre-existing bone loss. However, not only bone deficiency
has to be considered when assessing complexity. It depends on many other factors (type
of microorganism, quality of soft tissue, comorbidity, etc.), and even within individual
studies, it was almost never possible to effectively differentiate cases by complexity. A
possible patient selection bias among the included studies represents the major limitation
of this study. A previous review by Pivec et al. attempted to divide patients with an
articulated spacer into complex and non-complex cases and compared the results between
these two subgroups and patients with a static spacer [124]. They reported a slightly higher
PJI recurrence rate in the articulated spacer group with only complex patients compared
to the static spacer group, but no statistical significance was shown [124]. In the present
review, considering the wide variability of the criteria used in the individual studies and
the paucity of studies in which the individual patients could be characterized, we decided
not to perform such an analysis. However, this review only considered primary infections,
so it is reasonable to assume that tremendously destructive conditions of the knee that are
unsuitable for dynamic spacers are a minority and probably not crucial in the interpretation
of the overall emerging findings, also considering the high number of spacers included in
this review. Unfortunately, only high-quality studies, with accurate assessment to ensure
the homogeneity of patient selection, can help to solve this issue. A review, although
systematic, can only state that it is reasonable to believe that the use of articulated spacers
should definitely be considered in all cases where there are no significant contraindications,
as it offers excellent results with respect to infection control and functional outcomes, with
complications comparable to those expected with the use of static spacers. Unfortunately,
it is difficult to establish the limit beyond which the use of a static spacer can guarantee
greater benefit.

Among the limitations of this article, in addition to those already mentioned, the
average low quality of the studies (for the majority consisting of case series or retrospective
comparative studies) must be considered. In addition, this is certainly not the first review
on the topic and essentially confirms evidence that has already emerged. The main strength
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is the amount of data collected and the depth of the analysis. In fact, to the best of our
knowledge, it is the first review to provide a large-scale quantitative analysis. These aspects
make it a very comprehensive and up-to-date review on the subject and reinforce the
conclusion that only high-quality studies can clarify the elements still under discussion.

5. Conclusions

In conclusion, this review confirms that articulated spacers do not appear to be inferior
to static spacers in terms of infection control, complications, and functional results, while
they are superior in terms of active flexion granted after reimplantation. Statis spacers,
often mostly used in more severe cases, can offer similar infection control in this scenario.
However, despite the high number of included spacers, considering the average low quality
of the studies included and the impossibility of determining the presence and extent of a
selection bias in the choice of the spacers, it is not possible to generalize the results that
emerged. Nevertheless, in cases that meet all the appropriate conditions for the placement
of articulated spacers, optimal results can be expected, and their use can be recommended.
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1. Introduction

Knee and ankle osteochondral lesions are structural defects of the cartilaginous surface
and underlying subchondral bone which still represent a daily challenge for the orthopedic
surgeon. Although etiology on a traumatic basis accounts for most cases, other causes are
contemplated, including joint malalignments, instability, genetic predisposition, endocrine
factors or avascular necrosis [1–3]. Optimal treatment is still the subject of debate.

Bone marrow stimulation procedures, osteochondral grafting and the osteochondral
autograft transfer system (OATS) [4] are usually the first therapeutic step in young and
active patients. However, these procedures are typically associated with donor site mor-
bidity (pain, scar tissue and sensibility issues), incongruent grafts or graft resorption. Fer-
reira et al. [5] reported a complication rate of up to 41% after OATS surgery. Elderly patients
with low functional requirements often benefit from a conventional joint replacement.

2. Discussion

However, there is a pool of patients who fall into the so-called “gap of treatment”—active
patients suffering from osteochondral lesions in the context of an otherwise healthy joint.
These subjects have often passed the age for biological treatment but are not yet eligible
for early knee or ankle joint prosthesis or come to our observation after a failed biological
intervention [6]. In the last two decades, the interest in this type of patient has increased,
leading to the development and production of small metal prosthetic devices of “focal
joint replacement” or “focal resurfacing”, with the aim of filling only the symptomatic
cartilaginous lesion of the talar dome or femoral condyles. After the initial enthusiasm for
good clinical and functional results, described in the literature in different studies [2,7–9],
the complication rate reduced the expectations of these implants. The technical difficulties
of the implant, the malpositioning and the particular and peculiar joint geometries of
the ankle and knee can strongly influence the surgical result. Despite the design being
developed to adapt to the joint surfaces, minimal changes in the implant positioning could
create problems during walking and not be tolerated in biomechanically complex and
congruent joints [2]. In addition, high rates of re-intervention have been described, whether
or not related to the implant itself. In particular, repositioning or removal of the prosthesis,
subchondral periprosthetic radiolucency, joint space narrowing and cyst formations around
the implant screw have been reported [2,10].

In this panorama, new custom-made talar and condylar devices (Episealer®) have
recently been designed and developed to address these technical issues. These CT-based
patient-specific mini-metal prostheses are produced following the patient’s joint anatomy,
location and volumetric characteristics of the osteochondral lesion. They aim to repre-
sent the next step in advanced resurfacing techniques, improving clinical outcomes and
avoiding the specific disadvantages of standard metal resurfacing. Despite being newly
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designed implants, good short-term results have already been published, reporting a failure
rate of 2.5% [11,12]. A study by Moewis P et al. [6] evaluated these new implants at a
12-month follow-up, showing that after the condylar implantation, the knee kinematics
were physiological with a medial pivot, lateral femoral rollback and coupled axial pattern,
and external rotation during flexion.

This short editorial aims to ask questions and propose new long-term research ap-
proaches about the possibilities of custom-made metal implants, which are already revolu-
tionizing the concept of total prosthetics, to improve clinical and radiological outcomes in
patients suffering from primary or secondary osteochondral lesions following the failure of
previous biological treatments. Moreover, we will focus on the duration and possible dif-
ferent complications, with respect to the biomechanics of large joints, pitfalls and technical
tricks, and the cost/benefit ratio for the patient and the health protection entities.
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Abstract: Femoro-acetabular impingement (FAI) syndrome is one of the most studied conditions in
sports medicine. Surgical or conservative approaches can be proposed for treating FAI, although the
best standard of care is not established yet. Our aim is to provide a comprehensive review of the best
treatment for FAI syndrome evaluating differences in outcomes between surgical and non-operative
management. A literature search was carried out on the PubMed, EMBASE, Scopus, and PEDro
databases, using the following keywords: “femoroacetabular impingement”, “FAI”, in association
with “surgery”, “arthroscopy”, “surgical” and “conservative”, “physiotherapy”, “physical therapy”,
“rehabilitation”, “exercise”. Only Level I RCTs were included. Four articles were selected for this
systematic review. Our analysis showed different therapeutic protocols, follow-up periods, and
outcomes; however, three out of the four studies included favored surgery. Our study demonstrates
beneficial effects for both arthroscopic treatment and a proper regimen of physical therapy, neverthe-
less a surgical approach seemed to offer superior short-term results when compared to conservative
care only. Further trials with larger sample sizes and longer follow-ups are needed to assess the
definitive approach to the FAI condition.

Keywords: femoro-acetabular impingement; hip; arthroscopy; cam; pincer; physical therapy

1. Introduction

Femoro-acetabular impingement (FAI) syndrome is defined as the triad of symptoms,
clinical signs and imaging findings in which structural morphology results in conflict
between the femoral head and the acetabulum [1]. First described during the 1990s [2–4],
the incidence of FAI morphology, which could induce the syndrome, is estimated to be up
to 37% and 67% in asymptomatic patients for cam and pincer, respectively [5]. Although
FAI syndrome is one of the most studied conditions in sports medicine, its etiology still
remains unknown [6].

Abnormal sphericity of the femoral head (cam or pistol grip), excessive protrusion
of acetabular edge (pincer), or both, may lead to mechanical conflict leading to the syn-
drome [7].

Cam-type (Figure 1a) morphology results in impingement due to an abnormal-shaped
femoral head that rotates into the acetabulum, especially during forceful flexion. Repetitive
end-of-motion movements result in shearing and disruption of the acetabular cartilage
from the labrum.

Pincer-type (Figure 1b) morphology is based on an abnormal acetabular component
that overextends and can be localized (acetabular retroversion) or involve the whole
acetabulum (coxa profunda or protrusio acetabuli). The pincer type is also characterized by
labral degeneration caused by repeated impingement.

Subjective symptoms, and clinical and radiologic findings are the fundamental pillars
to diagnose FAI syndrome. Clinical examination reveals pain in the hip region represented
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by the “C sign”, decreased range of motion, and positivity to provocative tests (FADDIR
and FABER) [8]. Radiologic findings are focused on X-ray measurements of the α angle
(Figure 1c) for cam-type [1] (the angle between a line passing from the center of the femoral
head to the center of the femoral neck and a second line passing from the center of the
femoral head to a point where the distance from the bone to the center of the head is greater
than the radius of the cartilage covered femoral head) [9] and detection of retroversion or
over-coverage for pincer type [1,10].

 

Figure 1. (a). FAI Cam type (b). FAI Pincer type (c). α angle in a lateral view: line 1 passing from the
center of the femoral head to the center of the femoral neck and line 2 passing from the center of the
femoral head to a point where the distance from the bone to the center of the head is greater than the
radius of the cartilage covered femoral head.

Either surgical or conservative approaches can be proposed for treating FAI morpholo-
gies [11].

Conservative treatment mainly consists of supervised physical therapy, primarily
tailored to the individual patient’s needs and desired level of function. Commonly before
starting the physical therapy, a detailed clinical examination is performed to assess the
patient’s impairments and adjust the exercise regimen that will be administered. Pain,
function, and range of motion are established during the clinical examination [12,13].
During this initial evaluation, the physician has to train the patient on the condition and
its management, including pain relief advice. Milestones of the therapy include joint
mobilization, therapeutic exercises, soft tissue mobility, stretching, and motor control
exercises. Avoiding impingement positions is also suggested. The frequency and number
of exercise sessions vary among different rehabilitative centers. The exercises are usually
first performed under the guidance of an experienced physiotherapist and can then be
continued either in rehabilitative centers or at home [14,15]. Surgical treatment is also
tailored to the patient’s type of impingement and is performed arthroscopically [16,17].

Arthroscopic treatments adopted are acetabuloplasty, femoroplasty, labral repair or
debridement, and treatment of articular cartilage and ligament teres lesions, depending
on the type of impingement present and damage to the adjacent structures. To date, the
standard of care for the treatment of FAI has not been encoded and appears urgent to better
define the most congruous approach to this disease [18].

The aim of the present systematic review is to provide a comprehensive analysis
of the treatment of FAI syndrome, focusing exclusively on all the published Level I ev-
idence studies available to elucidate the difference in outcomes between surgical and
non-operative management.
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2. Materials and Methods

The present systematic review was performed according to “PRISMA guidelines”
[Preferred Reporting Items for Systematic Reviews and Meta-analyses]. A literature search
was carried out on the PubMed, EMBASE, Scopus, and PEDro databases, on June 30th,
2022, by two independent investigators, using the following keywords that were combined
to achieve maximum search strategy sensitivity: “femoroacetabular impingement”, “FAI”,
in association with: “surgery”, “arthroscopy”, “surgical” and “conservative”, “physiother-
apy”, “physical therapy”, “rehabilitation”, “exercise”. Manual research throughout the
reference lists of all retrieved articles was further conducted. A PRISMA flowchart of the
selection and screening method is provided in Figure 2.

Figure 2. PRISMA Flowchart summarizing the selection process.

First, all the retrieved articles were screened by title and abstract, using the following
inclusion criteria for article selection: (1) clinical reports with randomized design (level I)
comparing conservative management to surgery; (2) written in the English language;
(3) published from 2000 to 2022; (4) dealing with the treatment of patients affected by FAI
syndrome. “Treatment” meant both surgery and conservative management, including
exercise therapy, physical therapy (e.g., laser therapy, ultrasounds, shockwave therapy)
and injective treatment as well. Exclusion criteria were: (1) case series or comparative
non-randomized trials; (2) written in languages other than English; (3) not dealing with the
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treatment of FAI syndrome. We further excluded all duplicate articles, articles from nonpeer
reviewed journals or articles lacking access to the full text. Conference presentations,
narrative reviews, editorials, and expert opinions were also excluded. Two investigators
extracted relevant data independently. The following data were extracted from each study:
demographics, study design and level of evidence, follow-up times, treatment groups,
evaluation scores adopted, and overall clinical findings. Discrepancies between the two
reviewers were resolved by discussion and consensus, and the results were reviewed by
the senior investigators. The final list of the selected studies is presented in Table 1.

Table 1. Synopsis of the main features of the RCTs included in the systematic review.

Study
Study

Design
Treatment

Groups
Outcome
Measures

Follow-
Up

Rehabilitation Program Main Results Comments on Results

Griffin
et al. [11] RCT 171 surgical

and 177 PT

iHOT-33
EuroQol

EQ-5D-5L
SF-12

12mo

6 to 10 sessions over 12 to
24 weeks with physiotherapist
personalized hip therapy with

an assessment of pain,
function, and range of hip

motion; patient education; an
exercise program that has the

key features of
individualization, progression,

and supervision; help with
pain relief, which could

include one X-ray or
ultrasound-guided

intra-articular steroid injection

At 12 mo follow-up, there was
a mean adjusted difference of

6·8 points in the iHOT-33 score
between groups, in favor of hip

arthroscopy. This is a
statistically significant

difference that also exceeded
the minimum clinically
important difference for

iHOT-33.

Hip arthroscopy is more
clinically effective than
best conservative care

Mansell
et al. [12] RCT 38 surgical

and 40 PT

HOS
iHOT-33

GRC 24mo

12 sessions over 6 weeks with
joint mobilizations,

mobilization with motion,
therapeutic exercise, soft tissue

mobility, stretching, motor
control exercises and home

exercise program.

There was no significant
difference between the surgery
and no surgery groups at any

time point out to 2 years on the
HOS ADL and sport subscales

or the iHOT-33.
There was a statistically

significant improvement from
baseline to 1 and 2 years on the

HOS ADL subscale and the
iHOT-33 in the surgery

group only.

Despite improvements
over time, no

meaningful change was
perceived by most

patients. A high rate of
crossover to the surgery

group affected the
power of the study and

prevents us from making
definitive conclusions.

Palmer
et al. [15] RCT 112 surgical

and 110 PT

HOS ADL
HOS
sport

NAHS
HAGOS

OHS
iHOT-33

EQ-5D-3L
PainDETECT

HADS

8mo

Up to 8 physiotherapy sessions
over 5 mo with physiotherapist
personalized hip therapy, with
emphasis on improving core

stability and movement control.

The mean HOS ADL in the
arthroscopic surgery group

was 10.0 points (95%
confidence interval 6.4 to 13.6,
p = 0.001) higher than in the

physiotherapy program group
at 8mo follow-up.

Patients with FAI
syndrome experience a
greater improvement in

symptoms with
arthroscopic hip

surgery than with
physiotherapy and

activity modification at
8mo follow-up.

Hunter
et al. [14] RCT 49 surgical

and 50 PT

dGEMRIC
score

HOAMS
iHOT-33
HOOS
SF-12
GIS

Modified
UCLA

12mo

6 PT sessions over 12 weeks. If
needed 4 more PT sessions

were added between 12 weeks
and 6 months.

1. An individualized and
progressive exercise program

supervised by
a physiotherapist.

2. Education about the
condition and its Management.
3. Advice regarding pain relief
which could include referral to

the participants’ General
Practitioner

or ultrasound-guided
intra-articular steroid injection.

The primary outcome of hip
cartilage metabolism

dGEMRIC showed no
statistically significant

difference
Between PHT and arthroscopic

hip surgery at 12 months
follow-up.
the range

of secondary outcomes
demonstrated statistically and

clinically important
improvements with

significance between group
differences favoring surgery.

This trial adds new
information that shows

the patient
reported benefits of

surgery are not
explained by nor

linked to better hip
cartilage metabolism at

12 months.

The quality of the randomized controlled trials (RCTs) included was assessed inde-
pendently by two reviewers using the Cochrane Risk of Bias Assessment Tool. The risk of
bias was assessed as a judgment (high, low, or unclear) for individual elements from seven
domains, as detailed in Table 2.
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Table 2. Cochrane Risk of Bias assessment for all the included studies. + Low risk of bias; − High
risk of bias.

Selection Bias
Random
Sequence

Generation

Selection Bias
Allocation

Concealment

Reporting
Bias

Selective
Reporting

Performance Bias
Blinding

(Participants and
Personnel)

Detection Bias
Blinding
(Outcome

Assessment)

Attrition Bias
Incomplete

Outcome Data

Other
Bias

Griffin et al. [11] + + + − + + +

Mansell et al. [12] + + − − − − −
Palmer et al. [15] + + + − + + +

Hunter et al. [14] + − + − + − −

3. Results

In the present review, data from 749 patients were retrieved: 418 right side (55.8%) and
392 males (52.3%). Furthermore, 532 (71.0%) cases were classified as CAM impingement,
47 (6.3%) as Pincer FAI, 90 (12%) as mixed FAI and 80 cases (10.7%) were not specified. The
mean follow-up was 14 months, and the weighted mean age was 34.7 years.

In the arthroscopy cluster 372 (49.7%) patients were analyzed: 213 right side (56.5%)
and 190 males (51.1%). Moreover, 263 (70.7%) cases were classified as CAM impingement,
23 (6.2%) as Pincer FAI, 46 (12.4%) as mixed FAI and 40 (10.7%) cases were not specified.
The weighted mean age was 34.7 years. The physiotherapy cluster accounts for 377 (50.3%)
patients: 205 (54.4%) right side and 202 (53.6%) male gender; 269 (71.4%) cases were
classified as CAM impingement, 24 (6.4%) as Pincer FAI, 44 (11.6%) as mixed FAI and 40
(10.6%) cases were not specified. The weighted mean age was 35.10 years.

From 749 patients enrolled in our review, only 620 (83.0%) completed the aimed
follow-up: 55 (7.4%) were lost at follow-up in the arthroscopy cluster and 72 (9.6%) in the
physiotherapy one. Furthermore, among all the studies included, 52 patients crossed over
from conservative to surgical treatment, which represents 70% of non-surgical patients
from the study conducted by Mansell et al. [12], 5% from Palmer et al. [15], 8% from
Griffin et al. [11], and the 6% from Hunter et al. [14]

4. Reported Clinical Outcomes

4.1. International Hip Outcome Tool (iHOT-33)

The 33-item International Hip Outcome Tool (iHOT-33) is a questionnaire designed for
self-administration which uses a visual analog scale format and can be provided to young
active patients with pathologies affecting the hip.

Mansell et al. [12] reported a statistically significant improvement in iHOT-33 from
baseline to 2 years in both groups, but the mean difference was not significant.

Similar results were reported by Griffin et al. [11] who documented an increase
in the iHOT-33 score in both groups. Conversely to Mansell et al. [12], in the primary
intention-to-treat analysis at 12 months, the iHOT-33 score was significantly higher in the
hip arthroscopy group compared to the conservative group.

These results were consistent with the study by Palmer et al. [15] that confirmed
a significantly higher iHOT-33 score in participants who received arthroscopic surgery
compared to those who received the physiotherapy approach. Again, similar findings were
found in the study by Hunter et al. [14] who showed a significant difference between the
two groups at 12 months in favor of surgical treatment.

4.2. Hip Outcome Score of Daily Living (HOS-ADL) and Sports (HOS-Sports)

The Hip Outcome Score (HOS) activities of daily living (ADL) and sports subscales
are self-reported outcomes with evidence of reliability and responsiveness for patients who
are treated for arthroscopic hip surgery.

Mansell et al. [12] did not report any statistically significant difference between the
surgery and physical therapy groups in HOS-ADL and HOS-sports at 6-month, 1-year and
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2-year follow-ups. Conversely, Palmer et al. [15] found a significant difference of 10.0 points
in HOS ADL in favor of the surgical group. Furthermore, 32% of patients treated in the
physical therapy group and 51% of surgical patients reached the MCID (at least 9 points) in
HOS-ADL, thus confirming the superior outcomes of the surgical group. Similarly, PASS
(Patient acceptable symptomatic state, -defined as HOS-ADL ≥ 87 points-) was obtained in
19% of patients receiving physical therapy compared to 48% of patients receiving surgery.

4.3. EQ-5D 3L/5L and EQ-5D-5L-VAS

The EQ-5D 3L/5L and EQ-5D-5L-VAS are health surveys that can be used to compare
improvement across different interventions by measuring changes in health-related quality
of life over time.

Griffin et al. [11] found a statistically significant difference at 6 months in EQ-5D 3L/5L
and EQ-5D 5L-VAS scores between the arthroscopy and conservative treatment group.

Hunter et al. [14] measured the baseline to 6-month and baseline to 12-month differ-
ences of these scores: comparing surgical and conservative groups, they reported significant
improvement at 12 months relative to baseline in EQ-5D-5L, but not in EQ5D-VAS score,
in favor of the surgical treatment. Finally, Palmer et al. [15] reported a statistically signifi-
cant improvement at 6 months in the EQ-5D-3L index and EQ-5D-3L-VAS score in favor
of arthroscopy.

4.4. Other Health-Related Scores

The global rating of change (GRC) is a score used to assess functional change over
time in the clinical setting.

Mansell et al. [12] considered a GRC (Global Rating of Change) score to verify an even-
tual improvement of quality of life: 45.2% of patients in the arthroscopy group compared
to 25.0% in the conservative treatment showed a GRC > 13, considered as the threshold for
a satisfactory outcome. However, the relative risk of perceiving a statistically significant
improvement was not different between the groups.

The Hip Disability and Osteoarthritis Outcome Score (HOOS) is a 40-item question-
naire used to assess patient-relevant outcomes in five separate subscales (pain, symptoms,
activity of daily living, sport and recreation function and hip-related quality of life).

Hunter et al. [14] reported an improvement in the perceived quality of life in favor
of the arthroscopy group compared to physiotherapy at 12 months by analyzing the Hip
Disability and Osteoarthritis Outcome Score (HOOS) subscales: pain (p = 0.001), symptoms
(p = 0.007), ADL (p = 0.000), sport (p = 0.003) and quality of life (p = 0.004). In all cases,
better results were documented for the surgical group.

4.5. Delayed Gadolinium-Enhanced Magnetic Resonance Imaging (MRI) of Cartilage (dGEMRIC)

Hunter et al. [14] compared the dGEMRIC index between arthroscopy and physiother-
apy groups at baseline and 12 months and showed no significant inter-group difference:
although patients with symptomatic FAI experienced better outcomes after arthroscopic
surgery, no imaging difference was detected to support these clinical findings.

5. Discussion

The present review highlighted the differences between surgical and conservative
approaches in the treatment of femoro-acetabular impingement syndrome.

Formerly, Mok et al. [19], Dwyer et al. [20], and Gatz et al. [18] analyzed the three RCTs
available until then. Our research added the latest RCT in literature (Hunter et al. [14])
and found the arthroscopic approach to be the preferred treatment for femoro-acetabular
impingement syndrome in young and active patients. Our findings are comparable to
results recently obtained in the work of Mahmoud et al. [21]

The subjective scores considered by the authors included iHOT-33, SF-12, EQ-5D-5L
and HOS. iHot 33 is a clinical assessment tool for active patients which consists of symptoms,
functional limitations, recreational activities, and sports and is, therefore, considered one
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of the main questionnaires to quantitatively evaluate patients’ symptoms [22]. The iHOT
33 tool demonstrated significantly better results for arthroscopic treatment in three out of
the four studies included. Despite these notable results in favor of arthroscopy, potential
biases should not be underestimated: Mansell et al. [12] enrolled military patients, thus
introducing a potential bias in the generalizability of results. The study conducted by
Mansell et al. [12] suffered from a high rate of crossover to surgery, lowering the statistical
power of the results coming from the non-operative group. Moreover, both arthroscopy
and physical therapy are predisposed to a performance bias since the administration of
treatments could induce a placebo effect. To date, no blinded study has been conducted
for the treatment of FAI: indeed, ethical considerations usually prevent from receiving
approval to perform sham procedures, such as merely diagnostic arthroscopy or even skin
incisions, which would be necessary to blind the patients. In an attempt to overcome this
flaw, one study is currently ongoing and aims to compare arthroscopic treatment to sham
surgery [23].

Furthermore, the role played by post-operative rehabilitation should not be underes-
timated [24]. The strength of the index hip has been recently demonstrated to be inferior
in flexion, extension and adduction, up to 16 weeks following the arthroscopic procedure,
compared to the contralateral healthy hip [25]. Therefore, effective postoperative rehabili-
tation could benefit from enhancing recovery after hip arthroscopy, thus speeding up the
full healing of the patient [26]. The beneficial role of the surgical procedure was evident in
most of the scores analyzed and these findings are in line with other similar studies on the
topic [18]. Nonetheless, even if Griffin et al. [11] and Hunter et al. [14] adopted the same
physiotherapy regimen based on an International Consensus, the large heterogeneity of the
rehabilitation protocols adopted and the little evidence supporting the various programs,
remarkably complicate a definitive conclusion in favor of arthroscopy. Looking at our
results, three out of four high-quality evidence studies suggested the superiority of the
arthroscopic treatment compared to the best conservative care, yet the optimal non-surgical
treatment still lacks consensus. In everyday clinical practice, conservative treatment is
usually proposed as a first-line approach although different regimens are proposed. Ex-
ercises focused on core strengthening are usually administered, even if their efficacy was
proven only in small cohorts with different follow-up periods [27–30]. The rationale behind
physiotherapy lies in relieving pain due to impingement by allowing the strengthening
of the muscles and impeding unfavorable movements. However, the exact timing of the
commonly administered exercises is not known, and duration displays large variability
among the studies (Mansell et al. 12 sessions [12], Palmer et al. 8 sessions [15], Griffin et al.
10 sessions [11], Hunter et al. 6 sessions [14]). The trials conducted by Griffin et al. [11]
and Hunter et al. [14] allowed intra-articular corticosteroids injection for pain relief in the
non-operative group, which may have garbled the outcomes.

Many authors suggested a possible association between FAI syndrome and idiopathic
hip osteoarthritis [31–33]: although hip arthroscopy seemed to provide superior functional
results and better pain control, there are insufficient data to support the preventive role of
surgery [34]. In fact, there is limited evidence on the long-term outcomes of hip arthroscopy
in terms of OA progression: surgery might be not able to delay joint degeneration and
relapse of symptoms compared to conservative treatment. Any surgical procedure is indeed
able to impair the joint environment, so long-term evaluation is needed to understand the
real risk/benefit ratio of hip arthroscopy over time; however, larger long-term studies are
usually burdensome and their prohibitive costs will most likely affect the future evidence
available. Furthermore, when considering such surgical procedures, one should not neglect
the possible surgery-related complications: although in the cohort of patients analyzed
(total number = 395), just two had notable complications (one fracture and one septic
arthritis), previous studies found an adverse event rate following hip arthroscopy in up to
5% of patients [35].

Based on these findings, the optimal treatment for FAI remains uncertain.
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Although we included only randomized controlled trials, several methodological
limitations must be acknowledged: first, the small number of papers selected prevents the
assessment of a definitive conclusion on the best standard of care for the FAI syndrome.
The number of patients studied is still too small and not representative of the real incidence
of the disease in the general population, estimated to be up to 17% of patients with groin
pain [26]. Furthermore, FAI includes a wide spectrum of anatomical morphologies, requir-
ing a tailored surgical approach. In the present analysis, no stratification was made based
on the different subtypes of FAI and different surgical procedures performed. Furthermore,
when considering physical therapy, we need to consider the compliance of the patients,
which is must higher in the context of clinical trials compared to the real-world setting,
where physiotherapy regimens are often discontinued due to working or social habits of
patients; therefore, in real life, the outcomes following conservative treatment might be
inferior to those reported in the RCTs.

6. Conclusions

Femoro-acetabular impingement syndrome is a common cause of pain and groin
dysfunction in young active adults. Both arthroscopic treatment and a proper regimen of
physical therapy are effective for pain relief and restoring functional status. However, the
surgical approach seems to offer superior short-term results when compared to conservative
care only. Further evaluations are needed to clarify whether surgery might prevail even at
middle to long-term follow-up.
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Abstract: The use of three-dimensional (3D)-printed custom-made implants is spreading in the ortho-
pedics field for the reconstruction of bone losses or for joint replacement, thanks to their unparalleled
versatility. In particular, this novel technology opens new perspectives to formulate custom-made
fixation strategies for the upper cervical region, sacrum and pelvis, where reconstruction is challeng-
ing. We report and analyze the literature concerning upper cervical reconstruction with 3D-printed
personalized implants after tumor surgery, and discuss two cases of patients where this technology
was used to reconstruct the anterior column after extracapsular debulking of C2 recurrent chordoma
at our institution.

Keywords: 3D-printing; anterior reconstruction; upper cervical region

1. Introduction

In the past three decades, there have been tremendous technical and technological
advances that have profoundly changed spine surgery, allowing what seemed to be im-
possible before. The spread of rigid segmental fixation paved the way for more complex
reconstructions, thus, allowing more aggressive approaches in the treatment of primary
bone tumors. Given the encouraging results achieved in terms of local control and overall
survival, increasing interest has grown towards more refined reconstructions of the spine.

The advent of three-dimensional (3D) printing techniques, also known as additive
manufacturing, with their unparalleled versatility, have offered a very attractive prospective
in the reconstruction of substance losses, such as those produced by the resection of
musculoskeletal neoplasms [1].

Three-dimensional printing refers to the process of fabricating a physical model
through successive layering of powder-like materials (including Ti6Al4V, cobalt-chromium
alloy, and stainless steel) based on a volumetric digital image generated by computer-aided
design (CAD). It can fabricate an implant tailored to the specific anatomy of the individual
patient in a controllable manner to enhance the primary immediate postoperative stability.
It can also produce size-controllable micropore structures, which can lower the elastic
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modulus of the metals, decrease the stress at the solid parts of the implant, and promote
integration between metal and bone at the contact surface.

We recently reported a prospective observational study on custom-made 3D-printed
titanium reconstruction of vertebral bodies performed in 13 patients who underwent
en bloc resection for primary spinal tumors [2]. The results from this series suggested
that 3D printing can be effectively used to produce custom-made prosthesis for anterior
column reconstruction.

In particular, the upper cervical region has a unique biomechanical function that
makes reconstruction in this region challenging. Instrumentation-related complications,
such as construct subsidence, migration, and pseudoarthrosis are common due to the lack
of an optimal implant. Thus, the novel 3D technology is helpful for spine surgeons to
perform safer and more adequately planned cervical surgeries.

We present here two cases of patients affected by C2 chordoma treated by means of ex-
tracapsular debulking and reconstruction of the spine with customized 3D-printed prosthesis.

A chordoma is a low-grade, slow-growing but locally invasive and locally aggressive
tumor that belongs to the sarcoma family of tumors. Chordomas arise from remnants of
the notochord and occur along the midline spinal axis between the clivus and the sacrum,
anterior to the spinal cord. The location distribution of chordomas is 50% sacral, 35%
skull base, and 15% occur in the vertebral bodies of the mobile spine (most commonly
the C2 vertebrae followed by the lumbar then thoracic spine). Overall 5-year survival
is approximately 50%, and treatment is en bloc surgical resection (if technically feasible)
followed by high-dose conformal radiation therapy such as proton beam radiation [3].

2. Materials and Methods

In 2017 and 2018, two patients with C2 chordoma (Enneking stage IB), underwent
extracapsular debulking at our institution, with upper cervical reconstruction using cus-
tomized 3D-printed vertebral bodies. Demographic data of the two patients are reported
in Table 1.

Table 1. Patients’ demographics.

Patient
Age

(Years),
Sex

Diagnosis Enneking WBB Previous Treatments Approach Margin
Local

Control
(Months)

Overall
Survival
(Months)

Oncological
Status

1 65, M
Recurrent
chordoma

C2
IB 8-5/A-D

RT (70.4 Gy
carbon-ion, Δt = 4 y)

Extracapsular
debulking and

reconstruction w/
allograft and

carbon-fiber buttress
plate (Δt = 2 y)

A Intralesional 18 20 DOC

2 75, M
Recurrent
chordoma

C2
IB 8-3/A-D

Extracapsular
debulking (Δt = 8 m)
RT (74 Gy proton-ion,

Δt = 2 m)

A+P Intralesional 12 32 DOD

RT, radiation therapy; DOD, died of the disease; DOC, died of complications.

Design of the Implant

Prior to surgery, the design of the prosthesis started from a preoperative thin-cut
(1–1.5 mm) computed tomography (CT) that allowed evaluation of the patient-specific
anatomy such as shape, width, and length of the endplates, to the extent of the planned
resection. Based on these data, a CAD model of the spine was generated, and a virtual
implant was designed.

The virtual model was visualized prior to production, to allow further refinements (i.e.,
fixation technique) until the production of the final version of the prosthesis. Finally, the
approved model was fabricated by successive layering of melted Ti6Al4V powder (Arcam
AB, Mölndal, Sweden). The design and the fabrication of the implant were performed at
Instituto Tecnològico de Canarias, Las Palmas, Spain, in a time span that was kept within
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2 weeks from initial consultation with the senior author (AG). The images showing this
procedure are reported as Supplementary Materials.

3. Results

3.1. Case Report 1

The first case that we report, is of a 65-year-old man in whom a local recurrence of
chordoma was detected at the site of an extracapsular debulking (and reconstruction with
allograft stabilized with a carbon plate) at C2 that he underwent 2 years before. That
first surgical treatment had been performed due to local progression after heavy-particles
radiation therapy (70.4 Gy/16 ft. of carbon-ion) that the patient underwent 2 years before
that surgery. MRI showed (Figure 1) recurrence of the tumor in the site of the previous
surgery, surrounding the fibular graft and the plate (Figure 2), extending into the epidural
space (Bilski grade 1C). Vertebral arteries (layer F) were not involved by the tumor as well
as the posterior elements.

 

Figure 1. Case report 1: pre-operative MRI. (A) Axial view showing Bilski grade 1C epidural
involvement. (B) Sagittal view showing extracompartimental extension.

 

Figure 2. Case report 1: previous reconstruction of the anterior column with fibular graft and buttress
plating. (A) Axial view. (B) Coronal view. (C) Sagittal view.
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Despite these findings, the patient was complaining of only mild neck pain and
was neurologically intact. Revision surgery consisted of hardware (and graft) removal
and extracapsular tumor debulking through a single anterior submandibular extraoral-
retropharyngeal pre-vascular approach [4]. A custom-made titanium 3D-printed prosthesis
was used for reconstruction (Figure 3) (see Section 3.3 for details). Post-operative course was
uneventful, and the patient was able to return to work (dentist) after 4 weeks. Pathological
examination of the surgical specimen confirmed the diagnosis of CHO without evidence
of de-differentiation.

 

Figure 3. Case report 1: post-operative CT-scan. (A,B) Axial views, showing the prosthesis and its
hooking to C1. (C) Sagittal view.

At 3, 6, 9 and 12 months follow-up, the implant showed good stability suggesting
firm osteointegration (Figure 4). At 18 months follow up, a second recurrence of tumor
was detected for which another revision surgery was performed for tumor debulking and
spinal cord decompression through a double (anterior and posterior) approach (Figure 5).
This allowed exploration of the implant–bone interface and direct visualization from which
strong osteointegration could be confirmed. The patient experienced a severe neurological
complication (ischemic brain injury) due to a major intraoperative vascular injury of carotid
artery. The patient died after 2 months for the sequelae of the surgery.

 

Figure 4. Case report 1: follow up at 9 months. (A,B) Dynamic X-rays showing no subsidence or
displacement of the implant and stability of the spine.
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Figure 5. Case report 1: post-operative CT scan after revision. (A) Posterior instrumented C0-C6
fixation. (B,C) 3D-printed implant firmly osteo-integrated.

3.2. Case Report 2

The second case that we report, is of a 75-year-old man in whom a recurrent C2
chordoma progressed locally despite heavy-particles radiation therapy (74 Gy/37 ft. of
proton-ion). The patient had already been submitted to extracapsular debulking (without
reconstruction), after frozen-section diagnosis of chordoma, 6 months before the radiation
therapy. The CT scan showed pathological fracture due to progression of disease (Figure 6).

 

Figure 6. Case report 2: pre-operative CT. Pathological C2 fracture after surgery and radiation therapy
for chordoma. (A) Sagittal view. (B) Axial view. (C) Coronal view.

MRI showed the lesion replacing the vertebral body and the dens, extending into the
posterior elements via the pedicles and extracompartimentally both into the epidural space
causing spinal cord compression (Bilski grade 2) and in the prevertebral (layer A) space.
Vertebral arteries (layer F) were not involved by the tumor (Figure 7).

Despite these findings, physical examination showed only chronic sequelae (mild
swallowing deficit, right facial nerve palsy and mild ataxia) of a previous right cerebellar
infarction that the patient suffered from 20 years before.

Taking into account the involvement of both the anterior and posterior columns, re-
vision surgery was planned to be performed through a double (anterior and posterior)
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approach. The first stage consisted of tumor debulking, ventral decompression of the
spinal cord and anterior column reconstruction with a custom-made titanium 3D-printed
prosthesis (see Section 3.3 for details) thorough an anterior submandibular extraoral-
retropharyngeal pre-vascular approach [4]. The second stage consisted of posterior decom-
pression, debulking of the posterior extension of the tumor and occiput to C4 instrumented
fusion with occipital plate and lateral mass screws (Figure 8). Post-operative course
was uneventful.

 

Figure 7. Case report 2: pre-operative MRI. (A) Axial view showing Bilski grade 2 epidural involve-
ment (thus, causing spinal cord compression). (B) Coronal view. (C) Sagittal view.

 

Figure 8. Case report 2: post-operative CT scan. (A) Posterior instrumented occipito–cervical fixation.
(B,C) Anterior column reconstruction with 3D-printed custom made prothesis: distal fixation in
C3 with integrated plate–screw system stabilized to the implant, proximal fixation obtained with a
saddle that fitted the anterior arch of C1.

At 6 and 12 month follow-ups, CT-scan and X-ray showed good stability of the implant
from which osteointegration can be assumed. The patient died 32 months after the surgery.
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3.3. Reconstruction

In both cases, after thorough extracapsular tumour debulking, reconstruction was
performed with a custom-made 3D-printed titanium implant.

The prosthesis was inserted accommodating the anterior arch of C1 into a saddle
(proximally) and with progressively increasing length until slight distraction of the anterior
column could be felt, indicative of a good fitting. Distally, the base of the implant was laid
on the upper endplate of the adjacent vertebral body (C3) to which it was secured with two
convergent screws through an integrated anterior plate.

To ensure proper fitting of the prosthesis, a series of three implants was produced for
each case: one of the expected length (measured on the preoperative CT scan), one shorter
by 2 mm, and one longer by 2 mm.

4. Discussion

In this study, we assessed the effectiveness and safety of spinal reconstruction using
customized 3D-printed patient-specific implants in the upper cervical region in two patients
affected by C2 chordoma. It might appear to be misleading to compare the present report
of the treatment of chordoma, with others that include other primary bone tumors of
spinal metastases. However, because of the complex regional anatomy of the high cervical
spine (which includes important and functionally relevant structures such as vertebral
arteries, esophagus, trachea, spinal cord and cervical spinal nerves) en-bloc resection
with wide/marginal tumor-free margins (which would be the recommended treatment
for malignant primary bone tumors, such as chordoma or chondrosarcoma) is technically
unfeasible in most cases. Therefore, intralesional extracapsular (or gross total) excision
remains the only reasonable option, thus, bridging the gap in the surgical treatment of
such different entities. These limitations to fulfill oncologic appropriateness, along with the
difficult exposure (that makes incomplete excisions more likely) explains why oncological
outcomes (local control and overall survival) tend to be poorer for primary bone tumors
arising in this region. Since oncologic outcomes of the treatment of chordoma goes beyond
the scope of the present report, they are briefly summarized in Table 1.

Anterior column reconstruction at this level is as well limited by the same constraints,
especially, achievement of a reliable and firm proximal fixation might be hard to obtain,
thus, making additional posterior stabilization indispensable. Several techniques have
been described such as fashioning of the proximal end of a bone graft (auto- or allogenic)
into the shape of a clothespin, along with a proper length selection, as the most classical
way to achieve primary stability [4]. In this way a saddle is created into which the anterior
arch of C1 can be accommodated.

In case reconstruction is performed with a mesh cage, it can be opened and shaped
as a “T” allowing an analogous saddle mechanism and, at the same time, creating a plate
through which screws can be inserted (into the anterior arch or directed to the lateral
masses) to provide more rigid fixation [5,6].

The same fixation strategy can be used when a plate is used with a neutralizing
principle, but it can be limited if C1 has to be excised as well, since the thickness of the
clivus is such that only very short screws can be inserted [7].

Alternatively, plates can be used with a buttress principle and fixated only distally to
limit migration of the graft/mesh cage.

Anecdotal use of full thickness osteo-cutaneous flaps has been reported, particularly
after radiotherapy [8].

Three-dimensional printing technology opened a crack to the development of custom-
made fixation strategies, this being particularly intriguing in the upper cervical spine, as in
the sacrum and pelvis.

In both the reported cases, a titanium prosthesis was taken into consideration for the
reconstruction (allowing a tailored solution for proximal fixation), since further radiation
was prevented by having already reached spinal cord tolerance.
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A total of 26 cases of cervical spine reconstruction using personalized 3D-printed
prosthesis after debulking (for both primary and metastatic tumors) were reported in
11 papers listed in the PubMed database (search: “cervical C2 tumor reconstruction”)
between 1 January 2016 and 30 August 2022 (Table 2). The most common proximal fixation
strategy reported was by including trajectories for divergent screws in the lateral masses of
C1 within the implant (four reports), or through integrated plates (one report), while only
one reported the use of a “saddle”. In those cases where C1 had been excised, completely
or partially, because infiltrated by the tumor, primary stability was achieved using the
occipital condyles as a proximal point of fixation (two reports) or, through an integrated
plate, on the clivus (one report). For reconstructions below C2, the reported strategies for
fixation became the same as those used distally: at least two screws into the vertebral body
through the implants, or through integrated plates (one report each).

In addition to these macroscopic details, it must be considered that the progressive
layering process allows production of a lattice structure of such regularity and with prede-
termined surface characteristics that the potential for bone ingrowth is high, leaving only
a minimal percentage (up to <10%) of the actual volume of the implant being occupied
by titanium.

All the authors described combined (anterior–posterior, or posterior–anterior) ap-
proaches, most frequently staging the procedures. Surgical planning is primarily to be
taken depending to the local extension of the disease, but additional posterior approach
might be not necessary for stability if a 3D-printed implant is used. Of the reported cases,
one underwent excision and reconstruction through a single anterior approach and did not
experience any mechanical consequence.

Mismatch between the size of the implant and that of the gap produced by the resection
might be an unsolvable problem with 3D-printed implants. To overcome this potential
problem we produced three differently sized implants of 2 mm height increase. Other
authors [10,13,14,16,17] were reported to have produced more implants of different sizes
ranging from 2 [14] to 32 [10]. This needs to be taken into consideration in an eventual
cost-effectiveness analysis on the use of 3D-printed implants [20,21].

The role of 3D-printing is growing both in orthopedics and neurosurgery. Among the
benefits of 3D-printing, it must be mentioned that it requires detailed planning preopera-
tively and commits surgeons to its meticulous respect. Furthermore, this same technology
can be used to produce models that can be used for patient counselling, or training for
follow up, or even experienced surgeons [22–24].
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5. Conclusions

Location of spinal tumors in the upper cervical spine provides challenges both for
tumor excision, since satisfactory exposure is difficult to achieve (often requiring multiple
approaches), and reconstruction, especially for proximal fixation. Three dimensional
printing allowed the reported authors to design patient-specific solutions, not only for
shape and size of the implants, but also for the method to achieve proximal fixation. Despite
this, in cases of tumor extension to posterior elements, anterior fixation alone is limited,
and posterior stabilization is generally required.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11206058/s1, File S1: Brochure of the implant for cervical reconstruction.
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21. Czyżewski, W.; Jachimczyk, J.; Hoffman, Z.; Szymoniuk, M.; Litak, J.; Maciejewski, M.; Kura, K.; Rola, R.; Torres, K. Low-Cost
Cranioplasty-A Systematic Review of 3D Printing in Medicine. Materials 2022, 15, 4731. [CrossRef]

22. Park, C.K. 3D-Printed Disease Models for Neurosurgical Planning, Simulation, and Training. J. Korean Neurosurg. Soc. 2022, 65,
489–498. [CrossRef] [PubMed]

23. Błaszczyk, M.; Jabbar, R.; Szmyd, B.; Radek, M. 3D Printing of Rapid, Low-Cost and Patient-Specific Models of Brain Vasculature
for Use in Preoperative Planning in Clipping of Intracranial Aneurysms. J. Clin. Med. 2021, 10, 1201. [CrossRef]

24. Garcia, J.; Yang, Z.; Mongrain, R.; Leask, R.L.; Lachapelle, K. 3D printing materials and their use in medical education: A review
of current technology and trends for the future. BMJ Simul. Technol. Enhanc. Learn. 2018, 4, 27–40. [CrossRef] [PubMed]

80



Citation: Cammisa, E.; Sassoli, I.; La

Verde, M.; Fratini, S.; Rinaldi, V.G.;

Lullini, G.; Vaccari, V.; Zaffagnini, S.;

Marcheggiani Muccioli, G.M.

Bilateral Knee Arthroplasty in

Patients Affected by Windswept

Deformity: A Systematic Review. J.

Clin. Med. 2022, 11, 6580. https://

doi.org/10.3390/jcm11216580

Academic Editor: Robert Hube

Received: 14 July 2022

Accepted: 3 November 2022

Published: 6 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Systematic Review

Bilateral Knee Arthroplasty in Patients Affected by Windswept
Deformity: A Systematic Review

Eugenio Cammisa 1, Iacopo Sassoli 2, Matteo La Verde 2, Stefano Fratini 2, Vito Gaetano Rinaldi 2, Giada Lullini 3,

Vittorio Vaccari 2, Stefano Zaffagnini 2 and Giulio Maria Marcheggiani Muccioli 2,*

1 Orthopedic Unit, Imola Hospital, 40026 Imola, Italy
2 II Orthopaedic and Traumatology Clinic, IRCCS Istituto Ortopedico Rizzoli—DIBINEM, University of

Bologna, Via di Barbiano, 1/10, 40100 Bologna, Italy
3 UOC Medicina Riabilitativa e Neuroriabilitazione, IRCCS Istituto delle Scienze Neurologiche di Bologna,

40139 Bologna, Italy
* Correspondence: giulio.marcheggiani2@unibo.it; Tel.: +39-051-6366509; Fax: +39-051-583789

Abstract: Background: “Windswept” deformity (WSD) consists of a non-frequent condition in which
the patient presents a valgus deformity in one knee and a varus deformity in the other. We performed
a review of the available literature to aggregate the accessible data on the outcomes of bilateral
knee arthroplasty in patients with WSD and to discuss the surgical challenges that this condition
might pose. Methods: A systematic review of the literature following the PRISMA guidelines was
conducted. The relevant studies between 1979 and 2021 were identified. Four studies with a total of
68 patients were included for analysis. The mean follow-up for varus knees was 3.3 years, 3.1 years
for valgus knees. The quality and rigor of the included studies was assessed using the Methodological
index for non-randomized studies (MINORS). Results: All the studies reported improvement in
knee function following knee replacement surgery, and a reduction in axial deviation of both knees,
with similar results in valgus and varus knees in terms of patient satisfaction. The most relevant
data were that unicompartmental knee arthroplasty (UKA) allowed for limited axial correction with
slightly inferior functional results. Kinematic alignment (KA) allowed for similar results in both
knees. Conclusion: The present review shows how satisfactory results can be achieved in both knees
in patients with WSD and osteoarthrosis (OA). However, the operating surgeon should be aware of
the importance of the implant choice in terms of functional outcomes. In the absence of extra-articular
deformities, calipered KA total knee arthroplasty (TKA) can be performed on both knees with good
axial correction and functional outcome. Level of evidence: II —Systematic review of cohort studies.

Keywords: knee arthroplasty; TKA; windswept; varus knee; valgus knee; kinematic alignment

1. Introduction

“Windswept” deformity (WSD) consists of a non-frequent condition in which the
patient presents a valgus deformity in one knee and a varus deformity in the other. These
concomitant deformities present some unique challenges when performing knee arthro-
plasty on these patients [1].

The patients with WSD knees have opposite deformities in the coronal plane, and
each knee may present different insufficiencies of bone and soft tissue [2]. Windswept
deformities (WSD) can be recognized on anterior-posterior (AP) radiography, where the
alignment of the knees can be obtained with the use of the hip-knee-ankle angle (HKA)
or the femorotibial angle (FTA), and an opposite axial deviation is present in the same
patient [3].

The underlying cause of WSD can vary. It often correlates with skeletal dysplasia,
physeal disturbances, metabolic bone disorders, rheumatic arthritis, and post-trauma, while
it remains an unusual condition in patients with primary arthritis [4].

J. Clin. Med. 2022, 11, 6580. https://doi.org/10.3390/jcm11216580 https://www.mdpi.com/journal/jcm
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In WSD, medial compartment osteoarthritis (OA) on the side of varus deformity and
lateral compartment OA on the side of the valgus deformity can be found. There is also
a contracture of the soft tissues on the medial side of the knee, which often need to be
released in varus knees to achieve satisfactory results. The same is true for the lateral
ligaments and soft tissues in valgus knees [5,6]. Other crucial challenges are the different
degrees of patellofemoral arthritis and the patellar tracking that should be optimized to
gain superior outcomes: This is especially important in valgus knees, which can require
an extensive lateral retinacular release. In bilateral OA in WSD, knee arthroplasty can be
performed in one or two stages, and the choice depends on the clinical criteria of the patient
and the will of the surgeon [7,8].

In literature, few studies analyzed windswept deformities and their outcomes after
bilateral knee arthroplasty.

The purpose of our study is to perform a review of the available literature to aggregate
the accessible data on the outcomes of bilateral knee arthroplasty in patients with WSD
and to discuss the surgical challenges that this condition might pose to the surgeon.

2. Materials and Methods

2.1. Search Strategy

The literature search was operated on Medline, EMBASE and Cochrane CENTRAL on
20 September 2022 by two researchers. The string used for the search was: “(windswept OR
(valgus AND varus)) AND (tka OR ((‘arthroplasty’/exp OR arthroplasty) AND (‘knee’/exp
OR knee)) OR ((‘total’/exp OR total) AND (‘knee’/exp OR knee))) AND bilateral”.

All relevant studies were identified in accordance with the Preferred Reporting Items
for Systematic review and Meta-Analysis (PRISMA) guidelines (Figure S1). The authors
also evaluated the references of the included articles, so it was possible to trace a further
study that was added to our review as it met all the inclusion and exclusion criteria. The
selected articles adhered to the systematic reviews’ Population, Intervention, Comparison
and Outcomes (PICO) criteria. The review was registered on the International prospec-
tive register of systematic reviews (PROSPERO) with the following registration number:
CRD42022361781.

2.2. Eligibility Criteria

Our inclusion criteria for the study were as follows: (1) the studies about knee arthro-
plasty as a treatment modality in WSD, (2) the patients of each article with WSD must
have been treated with arthroplasty in both knees, (3) the articles should report functional
outcomes before and after knee arthroplasty.

Our exclusion criteria were: (1) articles not reporting on the functional outcomes, (2)
articles not reporting on the preoperative and postoperative knee alignment, and (3) articles
that included other treatments for WSD instead of knee arthroplasty. After the removal
of duplicate articles, a full-text review of the selected studies was undertaken by two
independent junior authors (IS and MLV).

2.3. Data Extraction

The data were extrapolated from the selected documents using a standardized data
collection form. Information on the number of patients, their demographic data, the follow-
up period, the type of implant, and if the arthroplasty was made in one stage or two stages
were reported in a spreadsheet. In order to simplify data collection and facilitate readability,
the preoperative and postoperative clinical and functional outcomes were compiled into
two spreadsheets, one for the preoperative valgus knee and one for the preoperative varus
knee. There were no inconsistencies in the results.

2.4. Quality Assessment and Risk of Bias

Two authors assessed the quality and rigor of the included studies using the Method-
ological Index for Non-randomized Studies (MINORS) [9]. The global ideal score is 16
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for non-comparative studies. The items were scored 0 if not reported; 1 when reported
but inadequate; and 2 when reported and adequate. Consensus was reached by the two
reviewers (IS/MLV) when there was no difference in opinion on an item. If no consensus
was reached, the independent opinion of a third reviewer was decisive (EC). The individual
scores are reported in Table 1.

Table 1. Individual MINORS score.

MINORS Criteria Howell et al. [10] Song et al. [11] Meding et al. [12] Tanaka et al. [13]

1 A clearly stated aim 2 2 2 2

2 Inclusion of consecutive
patients 2 2 2 2

3 Prospective collection of data 2 1 2 2

4 Endpoints appropriate to the
aim of the study 2 1 2 2

5 Unbiased assessment of the
study endpoint 0 0 1 2

6 Follow-up period appropriate
to the aim of the study 2 2 2 2

7 Loss to follow up less than 5% 2 1 1 2

8 Prospective calculation of the
study size 2 2 2 2

9 An adequate control group

10 Contemporary groups

11 Baseline equivalence of
groups

12 Adequate statistical analyses

TOT 14 11 14 16

2.5. Statistical Analysis

The results were summarized using descriptive statistics for continuous variables, fre-
quencies, and percentages for categorical variables. Microsoft Excel, 2016 version (Microsoft
Corporation, Redmond, WA, USA) was used for data analysis.

3. Results

3.1. Search Results

Initially, the search identified 128 articles, 38 of which were duplicates. Of the re-
maining 91 articles, 65 were eliminated because they did not fit the study’s inclusion
criteria.

From the remaining 26 articles, two were not included because it was not possible to
retrieve the complete text. At the same time, another 20 were eliminated after a full-text
analysis for the following reasons: patients included in the study did not present WSD,
the patients did not undergo bilateral knee arthroplasty, patients were not treated with
arthroplasty, articles that presented only the abstracts, articles without any score measuring
the clinical outcome.

All four studies met the inclusion criteria and reported clinical and functional outcome
scores to evaluate the treatment results and preoperative and postoperative knee alignment.

Population data and additional relevant data are included in Table 2.
The results are summarized in Table 3 for the valgus knees and Table 4 for the

varus knees.
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Each study included in the review was a retrospective case series of patients affected
by windswept deformity of the knee and treated with joint replacement surgeries, for a
total of 68 patients and 136 knees.

Three studies were considered at low risk of bias (MINORS higher than or equal to 14),
one was considered at high risk of bias. The four studies included were all retrospective
case series. The biggest one was Meding et al. [10] with 22 patients. The mean follow-up
was at least two years for every study.

In three papers, total knee replacement was employed. Meding et al. [10] used cruciate-
retaining (CR) implants, Song et al. [11] used a posterior stabilized (PS) design, while
Howell et al. [12] used both designs with a prevalence of CR (79% of valgus knees, 89% of
varus knees).

Tanaka et al. [13] only used unicompartmental knee implants for treating both types
of deformity.

The follow-up time was greater than two years for all studies.
Only one author, Howell et al. [12], performed all the surgeries in a staged fashion. In

11 patients (58%), the valgus side was addressed first. All other authors reported either
bilateral one-stage procedures or a combination of the two.

Howell et al. [12] performed the arthroplasties using a calipered kinematic alignment
(KA), while the other authors used a mechanical alignment (MA).

Meding et al. [10] and Song et al. [11] described the necessity for ligament releases in
some patients, summarized in Table 2.

Howell et al. [12] performed patellar resurfacing in all patients. Tanaka et al. [13] and
Song et al. [11] do not mention any patellar treatment. Meding et al. [10] performed two
patellar resurfacing procedures with metal backed component in the same patient, both
required a revision.

3.2. Outcome Analysis

All authors reported increased clinical and functional scores after surgery; the individ-
ual scores are reported in Tables 3 and 4.

Meding et al. [10] and Tanaka et al. [13] evaluated the range of motion in terms of
flexion and extension of the knee before surgery and at follow-up. Although there was no
significant difference in the flexion range after surgery, hyperextension was reduced after
the surgery in varus and valgus knees in both sides.

All the studies in the review reported alignment through the accurate calculation of
the FTA or the HKA before and after surgery; each study describes angles of both the varus
and valgus knee.

The most significant alignment changes in the varus knees were reported by Song
et al. [11], which went from a mean varus alignment of 7.8 ± 6.7 degrees (measured with
FTA) to a mean valgus alignment of 5.4 ± 3.2, for an overall mean change of 13.2 degrees.

Regarding the valgus knees, each study demonstrated a more significant correction
than the paired varus knees; Howell et al. [12] reported a mean correction of more than
10 degrees to a mean after surgery of 1◦ ± 2.3◦ (calculated with HKA angle).

Tanaka et al. [13] reported one case of deep-vessel thrombosis, which was fully treated
with antithrombotic therapy. One case of radiolucency under the tibial component at
follow-up was also reported and treated conservatively. Meding et al. [10] reported in the
varus group one case of patella revision, one case of TKA revision, and one case of patella
subluxation. In the valgus group, there was one case of patella revision and one superficial
infection.

4. Discussion

The most important finding of this systematic review was that there was no significant
difference in paired knees’ outcomes.

As is known, initial valgus and varus deformity affects the difficulty of TKA. Both
bone tissue deformities and soft tissue imbalances concur to determine the success of the
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knee alignment correction [10]. Recently, Baldini et al. also demonstrated that contralateral
limb alignment could affect the operated side, especially in great preoperative deformities.
That is supposedly due to the adduction moment in association with extensive releases [14].

There is growing interest in the KA technique as an alternative to mechanical align-
ment (MA) for small and big deformities. KA allows the preservation of the native knee
kinematics in minor deformities without affecting the ligament balance. KA is a more
difficult choice in more significant deformities due to compromised ligaments and the
increased risk of mechanical failure if an insufficient constraint is chosen. However, it
is certainly interesting that in 19 patients with both varus and valgus deformity, Howell
et al. [12] found no differences in the OKS and FJS between the paired knees at a mean
follow-up of 2.3 years, and better results than some reported for MA TKAs [15].

Two studies in this review analyzed MA TKA. All the paired knee results were similar.
A slight greater improvement from baseline is shown for varus knees due to lower PROMs
scores reported before surgery. This difference is, however, well within the confidence
intervals.

It must be noted that KA can correct for intra-articular deformities, while any extra-
articular deformity remains unaddressed. Because of that, the authors suggest a careful
study of the deformity when choosing KA over MA.

Since the WSD is a bilateral deformity often requiring bilateral surgical intervention,
all the considerations usually made for bilateral TKA apply. The comparison between
simultaneous (one-stage) and staged (two-stage) TKA is difficult because surgical indica-
tions for a one-stage procedure are mostly given to younger and healthier patients [16].
This represents a selection bias, which limits most of the studies in literature. What is
currently known is that one-stage TKA costs less and has better rehabilitation outcomes
than two-stage. The single hospitalization and physical therapy cycles are cheaper because
of the shorter length of stay, but due to the double surgical trauma, the patient would
need twice as many blood transfusions [17]. Moreover, Richardson et al. found higher me-
chanical complications and infection rates in two-stage TKA [18]. This could be explained
by an orthopedic, mechanical concept: knee osteoarthritis is often associated with axial
deformities and limb shortening [19], so their simultaneous correction maintains lower
limb equal length, preventing pelvis and spine asymmetry imbalance. Patients’ selection
could represent a limit because of different comorbidities between the two cohorts, as
explained before. The indication must be given in function of each patient [20] and requires
the approval of the colleague anesthesiologists. In both orthopedic and anesthesiologist
complex cases, the choice should be two-stage, so it was in three of the WSD studies we
included in this review.

Howell et al. [12] analyzed a cohort of 19 patients who underwent two-stage KA-TKAs,
finding no differences in the OKS and FJS between paired knees with varus and valgus
deformity at a mean follow-up of 2.3 years, and better results than MA-TKA [15].

Song et al. [11] studied a cohort composed of both simultaneous and staged TKAs
for a total of 14 patients, eight of whom presented degenerative scoliosis associated with
knee deformity. They found satisfactory clinical outcomes and overall patient satisfaction
regarding pain relief and function, with no differences between kind of deformity and
postoperative result.

Meding et al. [10] especially analyzed simultaneous bilateral TKAs (20 patients of
22), finding no differences between clinical outcomes in the varus and valgus groups
postoperatively. Patients noted no side-to-side differences concerning pain or function at
the final follow-up.

The cohort of Tanaka et al. [13] consisted of 13 patients subjected to bilateral one-staged
unicompartmental knee arthroplasty. Two considerations must be made: the knees had
smaller axial deformities compared to the other studies, and the postoperative OKS scores
are significantly lower than what Howell et al. [12] reported. This is to be expected since
UKA allows for smaller axial corrections.
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Given these results, the authors suggest caution when choosing UKA in patients with
WSD; even in carefully selected patients, the achieved results can be less than optimal.

Two studies reported on the ligament releases performed during surgery. It can be
noted that valgus knees required more ligament releases to be correctly balanced. Deep
medial collateral ligament releases for tight medial compartment, iliotibial band release,
posterior capsule release and lateral patellar retinaculum release were all more frequent in
valgus knee.

This review has several limitations. Firstly, the small amount of literature available on
this rare condition makes the collectible data relatively unabundant. Only four studies for
a total of 68 patients and 136 knees had met the inclusion criteria.

WSD is a rare condition not often found in clinical practice, and in the literature there
is a lack of studies with larger sample sizes. Two studies did not fully report the pre- and
postoperative data, posing a risk of bias. This furthermore highlights the importance of
review studies to better compile and interpret all the available data from different sources.

The heterogeneity of treatment choices, such as implant design and prosthesis align-
ment, between the available studies hindered the possibility of a quantitative aggregate
analysis. As a result, a meta-analysis was not performed. Nevertheless, the comprehensive
comparative analysis of the results of the studies presented provides a good scope on the
subject and a good starting point for further discussion. More studies on the subject are
needed.

5. Conclusions

The present review shows how knee arthroplasty can achieve satisfactory results in
both knees in patients with WSD and OA. However, the operating surgeon should be
aware of the importance of the implant choice in terms of functional outcomes, given
that UKA functional outcomes were inferior to TKA. In the absence of extra-articular
deformities, calipered KA TKA can be performed on both knees with good axial correction
and functional outcome.
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Abstract: The emphasis on value-based payment models for primary total hip replacement (THA)
results in a greater need for orthopaedic surgeons and hospitals to better understand actual costs and
resource use. Time-Driven Activity-Based Costing (TDABC) is an innovative approach to measure
expenses more accurately and address cost challenges. It estimates the quantity of time and the cost
per unit of time of each resource (e.g., equipment and personnel) used across an episode of care.
Our goal is to understand the true cost of a THA using the TDABC in an Italian public hospital and
to comprehend how the adoption of this method might enhance the process of providing healthcare
from an organizational and financial standpoint. During 2019, the main activities required for
total hip replacement surgery, the operators involved, and the intraoperative consumables were
identified. A process map was produced to identify the patient’s concrete path during hospitalization
and the length of stay was also recorded. The total inpatient cost of THA, net of all indirect costs
normally included in a DRG-based reimbursement, was about EUR 6000. The observation of a total
of 90 patients identified 2 main expense items: the prosthetic device alone represents 50.4% of the
total cost, followed by the hospitalization, which constitutes 41.5%. TDABC has proven to be a
precise method for determining the cost of the healthcare delivery process for THA, considering
facilities, equipment, and staff employed. The process map made it possible to identify waste and
redundancies. Surgeons should be aware that the choice of prosthetic device and that a lack of
pre-planning for discharge can exponentially alter the hospital expenditure for a patient undergoing
primary THA.

Keywords: TDABC; ABC; value-based health care; VBHC; hospital costs; costs and costs analysis;
THA; outcomes; decreasing costs; optimization

1. Introduction

Osteoarthritis (OA) is one of the most common chronic degenerative diseases affecting
a wide range of the population, as well as one of the most frequent causes of disability
in the elderly. Symptomatic osteoarthritis is estimated to affect, in Italy alone, at least
4 million people, with a public annual cost of approximately EUR 6.5 billion [1,2]. Total hip
arthroplasty (THA) is considered the best solution for the treatment of patients with severe
hip osteoarthritis [3].

In 2019, 118,673 hip replacement surgeries were performed in Italy, and this number
is increasing at a rate of approximately 2.7% per year: in 2017 and 2018, the number of
surgeries were 112,375 and 115,308, respectively [4,5]. This pattern is in line with the
Organization for Economic Co-operation and Development (OECD) data, which reveals a
significant rise in THAs for the majority of OECD nations [6]. In the pre-COVID period, the

J. Clin. Med. 2022, 11, 6928. https://doi.org/10.3390/jcm11236928 https://www.mdpi.com/journal/jcm
90



J. Clin. Med. 2022, 11, 6928

reimbursement by the Italian National Health System related to arthroplasty surgery was
about EUR 1,625,853,413 [7]. Due to its significant effect on healthcare system costs and the
high frequency and demand for this surgical procedure, many authors have defined THA
complications as a real health emergency [8,9]. This is also the reason for an increasing
interest in understanding the real cost related to this procedure.

In fact, using resources for acquiring important information for the entire activity of
healthcare organizations is crucial in the era of value-based healthcare. Tools for manage-
ment accounting might be regarded helpful for information gathering in the context of
healthcare, in order to accomplish this purpose. The costs of medical treatments calculated
using Activity Based Costing (ABC) tend to have more accuracy in the computation of re-
source consumption than standard cost accounting systems, among other techniques of cost
calculation or reimbursement, such as Diagnosis-Related Groups (DRG) [10]. Furthermore,
the capacity to precisely identify expenses at the level of the treatment process and manage
the complexities associated with accounting in the healthcare sector make the Time-Driven
Activity-Based Costing (TDABC) [11,12] the most effective and straightforward instrument,
even when compared to the traditional ABC. TDABC is an innovative approach used to
measure costs more accurately by estimating the amount of time and cost per unit of time
each provider uses during a care episode. For example, if a staff member spends 30 min
with a patient and that staff member’s time cost is EUR 100 per hour, the cost of interacting
with that patient is EUR 50.

In addition, the use of the TDABC method estimates the practical capacity (i.e., actual
production time) of each element providing capacity (operator and equipment) and the
average time required for each element to carry out the action, on the basis of observation,
data collection, and questionnaires. The improved process consistency makes TDABC
particularly appropriate for the surgical area [13].

This “bottom-up” accounting method makes it possible to identify transparent analy-
ses of the entire care cycle by adding up the individual costs of all the resources used by a
single patient [13].

Furthermore, this model allows to redesign the process in order to reduce costs,
incorporate new activities in the care cycle, make changes and, above all, it allows to
compare the best pathway and offer the patient the best available solution, identifying
areas for improvement in terms of time, goods consumed, and the activities carried out.

Clinical management, including medical professionals and support employees, would
greatly benefit from this development in healthcare since it would make it easier for them to
quickly assess a treatment’s efficacy and resources usage. TDABC’s process mapping might
reveal which processes offer the most value, if waste can be reduced, and whether resources
are being underutilized from the standpoint of redesigning the delivered healthcare process
to create high value for the patient. According to numerous authors [13–16], its use in
orthopaedic surgery is very suited. The ability of an activity-based methodology to not
only supply more information but also to provide better detail and higher timeliness of the
same, constituting a legitimate support to the decision-making process, is another point
on which all of these authors agree. Furthermore, the use of this technique lowers the
percentage of unspecified allocated overhead costs, and process mapping makes it easier to
oversee every step of the process efficiently, taking corrective action as needed [17]. The
resources used and the actions performed are precisely specified, ensuring that the cost
analysis is accurate and complete [18].

A recent systematic review concluded that TDABC can help overcome a key challenge
associated with current cost accounting methods and should be gradually incorporated
into functional systems [12].

Additionally, the information gathered and the methods used to identify expenses
improve the transparency in the business management that enable, as shown by the
research by Demeere N. et al. [19], an internal examination aimed at establishing a reference
benchmark and creating value.
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The goal of this pilot study is to understand the true cost of a total hip replacement
using the TDABC in an Italian public hospital and to comprehend how the adoption of
this method might enhance the process of providing healthcare from an organizational and
financial standpoint.

2. Materials and Methods

2.1. Study Design

During 2019 a prospective experimental case study [20,21] was conducted in a public
hospital in central Italy. The orthopaedic department under observation is made up of
26 hospital beds, 7 orthopaedic and trauma surgeons, and 4 residents; it is part of a regional
HUB and performs about 1600 orthopaedic surgeries per year.

Using the TDABC, details regarding all the activities, consumables, and participating
healthcare professionals were gathered. Seven steps have been methodologically intro-
duced, as is specifically mandatory for the use of this tool [12], and they are identified by
the increasing number in brackets of the following paragraphs.

All procedures were performed in accordance with ethical standards, and the study
protocol was approved by the Internal Review Board of authors’ affiliated Institution
(authorization number 22/2022).

2.2. Study Participants

(1) Inclusion criteria: patients 60–80 years old, suffering from primary hip arthritis
with indication for THA. Patients with concomitant femoral neck fractures, cemented
prostheses, intraoperative fractures, or systemic complications (such as cardiopulmonary
diseases, which would have increased standard surgical times) were excluded.

2.3. Measurement

To comprehend how patients move through the care cycle and quantify the usage of
human resources by activity, a process map for primary hip replacement was created from
the entrance in the operating room to the exit (2).

Direct observation, interviews, and multidisciplinary care plan validation sessions
with frontline personnel were used to build process maps with time estimates for each
stage. The necessary resources for each process step (such as staff and consumables like
implants) were noted (3).

We calculated the overall expenses over a patient’s cycle of care after estimating the
cost of providing each service based on the time needed for each resource type (4).

The questions performed to the healthcare staff are listed in the Appendix A (Table A1).

2.4. Costs Analysis of Hip Arthroplasty

(5) The average price stated by the regional fee schedules as compensation for services
rendered in pre-hospitalization was used as a reference point to determine the cost of pre-
hospitalization exams [22]. The cost of the majority of consumer goods used throughout the
entire therapeutic process was provided by the Director of hospital’s pharmacy by filling
out a pre-set table based on the information needs derived from the process maps; the cost
of the prosthetic device was obtained by extracting the price from the purchase of regional
tender. The hourly cost of an active operating room used for major hip surgery, net of
material, and labour costs, was derived from the literature [23], as well as the average cost
of a day of hospitalization [24]. (6) Comparing the average monthly pay of the operators
with the actual amount of time spent delivering the health service, the capacity cost rate [11],
defined as practical capacity of each active operator, was determined. This method was
used for all the operators present, taking into account the different remuneration (7). It
is important to point out that in the Italian system, the salary for clinical staff in a public
hospital is regulated nationally on a monthly basis. There is no difference pay based on the
procedures carried out; rather, it is dependent on the total number of hours worked each
month and the operators’ seniority.
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Finally, to define the total cost of hip arthroplasty, from the admission to the patient’s
discharge, all the calculated expenses (pre-operative tests + hospitalization + theatre +
general consumer goods + prosthesis + staff employed) were added up.

3. Results

Ninety patients who met our inclusion criteria were included in this study. The ce-
mentless prosthetic implant was the same for each patient and the surgical team was the
same for all operations. The average of actions and time spent on these patients made up
the process map shown in Figure 1: this diagram outlines the arthroplasty operating day
including anaesthesia preparation, surgical preparation, and surgery. From the moment
the patient enters the pre-operative room until the last radiographic control following the
surgery, the estimated time for the intervention is, on average, 90 min.

 

Figure 1. Process map of THA. The large boxes represent activities with arrows indicating sequence.
The personnel ID is in the upper smaller boxes (see legend) while the numbers in the smaller boxes
correspond to minutes used per activity.

The healthcare delivery process of THA in the hospital analysed involved seven
healthcare professions, in particular:

- Three orthopaedic surgeons (one involved for 55 min and two involved for 39 min);
- One anaesthesiologist (involved all the time);
- One nurse dedicated to the anaesthesiologist (involved all the time);
- One surgical nurse (involved 85 min);
- One general nurse (involved 85 min).

The pre-operative tests, including blood tests, chest X-ray, pelvic X-ray, ECG, and
anaesthesia evaluation reached a total cost of EUR 90.29 per patient, according to the
regional fee.

The total cost related to the personnel involved in the THA implantation procedure
is EUR 201.34 and it is shown in detail in Table 1. Considering the average of the wages
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specified in the Italian National Labour Contract for operators with that level of experience,
36 h per week were calculated for nurses, and 38 h per week for doctors.

Table 1. The cost refers to the total minutes spent by each health worker during the procedure.

Helthcare Professional Monthly Pay Total Time Spent Total Cost

Orthopaedic Surgeons (x 2) EUR 5330 39 min for each surgeon EUR 45.59
Orthopaedic surgeon (x 1) EUR 5330 55 min EUR 32.14

Anaesthesiologist EUR 6000 90 min EUR 59.21
Nurses (x 2) EUR 2052 85 min for each nurse EUR 40.80
Nurse (x 1) EUR 2052 90 min EUR 21.60

TOTAL COST EUR 201.74

The cost of the consumables charged for each operation performed by healthcare
professionals was grouped by stage, and it represents an expense of EUR 97.02 (Table 2).

Table 2. The grouped-by-stage cost of consumables charged for each operation performed by
healthcare professionals.

Stage Cost of Consumables

Pre-operating room EUR 8.44
Anesthesia and surgical field EUR 42.25

Position of patient EUR 18.16
Surgery (prosthetic implant excluded) EUR 13.01

Suture and dressing EUR 15.16
TOTAL COST EUR 97.02

The cost of each consumable item is listed in the Appendix A (Table A2).
The final cost of the implanted prosthetic device was EUR 3029.208 according to the

regional tender, and it is analysed in Table 3.

Table 3. The total cost of prosthesis refers to the specific components used.

Purchase Prices of Prostheses

1. Cup EUR 786.60
2. Insert EUR 425.60
3. Head EUR 280.25
4. Stem EUR 1420.25

Total without VAT EUR 2912.70
VAT EUR 4%

TOTAL COST EUR 3029.21

The cost of an active operating room used for major hip surgeries, minus material and
labour expenses, was calculated by Cinquini et al. [23], who estimated an hourly cost of
EUR 90 for the theatre. By multiplying the hourly cost by the amount of time spent in the
operating room for the procedure (90 min), a cost of EUR 135 was obtained.

The average inpatient stay was 3.7 days. On 2007, the Italian Ministry of Economy
and Finance estimated the average cost of hospitalization to be EUR 674 per day [24]. The
final cost of hospitalization was calculated by multiplying the average daily cost of a day
by the number of days spent in the hospital by the patient, resulting in EUR 2493.80.

The total cost of THA from pre-operative tests to discharge is EUR 6002.06. It is
presented in detail in Table 4.
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Table 4. The sum of all cost items calculated by the TDABC approach.

Inpatient Total Cost of Tha

1. Pre-operative tests EUR 90.29
2. Hospitalization EUR 2493.80
3. Operating room EUR 135.00

4. Consumables EUR 97.02
5. Prosthesis EUR 3029.21
6. Personnel EUR 201.74

FINAL COST EUR 6002.06

4. Discussion

The world health system is facing an unprecedented period of change and crisis. The
ongoing war in Eastern Europe and the post-COVID crisis have also caused an increase
in national healthcare spending, predictably far greater than inflation. This unsustainable
health care expenditure has increased the demand for providing high quality care while
reducing the costs of delivering these outcomes. The main finding of this pilot study is that
the TDABC methodology can also be applied in an Italian public hospital and provides
a complete and detailed description of the patient’s path, of the staff involved, and an
accurate understanding of the operation costs.

The value of health care, defined by health outcomes achieved for every dollar
spent [25], can be improved if costs and outcomes are measured in sufficient detail to
assess the impact of changes in care systems and processes [26,27]. It is not just economic
stuff, since knowing organizational and clinical details can allow healthcare professionals
to redesign care processes with a patient-centred view, thus providing the best possible
care using resources efficiently.

An accurate understanding of costs is important for the effective implementation of
cost saving strategies. Elective orthopaedic surgeries are often standardized and in order
to increase the efficiency of such surgical procedures it is essential to develop process
maps for each step of care in the total joint replacement. In this way, we will be able to
identify redundancies and welfare inefficiencies, whose financial impact was not previously
detectable due to the lack of detailed analysis of the processes obtained with traditional
accounting methods. On the other hand, the times and consumables used are certainly
different, depending on the surgeon’s background, on the adhesion of the operating team to
the most recent evidence-based scientific literature, or to guidelines. It is crucial to point out
that regardless of the structure or volume of surgeons, standardization is associated with
better processes and outcomes for patients undergoing THA and thus process mapping
can also help improve procedures, increase productivity, and raise the number of hip
replacement surgeries performed. The mapping of the clinical path, in fact, allows us to
understand the connections between the activities, operators, roles, and responsibilities of
the care delivery cycle. In addition, this allows service providers to have a better awareness
of the costs related to certain services and allows them to evaluate the effects of changes to
support systems and procedures.

The TDABC has been described by a number of authors as a managerial tool that
promotes collaboration between medical professionals and support staff by outlining every
step of the value-creation process [17–19]. In our experience, the total composition of
the cost of a hospitalized patient to undergo THA has two major economic items: the
component that has the greatest impact on this value is the cost of the prosthetic device,
which alone represents 50.4% (about EUR 3000) of the total cost, followed by costs relating
to hospitalization, which constitute 41.5% (about EUR 2500).

Our results agree with the literature showing that the largest and most common direct
cost is the purchase price of the implant [28]. This is a common finding both in the literature
on hip and knee arthroplasty [29], and in shoulder prostheses [30]. Robinson et al. showed
that the average cost of the implant per case can range from USD 2392 to USD 12,651 for
total hip replacement procedures [31].
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Haas et al. [32] recently noted that hospitals using a joint committee of hospital
administrators and surgeons to negotiate prices with vendors paid 17% less for implants
than institutions without a joint purchasing committee.

Therefore, with a view to improving the efficiency or comparing costs with other
institutes and methodologies, these data highlight the importance of rationalizing purchases
and, where possible, reducing hospital stays.

While directly decreasing medication and personnel costs may not be feasible, indi-
rectly lowering costs by reducing length of stay must be an area for improvement. It is
proven that the common reasons why patients need to stay an extra day in hospital after
joint replacement are outdated customs, unscientific fears and, at best, problems related to
pain and social support, all potentially responsive to initiatives of quality improvement [33].
Strategies to reduce length of stay after THA have to start the first moment surgery is con-
sidered, ensuring adequate postoperative social support and setting realistic expectations
about pain management [30].

Finally, to achieve higher-value care for patients undergoing THA, TDABC costs must
be linked to patient experience, quality of life, and functional outcomes, which is the object
of our future research. Nevertheless, this study is an important step toward introducing
clarity into the cost conundrum of THA and will hopefully stimulate further research into
this increasingly important topic.

Obviously, this study has limitations. First of all, as a pilot experiment it is a small-
scale preliminary observational study undertaken to decide how and whether to start a
large-scale project, which could aim at collecting data from multiple institutes in order to
integrate and compare the results obtained in a public hospital with those obtainable in
a private or university hospital. Secondly, it is important to underline that TDABC does
not contain all expenses calculations usually included in a DRG-based reimbursement: it is
a method to determine the cost of the process. The object cost is the healthcare delivery
process of total hip replacement in the hospital. From this perspective, it may appear that
the TDABC process does not fully account for all indirect and THA-related costs (such as
administrative, research, or sterile treatment), nor time spent caring for the patient outside
the hospital, such as medication, rehabilitation, and social support, but it does account
for facilities, equipment, information technology, and most other traditional “overhead”
costs [34]. In addition, our exclusion criteria reflect the assumption that surgery and
postoperative recovery are without complications, which obviously would add costs to
both staff and medications, blood transfusions, any new surgeries, and, in any case, a
longer length of stay, which would certainly amplify the costs.

5. Conclusions

Time-Driven Activity-Based Costing provides an accurate assessment of costs in the
field of hip replacement. The implementation of this methodology gives us more precise
and detailed expense advice, a clear path of the patient, and information on the times and
staff involved in each activity.

A careful choice of the prosthetic device among the wide range of offers on the market
and a premeditated planning of the discharge can drastically reduce the hospital costs of a
THA, without cutting staff or medications.
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Appendix A

Table A1. Questions submitted to the clinical staff.

1. How many operators are engaged during the surgery?
2. How long is the procedure?
3. What is the patient’s path through the operating unit?
4. What is the timing of each stage of surgery?
5. Are all operators present at each stage?
6. What are the tasks of each individual operator in each phase?
7. What consumables are needed?

Table A2. Unit costs consumables. Due to the low cost of the single element, cents were kept in.

Unit Cost Cost by Quantity

Pre operating room:

Cannula 0.3416 EUR 0.3416 EUR

Betadine 0.99 EUR 0.99 EUR

Patch (9 mt roll) 0.28 EUR 0.005612 EUR

Saline solution 0.5 lt 0.37 EUR 1.122 EUR

Antibiotic:

- Cefamezin 0.87 EUR 0.869 EUR

- Amicasil 0.55 EUR 0.55 EUR

Anti-allergic prophylaxis:

- Flebocortid 1 g 3.25 EUR 3.245 EUR

- Trimeton 0.99 EUR 0.99 EUR

Needle 0.01 EUR 0.03 EUR

ECG Electrodes 0.10 EUR 0.2928 EUR

Washing:

- Sponges 0.38 EUR 1.891 EUR

- Caps 0.02 EUR 0.1952 EUR

- Face mask 0.05 EUR 0.3416 EUR

Anesthesiologist:

Sterile dressing (3 pack) 0.46 EUR 0.9272 EUR

Latex gloves 0.20 EUR 1.7568 EUR

Spinal needle 0.85 EUR 0.854 EUR

Syringe 0.02 EUR 0.0488 EUR

Chirocaine 8.80 EUR 8.8 EUR

Dressing 0.28 EUR 0.2806 EUR
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Table A2. Cont.

Unit Cost Cost by Quantity

Surgeons/Nurse:

Nurse Scrub 5.25 EUR 5.246 EUR

Surgeons scrubs 5.25 EUR 15.738 EUR

Hip prosthesis disposable kit 24.34 EUR 24.339 EUR

Aspirator/Hoses 0.76 EUR 0.7564 EUR

Electrosurgery equipment 3.12 EUR 3.1232 EUR

Scalpel blade 0.06 EUR 0.122 EUR

Disinfection pads (pack of 10) 0.05 EUR 0.0976 EUR

Oprafol 8.91 EUR 8.906 EUR

Drainage 4.39 EUR 4.392 EUR

Silkam 0 1.10 EUR 2.196 EUR

Safil1 2.81 EUR 5.612 EUR

Vicryl 2 1.10 EUR 2.196 EUR

Absorbent dressing. 0.73 EUR 0.732 EUR

Specific patch (10 mt roll) 1.71 EUR 0.03416 EUR
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Abstract: Short femoral stems, with preservation of the femoral bone stock, are commonly used
in recent years for hip replacement in younger and more active patients. Obesity is increasingly
spreading even in the younger population. The aim of this case-series study is to evaluate short stems
compared to traditional hip prostheses in the obese population. A total of 77 consecutive patients with
a BMI greater than or equal to 30 Kg/m2 were enrolled in this prospective study and were divided
into two groups: 49 patients have been implanted with short stems while 28 patients were implanted
with traditional stems. All the patients were treated for primary osteoarthritis or avascular necrosis
and all the stems were implanted by the same surgeon using a posterior approach. Clinical (Harris
Hip Score—HHS, Western Ontario and McMaster Universities Osteoarthritis Index—WOMAC, visual
analogue scale—VAS, 12-item Short Form Health Survey—SF-12) and radiographic outcomes were
recorded. Radiological evaluations were carried out by three different blinded surgeons. A statistical
analysis was performed (chi-square, t-test, Wilcoxon Rank Sum Test, 2-factor ANOVA). At a mean
follow-up of 42.6 months both groups showed a marked improvement in pain and in the clinical
scores between pre- and post-surgical procedures (p < 0.05) with no significant differences between
the two groups at last follow-up (p > 0.05). The radiological evaluations, with high concordance
correlation between the three blinded surgeons (ICC consistently >0.80), showed good positioning
and osseointegration in all cases, with no significant differences in the restoration of the joint geometry
and complications. No revisions were recorded during the follow-up period. In conclusion, short
stems appear to be a good option for bone preservation even in obese patients, showing comparable
results to traditional implants.

Keywords: osteoarthritis; obesity; mini-invasive THA; short stems; stemless hip prostheses; total hip
arthroplasty; THA

1. Introduction

Obesity is a significant and disabling disease, which affects a significant portion
of the population due to poor habits and sedentary lifestyle, particularly in the most
developed countries. The prevalence of obesity is increasing, and worldwide, 1.9 billion are
overweight while 650 million are obese (WHO, 2016). Italy follows this trend, with about
4 million obese people and an increase of almost 30% in the last 3 decades. Previous studies
estimated that 2–4% of the total health expenditure in Europe is attributed to obesity, and
this is projected to double by 2050 [1]. Obesity is known to be a significant risk factor
for the development of osteoarthritis (OA), often severe and of early onset, affecting the
hip and knee. IL-1, TNF-α and IL-6 may cause OA indirectly by regulating the release of
adiponectin and leptin from adipocytes, summarizing the relationship between obesity and
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inflammation [2]. Therefore, the demand for hip prostheses in young and obese patients is
growing sharply. This implies executive difficulties but also doubts in choosing the most
correct and safe implant, also considering the young age and the increased risk of revision
due to long life expectancies. [3]

Over the last two decades, several conservative femoral prostheses have been designed
for use particularly in young patients with high-activity requests. “Short stems” have
been designed to be less invasive than conventional stems. Traditional femoral stems
have provided successful long-term results. However, long femoral stems may have
consequences related to stress shielding, thigh pain and cortical hypertrophy. Additionally,
surgeons should always consider future revision, especially for young patients, because
revision surgery of long stems is more invasive and require a significantly higher sacrifice of
the residual bone stock. Short stems allow the preservation of more bone for future revisions
and consequently are less invasive in case of revision surgery, with clear advantages and
benefits for the patient and the surgeon.

The goals of short, conservative stems include saving of the trochanteric bone stock;
a more physiological load in the proximal femur reduces the risk of stress shielding and
avoiding the impingement of the tip of long stems with the femoral cortex with consequent
thigh pain. Biomechanical studies showed that these metaphyseal-fitting stems exhibit
good fixation, achieving durable bone ingrowth. Many papers on normal weight patients
and short stems have been published [4–7]. Very little information is reported regarding
whether short femoral stems in overweight patients offer the same reliability as in normal
weight patients. [8] In particular, there are questions about the risk of increased subsidence
and the fact that excessive weight can interfere with osseointegration. [9]

The purpose of this case-series is to compare two groups of obese patients, treated
with traditional stems and short stems, respectively, in order to analyse the reliability and
safety of the latter, not only in normal weight but even in obese patients.

2. Materials and Methods

We retrospectively studied a total of 77 patients who underwent primary total hip
arthroplasty (THA) for end-stage hip OA. The inclusion criteria were: age between 35 and
85 years old, primary and monolateral THA and body mass index (BMI) greater than or
equal to 30 Kg/m2. The same surgeon performed all the arthroplasties with a posterior
approach with external rotator reconstruction. The indications were primary OA and
avascular necrosis (AVN). The exclusion criteria were: bilateral procedures, revision surgery
(aseptic loosening, periprosthetic infections or fractures), cemented stems, inflammatory
diseases (i.e., rheumatoid arthritis) and/or neurological diseases (i.e., stroke, degenerative
diseases). The cohort was divided into 2 groups. The study group (SS) included 48 patients
who were implanted with a short metaphyseal-fitting femoral stem, belonging to III A
group (subcapital osteotomy) and III B group (standard osteotomy) according to Feven and
Shimmin [10], coated or not with hydroxyapatite (HA) and cementless (i.e., SMF-S&N, GTS-
Zimmer Biomet, Minima-Lima, Nanos-S&N, Proxima-DePuy-J&J, Pulchra-Adler Ortho,
Parva-Adler Ortho, Fitmore- Zimmer Biomet). The mean age was 63 years (43–84 years old,
SD: 10.05). The mean BMI was 33.5 Kg/m2 (30.1–41.3, SD: 3.07) with a mean body weight
of 92.3 kg (75–113 Kg, SD: 10.39). The control group (TS) included 28 patients who were
implanted with traditional femoral stems belonging to type IV (traditional stems) coated
or not with HA, and cementless (i.e., ABG-Stryker, Synergy-S&N, Mercurius-Adler Ortho,
Hydra-Adler Ortho, Corail-DePuy-J&J). In this control group, the mean age was 67 years
(50–85 years, SD: 10.03). The mean BMI was 34.7 Kg/m2 (30–44.5 Kg, SD: 4.68) with a mean
body weight of 96 kg (67–130 kg, SD: 17.89) (Table 1).
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Table 1. Demographics of our sample and implanted devices. The case study group includes 48
patients undergoing THA with short stems. The control group includes 28 patients who underwent
THA with standard traditional stems.

Short Stems (SS) Traditional Stems (TS)

AGE, years 63 (43–84) ± 10.05 67 (50–88) ± 10.03
BMI, Kg/m2 33.5 (30.1–41.3) ± 3.07 34.7 (29.8–44.5) ± 4.68
WEIGHT, Kg 92.3 (75–113) ± 10.39 95.9 (67–130) ± 17.89

FOLLOW-UP, months 38 (3–120) ± 25.98 47.3 (12–168) ± 43.15
PARVA, Adler 20 (40%) -

PROXIMA, DePuy-J&J 7 (16%) -
MINIMA, Lima 7 (16%) -

FITMORE, Zimmer Biomet 4 (10%) -
PULCHRA, Adler 3 (6%) -

SMF, S&N 3 (6%) -
GTS, Zimmer Biomet 2 (3%) -

NANOS, S&N 2 (3%) -
ABG, Stryker - 9 (59%)

SYNERGY, S&N - 6 (17%)
MERCURIUS, Adler - 5 (12%)

HYDRA, Adler - 4 (6%)
CORAIL, DePuy-J&J - 4 (6%)

For all the cases, baseline subjective and objective evaluations were recorded (Har-
ris Hip Score—HHS, Western Ontario and McMaster Universities Osteoarthritis Index—
WOMAC, visual analogue scale—VAS, 12-item Short Form Health Survey—SF-12 p). HHS
is an objective and reproducible assessment method, based on the examination of two main
parameters: pain and functional capacity of the hip. The secondary parameters examined
are range of motion and the presence/absence of deformity. [11] WOMAC is a validated
tool for measuring the symptoms and physical disability of patients suffering from hip and
knee osteoarthritis. It is a self-administered questionnaire that probes clinically significant
symptoms related to pain, stiffness and physical function. The questionnaire consists of
24 questions (5 on pain, 2 on stiffness and 17 on physical function) [12]. The VAS system
allows the recording of the pain symptom, asking the patient to indicate a point on a
straight line. Its extremes correspond to: zero pain–maximum possible pain. The SF-12
questionnaire represents a reduced version of the SF-36: it allows an estimation of physical
(p) and mental (M) health perceived by the patient [13].

The 2 groups were compared in terms of preoperative and postoperative HHS, VAS,
WOMAC and SF-12 scores.

Low-molecular-weight heparin was administered during the first 5 weeks after surgery,
starting from 6 h after the procedure. In addition, 2 g of cefazolin was administered at
anaesthesia induction and tranexamic acid was used intraoperatively for bleeding control.

The variables age, BMI, weight and follow-up are expressed on average (min–max) ±
Standard Deviation. For each implanted device the percentage is shown in brackets.

For all the patients, anteroposterior (AP) pelvis radiographs were taken after the
procedure and at the last follow-up visit, and all the measurements were taken by three
of the authors in a blind fashion and random order using AXIOVISION 4.8.2 software
(Carl Zeiss Microimaging GmbH). The post-operative pelvis X-rays were calibrated for size
using the diameter of the prosthetic head or alternatively of the metal back, extracted from
the operator registers. Firstly, off-set was evaluated by measuring the distance between
the center of rotation of the femoral head and a line dissecting the long axis of the femur.
Cervical-diaphyseal angle was evaluated as the angle between a line dissecting the long axis
of the femur and a line dissecting the femur neck axis. Leg length discrepancy >1 cm was
considered significant. We also evaluated the presence of subsidence on the last radiograph.
Finally, we measured the cup inclination (the angle between a line dissecting the acetabular
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equator and the trans-ischiatic line, correctly included between 35◦ and 55◦) and the linear
polyethylene wear (Figure 1).

 

Figure 1. X-ray evaluation of joint geometry restoration.

Stress-shielding, spot-welds, cortical hypertrophy and femoral osteolysis were graded
on the radiographs at the final follow-up according to the classification of Engh, dividing
the interface between the bone and the stem of the hip prosthesis into the seven zones
of Gruen [14,15]. Short stem radiological outcome was assessed according to a modified
Gruen zoning system, eliminating zone three and five [4,16,17]. We also evaluated the metal-
back osseointegration according to the classification of Hodgkinson, dividing the interface
between the bone and the metal-back into the three zones of Charnley–De Lee [18,19].
Periprosthetic heterotopic ossifications were evaluated by the classification of Brooker
(from one to four) [20].

Statistical Analysis

The distribution of the variables was tested by applying the Shapiro–Wilk test. The
statistical tests performed to evaluate the initial demographic differences between the two
groups were: t-test for normally distributed variables (age and weight), Wilcoxon rank sum
test for non-normally distributed variables (BMI), chi-squared test for dichotomous variables
and Fisher’s exact test, as appropriate (follow-up).

In order to study the trend of clinical outcomes, time per techniques interaction was
calculated with 2-factor ANOVA using the repeated statement.

Finally, to more directly interpret the differences between the two groups at baseline
and at the last follow-up, unpaired T-test (HHS, SF-12) and Wilcoxon rank sum test for
nonparametric data (VAS, WOMAC) were performed.

For the analyses, a statistical confidence level of 95% was selected. A p value < 0.05
determined significance.
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3. Results

No differences were found between the demographic data of the two groups; they
appeared homogeneous for age (p = 0.10), weight (p = 0.44) and BMI (p = 0.63). The mean
follow-up was 38 months (3–120 months, SD: 25.98) for the SS Group and 47.3 months
(12–168 months, SD: 43.15) for the TS Group (p = 0.77).

All the implanted stems were well osseointegrated and positioned at the last follow-up.
In both groups there was a marked improvement in all the parameters compared to the
preoperative conditions. The difference between pre- and post-surgery was statistically
significant for all the clinical scores evaluated (2-factor ANOVA using the repeated statement),
and there were no significant differences between the two groups at last follow-up (unpaired
T-test and Wilcoxon rank sum test). The statistical values of each analysed variable are shown
below and represented in the graphs of Figure 2.

Figure 2. Trends in clinical scales before and after surgery in the two groups (SS—dashed green
line vs TS—solid blue line). x: clinical scale evaluated; y: scores recorded. HHS: Harris Hip Score;
WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index; SF-12: 12-item Short
Form Health Survey; VAS: Visual Analogue Scale.

Pain was significantly reduced in both groups, VAS (SS vs. TS) decreased from 49.8 to
9.2 and from 51.3 to 5.4 (p <0.001), with no significant differences between the two groups
at last follow-up (p = 0.099).

104



J. Clin. Med. 2022, 11, 7114

HHS SS increased from 60.5 to 90.4—TS from 68.4 to 90.3 (p <0.001) without statistical
differences at the last control (p = 0.94). WOMAC also increased after the surgery in both
groups: SS from 67.1 to 85.2—TS from 57.7 to 84.3 (p <0.001) with no differences at last
follow-up (p = 0.816). SF-12 p increased in group SS from 32.1 to 44.9 SS and from 32.3 to
40.8 in group ST (p <0.001), with a final p = 0.16.

The radiological evaluations showed high concordance correlation between the three
blinded surgeons (intraclass correlation coefficient (ICC) consistently >0.80) and no signifi-
cant difference between the two groups in the ability to restore proper articular geometry.
The average value of the C-D angle of the side undergoing arthroplasty with long stem was
136.4◦, while that of the contralateral was 133.1◦ with a statistically insignificant difference
(p: 0.41); the same can be said for short stems (SS 136.6◦ vs 135.1◦; p: 0.51). As for the
offset, it was on average 40.9 mm in long stems and 35.5 mm in the contralateral, with an
insignificant difference given that the p value is equal to 0.18; on the other hand, considering
the short stems, the average value was 38.3 mm, with the contralateral 36.3 mm (p: 0.27).
No significant difference was found in hypermetria between the two groups: SS + 2.2 mm.
vs ST + 2.9 mm. (p value: 0.85)

Even the subsidence values did not differ much and were still less than 1 cm, the value
considered clinically significant. The radiographic parameter which showed a significant
difference between the two groups was the cup inclination. The average inclination values
were 43.9◦ for patients with short stems (min: 29.39◦; max: 59.86 ◦) and 55.2◦ for long stems
(min: 39.8◦; max: 70.84◦) (p: 0.010).

In two patients with long stems, areas of acetabular osteolysis were identified, in
one patient in Chanley–De Lee zone one, while in the other was in zone three; areas of
osteolysis were also found in two subjects with short stems, but in zones one and two
(p: 0.16). Osteolysis of the femur was found in two patients in the SS group, one in zone
two of Gruen and the other in zone six, and in three cases in the TS group, one in zone one
and two in zone two (p: 0.25). A total of seven patients with long stems and 15 patients
with short stems had radiographical signs of heterotopic ossifications (p: 0.39), without any
clinical significance. Cortical hypertrophy was present in three patients with traditional
stems, one in zone two of Gruen and two in zone three, and in six patients with short stems,
in the area two of Gruen (p> 0.05). Stress-shielding was found in 11 patients with traditional
stems in the zone one of Gruen, and in three of them also in zone two; a reduction in bone
density was recorded in 14 patients with short stems, however in zone one of the Gruen
scale, with only one patient also presenting it in zone seven.

A pedestal was observed in three long stems, and it was incomplete. No pedestals
were observed in the short stems group. The spot-welds were recorded in five patients
with long stems and in 15 with short stems, involving zones three and five of Gruen. Of the
77 patients studied, 10 complications were recorded: a neurological damage (one in TS),
dislocations (two in SS, two in TS), infection (one in TS) and intra-operative periprosthetic
fractures (one in SS, three in TS). Two fractures were metaphyseal cracks (two SS and one
TS) type B1 by of the Vancouver classification and were solved by cerclages, while two
other fractures occurred in the TS Group and were both A1 type that required cerclage
stabilization in one case (undisplaced fracture) and ORIF (open reduction and internal
fixation) with a proximal hooked plate in the other case (displaced fracture). No revision of
the implant was required during the follow-up period due to implant failure, therefore, the
Kaplan–Meier analysis showed a survival rate of 100% for both groups.

4. Discussion

The main finding of this study is that short stems, as well as traditional stems, guaran-
tee good outcomes in THA even in overweight/obese patients. It is believed that obesity is a
risk factor for osteoarthritis leading to joint replacement surgery and that body weight also
affects the severity of the disease [21–23]. Regarding the clinical benefits of hip replacement,
no significant difference between non-obese and obese people is reported in the literature
since these patients seem to have great benefits regardless of their BMI [24–26]. In a study
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conducted by Jackson et al. it was found that the non-obese group had a significantly higher
postoperative HHS and a greater range of motion. The researchers believe that the main
reason for the difference in the range of motion is linked to the apposition of soft tissue that
occurs in extreme positions, with an impact on the results of functionality and activity, but
overall satisfaction after surgery was comparable or higher in in the obese patients. The
greater satisfaction of obese patients is possibly explained by the fact that they start with a
lower score but after surgery they will obtain a score similar to non-obese patients so that
the greater difference between the preoperative and the last follow up scores leads them to
a more relevant satisfaction. In addition, radiological analysis of the acetabular and femoral
components did not show significant differences in the two groups [27]. Consequently,
avoiding hip replacement surgery for obese patients is not justified [28]. Obese patients
are often significantly younger than non-obese patients and, thanks to the good functional
results of hip replacements, the indications have been extended to patients of lower age
and the techniques have followed the trend for minimally invasive and bone preservation
surgery [23,24]. Due to the promising biomechanics of short stems, added to the growing
prevalence of obesity in the general population, it is necessary to evaluate the impact of
BMI on this type of prosthesis. In our study, patients showed excellent values of HHS, VAS,
WOMAC and SF-12 scales that confirm the data already present in the literature about
patient satisfaction, improvement in physical activity and quality of life [29–32].

Pirard and De Lint, Todkar and Bosker et al. found no influence of the BMI on
component positioning [33–35], while Callanan et al. and Elson et al. highlighted an
association between BMI and cup mal-positioning [36,37]. In the majority of cases, only the
posterior approach is used since it allows excellent exposure [38]. Few data are available
on the lateral or anterolateral approach regarding cup positioning. Brodt et al. have seen
how in direct lateral approach the anteversion of the cup is related to the patient’s BMI
and age, assuming that the cause is the greater traction exerted by the retractors on the
surrounding tissues [39]. In our study we also found a major tendency to cup malposition
in the TS group. On the other hand, joint geometry was correctly restored in both groups.

Currently, there is conflicting evidence that obesity has a negative impact on the
survival of the hip prostheses. In a large analysis, Culliford et al. showed that BMI
has a low but statistically significant association with revision risk [40]. The reason for
the increase in the rate of early failure due to aseptic loosening/osteolysis in the obese
may be related to the higher mechanical stresses on the bone-implant interface and the
reaction forces of the joint proportional to the body weight. Recent studies have shown that
BMI has no statistically significant influence on the subsidence of uncemented short stem
prostheses. Only one study has shown that body weight over 75 kg has a significant impact
on subsidence and therefore on the stability of the prostheses, while there is no correlation
with BMI [3,41]. To date, only few studies have focused on the relationship between BMI
and functional results of short stem implants. The study by Freitag et al. analysed the
relationship between BMI and functional results of short-stemmed THA, demonstrating
the absence of correlation between obesity and subsidence [42]. A case-control study of
the functional outcomes of Metha B-Braun prostheses demonstrated that the postoperative
clinical improvement is similar in obese versus non-obese patients [8]. Hungerford et al.
studied the influence of obesity on the placement and outcome of minimally invasive
anterior implants and reported that there is no statistically significant difference between
obese and the non-obese groups [9].

Indeed, no statistically significant difference was found in our study regarding sub-
sidence, which is less than 2 mm in both groups. This evidence further supports that the
stability of implants is not influenced by obesity. Furthermore, both groups showed few
cases of osteolysis and no significant differences were found on leg length discrepancy. No
statistically significant differences were found on osseointegration, with excellent results in
both groups. Regarding the incidence of heterotopic ossifications, Andrew et al. noted that
there is no statistically significant difference between the obese and the non-obese [43]. We
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found heterotopic ossifications in both groups without any significant functional limitation
or clinical relevance.

Although the literature on the post-operative risk of thromboembolic events docu-
ments an increasing risk in obesity, this is not consistently replicated in the orthopaedic
literature [44–46]. Similarly, it has been empirically shown that the risk of dislocation
increases with extreme excursions of the joint angle and fat tissues around the hip [47].
Paradoxically, however, obese patients have structural and functional limitations that tend
to reduce the excursion of the hip during walking and daily life activities. In our study, few
patients reported this complication.

The association between obesity and wound infections is reported in the current
literature, including orthopaedic procedures [48,49]. In a recent large-scale study, an
association between BMI and infection after THA was initially reported. However, when the
influence of coexisting diseases such as diabetes mellitus was no longer taken into account,
obesity was no longer an independent risk factor for infection [50]. Dowsey and Choong
demonstrated the existence of a significantly higher incidence of acute periprosthetic
infection after primary hip arthroplasty in obese and super-obese patients compared to
non-obese patients [51–53]. There is also an increased risk of wound dehiscence due to
increased surface tension, as well as hematoma formation correlated with prolonged wound
drainage [54–56]. In our study, previous or active periprosthetic infection was a criterion for
the exclusion of patients and we recorded only one case of post-surgical superficial wound
infection. Since obesity is a known risk factor for wound complications and regardless
of the surgical approach, it is essential to identify the best surgical approach in patients
with high BMI to limit the risks related to surgery [57,58]. Previous studies suggested that
the risk for obese patients is relatively higher following a direct anterior approach when
compared to a posterolateral approach (particularly BMI ≥40 kg/m2) [59]. Consequently,
in obese patients, the choice of a posterolateral approach is therefore advisable, and for this
reason it was chosen for all the patients in our study.

5. Conclusions

The results of this study demonstrate that short stems in total hip arthroplasty are a
valid option in obese patients in whom, until now, traditional long-stem prostheses have
been commonly implanted. Short stems were showed to be able to withstand overload,
allowing excellent osseointegration and implant stability. Considering that obese patients
have an early onset of osteoarthritis and undergo earlier to THA, and that they are more
greatly subjected to the risk of failure or complications, short stem implants preserving bone
may represent an advantage in case of revision surgery and in long life-expectancy patients.
Due to the limitations of our study, no definitive judgment can be made; however, this
study may represent the basis for future studies with a larger sample and longer follow-up
to provide more solid statistical evidence.
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Abstract: Background: Patellar instability is the most common disorder of the knee during childhood
and adolescence. Surgical treatment significantly reduces the rate of redislocation, but the underlying
pathologies and pattern of instability may affect the results. We aimed to report the clinical and
functional outcomes of the three-in-one procedure for patellar realignment in a cohort of skeletally
immature patients with or without syndromes and various patterns of chronic patellar instability.
Methods: We retrospectively investigated 126 skeletally immature patients (168 knees) affected by
idiopathic or syndromic patellar instability, who underwent patella realignment through a three-in-
one procedure. We classified the instability according to the score proposed by Parikh and Lykissas.
Results: Patellar dislocation was idiopathic in 71 patients (94 knees; 56.0%) and syndromic in 55
(74 knees; 44.0%). The mean age at surgery was 11.5 years (range 4–18) and was significantly
lower in syndromic patients. Syndromic patients also exhibited more severe clinical pattern at
presentation, based on the Parikh and Lykissas score. The mean follow-up was 5.3 years (range
1.0–15.4). Redislocation occurred in 19 cases, with 10 cases requiring further realignment. The Parikh
and Lykissas score and the presence of congenital ligamentous laxity were independent predictors of
failure. A total of 22 knees in 18 patients required additional surgical procedures. The post-operative
Kujala score was significantly lower in patients with syndromic patellar instability. Conclusions: The
type of instability and the presence of underlying syndromes negatively affect the rate of redislocation
and the clinical and functional outcome following patellar realignment through the three-in-one
procedure. We recommend the consideration of alternative surgical strategies, especially in children
with severe syndromic patellar dislocation.

Keywords: patellar instability; pediatric; three-in-one procedure; green procedure; Roux-Goldthwait;
syndrome; congenital ligamentous laxity; neurologic; obligatory patella dislocation; fixed patella dislocation

1. Introduction

Patellar instability is one of the most common disorders of the knee during childhood
and adolescence [1,2]. It includes several different conditions, such as acute dislocations,
subluxations, recurrent instability, and congenital dislocations [3,4]. The etiology is mul-
tifactorial involving trauma, congenital bone abnormalities, neuromuscular impairment,
and ligamentous laxity [5,6].

Patellar dislocation in children and adolescents is more challenging because of the
heterogeneity of the clinical patterns at presentation, the skeletal immaturity, and the
frequency of associated conditions. Several classification systems have been proposed for
enabling surgeons to recommend specific treatment options and for allowing comparison
among different conditions and treatments [5,7–11]. Recently, Parikh and Lykissas proposed
a comprehensive classification system which classified patella instability into four types
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based on increasing severity and complexity of required treatment (see Table 1) [4]. While
type 1 and type 2 dislocations are commonly seen in adolescents and young adults, type 3
obligatory (habitual) and type 4 congenital (fixed) dislocations are less frequent. In fact,
type 3 and 4 dislocations are generally encountered in young children and are the most
demanding patterns, due to the potential underlying etiologies and complex anatomic
pathology. These dislocations can be associated with neuromuscular diseases (i.e., cerebral
palsy), congenital deformities (nail–patella syndrome, amyoplasia, congenital limb defects),
and collagen disorders due to chromosomic or genetic pathologies (Down syndrome,
Elhers–Danlos syndrome, etc.). Patients with congenital or obligatory dislocation may
present with knee malalignment, which may be either primary, contributing to the patellar
dislocation mechanism, or secondary to the malpositioned extensor mechanism. Flexion
contracture and limping are also typical findings [12].

Table 1. Classification of patellar instability according to Parikh and Lykissas [4].

Parikh and Lykissas Classification
Type/Subtype

Description

Type 1 First patellar dislocation

A With osteochondral fracture

B Without osteochondral fracture

Type 2 Recurrent patellar instability

A Recurrent patellar subluxation

B Recurrent (>2) patellar dislocation

Type 3 Dislocatable patella

A Passive patellar dislocation

B Habitual patellar dislocation in flexion or extension

Type 4 Dislocated patella

A Reducible

B Irreducible

Although conservative management is generally indicated in acute lesions with-
out osteochondral defects, surgical treatment is recommended in the case of recurrent
patellar instability, osteochondral fractures with loose bodies, and failed non-operative
measures [13–16]. There is a consensus that the surgical results may be affected by the type
of dislocation and the presence of underlying pathologies [4,13,17]. However, the impact of
these factors has not been clearly quantified.

Therefore, the aim of the present study is to report the mid- to long-term results
of a cohort of children and adolescents affected by various types of patellar instability,
with or without underlying pathologies, that underwent patellar realignment through a
three-in-one surgical procedure. Our question is if the type of patellar instability and the
associated conditions may affect the post-operative results.

2. Materials and Methods

2.1. Study Design

The present study is a retrospective analysis of a cohort of skeletally immature patients
affected by patellar instability, undergoing patellar realignment through a three-in-one
procedure. Our unit is a tertiary referral department for pediatric orthopedics, which
treats approximately 20–30 cases of patellar instability per year. The hospital’s electronic
medical records (charts and radiograms) were used to collect data retrospectively. Skele-
tally immature patients with still-open physes who underwent the three-in-one procedure
were included in the study. Conservative treatment and other surgical treatments (such
as isolated lateral release, MPFL reconstruction, isolated proximal or distal realignment,
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Langenskiöld or Stanisavljevic techniques) were considered exclusion criteria. The investi-
gation was conducted by independent observers who were not involved in the treatment
of the patients.

2.2. Baseline Variables

Clinical baseline variables included age, sex, body mass index (BMI) percentile ad-
justed for sex and age, history of trauma, comorbidities, and previous operations. From an
etiologic point of view, the patella dislocation was classified as idiopathic or syndromic. The
latter encompasses patients with neuromuscular disorders (e.g., cerebral palsy), connective
tissue disorders (e.g., Ehlers–Danlos syndrome), or other syndromes with abnormalities of
the lower limb (e.g., longitudinal defects of the lower limb, amyoplasia, etc.).

The pattern of patellar instability was classified according to the Parikh and Lykissas
score by two of the authors (G.T. and S.S.) who independently read medical records: Type 1
means first-time patellar dislocation, type 2 means second or subsequent patellar dislocation
or continued symptoms after an initial instability episode, type 3 is a habitually dislocatable
(actively or passively) patella, and type 4 is a permanently dislocated (reducible or fixed)
patella (see Table 1).

The radiographic baseline variables included patellar height evaluated according to the
Caton–Deschamps methods, patellar congruence, patellar tilt, Tibial Tuberosity-Trochlear
Groove distance (TT-TG), and Hip–Knee–Ankle (HKA) angle [18–23].

2.3. Surgical Technique

In all the cases, we performed a three-in-one procedure (See Figure 1A–G). The surgical
technique was already described elsewhere [24]. Briefly, a long lateral parapatellar incision
was used, extending 2 cm from the supero-lateral pole of the patella, to 2–3 cm below
the tibial tuberosity. A quadricepsplasty, including an extensive lateral retinacular release
(leaving the synovium intact, when possible) and a dissection of the vastus medialis
obliquus from the quadriceps tendon was performed, according to Green [25]. Afterward,
the vastus medialis complex was transferred distally and laterally to the anterior surface of
the patella. The patellar tendon was split longitudinally and the lateral half was detached
from its distal insertion and passed medially, beneath its intact medial half, and then
sutured in a pouch of periosteum, under the insertion of the pes anserinus [24,26]. The
knee was held at about 30◦ of flexion during the operation, to avoid excessive tension to
the patellar tendon.

2.4. Post-Operative Management and Follow-Up

The leg was immobilized in an above-the-knee cast with 30◦ of knee flexion for a
4-week period. Then, a period of 12–20 weeks of physical therapy and the use of a patellar
bracing were recommended.

The rate of recurrent instability, the rate of reoperation, and the rate of additional
surgical procedures were reported. An Italian validated version of the Kujala Anterior Knee
Pain Scale (AKPS) Score [27,28], was administered to each patient at the last evaluation at
follow-up or with a self-filled form. For non-cooperating patients (e.g., young children and
syndromic patients), parents were asked to answer the questions. The final score was rated
as good/excellent (AKPS ≥ 85), fair (AKPS 65–84), and poor (AKPS < 65) [29].

2.5. Data Analysis

Patients were assigned a numerical code, and their data were entered into Excel (Mi-
crosoft, Redmond, WA, USA) and SPSS (version 22.0; SPSS, Chicago, IL, USA). Continuous
data were expressed as mean ± standard deviation (SD) and range, whereas categorical
and ordinal data were expressed as raw numbers and proportions with a 95% confidence
interval (C.I.). Normality was tested using the χ2 test for categorical variables and the
Kolmogorov–Smirnov test for continuous variables. Differences between groups were
analyzed using the Fisher’s exact test for categorical variables and the Student’s t-test
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(normal data) or the Mann–Whitney U test (skewed data) for continuous variables. The
Spearman’s rank test was used for correlations. Exploratory univariate analyses with
General Linear Models were performed to assess the impact of the baseline variables on the
outcome. Unconditional logistic regression with Wald backward selection was then used to
adjust for variables identified in univariate analysis to be significantly different between the
outcomes. The survival free from redislocation was calculated using the method of Kaplan
and Meyer, and we conducted Cox proportional hazards modeling entering variables found
to be significantly related to the survival time free from redislocation. A p-value of <0.05
was considered to be statistically significant, and all reported p-values were 2-sided.

 
(A) (B) 

 
(C) (D) 

Figure 1. Cont.
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(E) (F) 

 
(G) 

Figure 1. (A) lateral parapatellar incision; (B) extensive lateral retinacular release; (C) the patellar
tendon was split longitudinally (red arrow); (D) the lateral half was detached from its distal insertion
and passed medially; (E) the lateral half was sutured in a pouch of periosteum, under the pes
anserinus (red arrow); (F) the vastus medialis obliquus was detached from the quadriceps tendon,
and the medial capsule was dissected; (G) the vastus medialis obliquus and the medial capsule were
transferred distally and laterally to the anterior surface of the patella (red arrow).

3. Results

3.1. Demographics and Clinical/Radiographic Parameters at Baseline

From May 2004 to July 2020, 126 patients (168 knees) underwent the three-in-one
procedure for patella realignment. Demographic, clinical, and radiographic baseline data
are reported in Table 2.
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Table 2. Demographic and radiographic baseline data.

Baseline Variable Measurement Value

Patients/Knees Number (male/females) 126/168 (46/80)
Age at treatment (years) Mean ± SD (range) 11.5 ± 3.7 (4.1–17.6)

BMI (kg/m2) Mean ± SD (range) 20.2 ± 4.3 (11.2–38.1)
BMI (percentile) Median (IQR) 74.5 (37.0–93.0)

Caton–Deschamps ratio Mean ± SD (range) 1.4 ± 0.4 (0.6–2.6)
Congruence angle (◦) Mean ± SD (range) 39.1 ± 32.5 (2.6–128.4)

Patellar tilt (◦) Mean ± SD (range) 26.1 ± 25.5 (0–127.3)
Sulcus angle (◦) Mean ± SD (range) 149.0 ± 15.8 (111–180)

TT-TG distance (mm) Mean ± SD (range) 14.1 ± 8.1 (5–20.6)
HKA angle Mean ± SD (range) 7.6 ± 8.5 (−10.4 varus–+41.0 valgus)

SD = standard deviation; BMI = body mass index; TT-TG = tibial tuberosity-trochlear groove; HKA angle = hip–
knee–ankle angle; IQR = interquartile range.

The patellar dislocation was idiopathic in 71 patients (94 knees; 56.0%) and syndromic
in 55 (74 knees; 44.0%). Among the idiopathic patients, a history of trauma was reported
in 12 cases. Among the syndromic children, thirty had congenital ligamentous laxity
(fourteen Down syndrome, four Elhers–Danlos syndrome, four multiple epiphyseal dys-
plasia/spondyloepiphyseal dysplasia, two DiGeorge syndrome, one Jacobsen syndrome,
one Prune belly syndrome, one Marfan syndrome, one type I osteogenesis imperfecta, one
Prader–Willi syndrome, one Coffin–Siris syndrome), eight had neuromuscular disorders
(seven cerebral palsy, one muscular dystrophy), and eighteen had congenital deformities of
the lower limb (five amyoplasia congenita, two torsional malalignment, two sequelae of tib-
ial and femoral bone infection during infancy, one Sotos syndrome, one Moebius syndrome,
one VACTERL syndrome, one nail–patella syndrome, one congenital pseudarthrosis of
tibia in NF1, three tibial hemimelia).

As expected, syndromic patients had a lower age at surgery (mean difference = 2.4 years;
95% C.I.: 1.3–3.5 years; p-value = 0.0001, see Table 3) and more severe clinical pattern at
presentation (p-value = 0.0001, see Figure 2 for details).

Table 3. Differences in baseline clinical and radiographic variables between idiopathic and syn-
dromic cases.

Baseline Variable Group N Mean ± SD p-Value

Age at treatment (years) Idiopathic 94 12.6 ± 3.5
0.0001 *Syndromic 74 10.2 ± 3.6

BMI
Idiopathic 91 21.1 ± 4.4

0.002 *Syndromic 67 19.0 ± 4.0

Caton–Deschamps ratio Idiopathic 47 1.4 ± 0.6
0.649Syndromic 40 1.4 ± 0.4

Congruence angle (◦) Idiopathic 46 34.89 ± 29.9 0.172
Syndromic 34 44.9 ± 35.4

Patellar tilt (◦)
Idiopathic 45 18.4 ± 11.7 0.001 *
Syndromic 33 36.6 ± 34..3

Sulcus angle (◦) Idiopathic 47 148.7 ± 14.3 0.848
Syndromic 34 149.4 ± 17.9

TT-TG distance (mm)
Idiopathic 20 12.4 ± 5.5 0.884
Syndromic 13 12.7 ± 6.5

HKA angle (◦) Idiopathic 33 7.5 ± 7.0 0.943
Syndromic 36 7.7 ± 9.8

HKA angle = hip–knee–ankle angle; N = number of knees; SD = standard deviation. *: difference between groups
were statistically significant (p-value < 0.05).
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Figure 2. Distribution of idiopathic (depicted in green) and syndromic knees with patellar instability
(depicted in red) in groups by Parikh and Lykissas score. Fisher’s exact test p-value = 0.0001.

With the available radiographic imaging, only patellar tilt was significantly different
between idiopathic and syndromic patients (see Table 3).

3.2. Complications and Rate of Redislocation

A total of 14 patients (20 knees; 11.9%) did not return for follow-up visits and
were unavailable to phone or email interview. For the remaining patients, the mean
follow-up averaged 5.3 ± 3.1 (1–15.4) years and was significantly higher in syndromic
patients (p-value = 0.0001). We did not report any infection and/or wound healing
problem. Recurrent dislocation was observed in 19 knees (12.8%; 95% C.I.: 7.9–19.3%),
with 14 cases (9.5%; 95% C.I.: 5.3–15.3%) receiving further realignment procedures.
Patients with redislocation had a lower age at surgery (mean difference 2.0 years, 95%
C.I.: 0.2–3.8, p-value 0.0303) and higher grade of severity according to the Parikh and
Lykissas score (Mann–Whitney U test p-value 0.007). In particular, the rate of recurrent
instability was 5.2% in type 2 of the Parikh and Lykissas score, 13.2% in type 3, and 24.3%
in type 4.

The rate of recurrent instability was also higher in syndromic cases compared with
idiopathic cases (19.1% vs. 7.5%, p-value = 0.031), especially in children with congenital
ligamentous laxity (see Figure 3). However, in a logistic regression model including age
at surgery, Parikh and Lykissas score, and congenital ligamentous laxity, children with
congenital ligamentous laxity showed a five-fold increased risk for redislocation, compared
to the rest of the cohort (OR 5.4, 95% C.I. 2.0–15.0, p-value 0.001, see Figure 3).

3.3. Survival Free from Redislocation

The overall cumulative 5-year survival rate free from redislocation was 87.0% (95%
C.I.: 83.5—90.5%), while the 10-year survival rate was 70.6% (95% C.I.: 63.1—78.1%). The
log-rank test confirmed that significant differences existed in the survival curves between
children with syndromic congenital ligamentous laxity compared to the rest of the cohort
(10-year survival: 51.6% vs. 86.4%; p = 0.018, see Figure 4).
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Figure 3. Number of redislocations (depicted in red) among the different subgroups of patients,
based on etiology.

Figure 4. Kaplan–Meyer survival curve free from recurrent instability in children with and without
syndromic congenital ligamentous laxity. HR = hazard ratio; C.I. = confidence interval.

With the numbers available, none of the other pre-operative variables significantly
affected the survival rate free from redislocation.

3.4. Additional Surgical Procedures

A total of 22 knees (13.1%) in 18 patients underwent additional staged surgical proce-
dures (ten femoral and/or tibial osteotomies, three hamstring lengthenings, four femoral
medial hemiepiphysiodesis, one limb lengthening, one controlateral femur shortening
osteotomy, one subtalar arthroeresis, one fixation of osteochondral fragment, and one
open reduction and fixation with K-wire of knee subluxation in DiGeorge syndrome). The
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proportion of additional surgical procedures was significantly higher in syndromic children
(23.0% vs. 5.3%; p-value = 0.001, see Figure 5) and correlated with Parikh and Lykissas
score (5.6% in grade 2, 10.3% in grade 3, 30.8% in grade 4; p-value = 0.001).

Figure 5. Number of additional surgical procedures (depicted in red) among the different subgroups
of patients, based on etiology.

3.5. Clinical and Functional Outcomes

At the latest follow-up, The AKPS score was available in 136 knees and averaged
86.4 ± 16.3 points (28–100); overall, 85 knees had good/excellent results (62.5%), 38 had fair
results (27.9%), and 13 had poor results (9.6%). Syndromic patients had significantly lower
scores compared to idiopathic patients (mean difference = 9.1 points; 95% C.I.: 3.7–14.1;
p-value = 0.001, see Table 4). Among the patients who did not return the AKPS, one patient
developed avascular necrosis of the patella, with severe chondral damage, early onset
osteoarthritis, and poor outcome. Another patient refused to participate to the survey, since
he was leg amputated due to congenital pseudarthrosis of the tibia in NF1.

Table 4. Post-operative variables.

Post-Operative Variable Group N Mean ± SD p-Value

Follow-up time (years) Idiopathic 79 4.2 ± 2.6
0.0001 *Syndromic 68 6.5 ± 3.3

Kujala AKPS score Idiopathic 74 90.5 ± 13.1
0.001 *Syndromic 62 81.4 ± 18.3

N = number of knees; SD = standard deviation; AKPS = anterior knee pain scale. *: difference between groups
were statistically significant (p-value < 0.05).

4. Discussion

Many papers in the current literature faced with the management of patellar dislo-
cation in a pediatric population and several surgical techniques have been described to
realign the patella in skeletally immature patients [6,30]. Currently, there is evidence that
surgical treatment is superior to conservative treatment in reducing the recurrence of the
dislocation [13–16,31]. In particular, the combination of proximal and distal procedures has
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demonstrated high effectiveness in preventing relapse [14,32]. However, there is still poor
evidence about the superiority of any technique of patellar realignment over the others [33].

Pagliazzi et al. reported a meta-analysis of 10 RCTs and 510 patients, demonstrating
that surgical treatment significantly reduces the rate of redislocation at short (9% vs. 21%;
Risk Ratio for redislocation = 0.40 in favor of surgery) and medium follow-up (21% vs. 30%
Risk Ratio for redislocation = 0.58 in favor of surgery) and improves clinical and functional
outcomes compared to nonoperative treatment [16]. However, in the subgroup analysis
on the adolescent population, the authors noticed a slight increase in the pooled rate of
redislocation (23% in the surgical group, 31% in the non-surgical group), concluding that,
although trends were similar, the higher redislocation rate in adolescents, together with the
variability of the clinical outcome, suggests large heterogeneity of this peculiar population.

Another systematic review including retrospective case series and non-randomized
studies reported results from 21 studies and overall 448 knees in pediatric patients treated
with various surgical procedures. The authors reported a cumulative rate of redislocation
of 13.8%, consistent with our results [34]. The authors also confirmed the large variation of
results among studies (from 0% to 82%), while excluding syndromic cases from analysis,
and no superiority of a specific technique over the others.

The main issue of these systematic reviews is that the most valuable RCTs and prospec-
tive studies were tailored on homogeneous populations, with inconsistent applicability
to the broad spectrum of patients with patellar instability [14]. Children with high-grade
patellar instability and underlying conditions, such as neuromuscular disorders, collagen
disorders, and congenital deformities, were generally excluded from these studies, and
only sparse case series dealt with these rare conditions [24,35,36]. Therefore, a gap in
knowledge exists about the role of congenital pathologies in affecting the surgical results of
these complex cases, that, on the other hand, are not so uncommon in highly specialized
referral centers for pediatric orthopedics.

Different from sports medicine and adult knee services, in our experience, children
with idiopathic and syndromic patellar dislocation were almost equally represented, since
our unit is a tertiary referral center for pediatric orthopedics and rare bone diseases. This
peculiarity allows us to deal with the entire spectrum of patellar instability, but it lowers
the consistency of our information about prognosis. To stratify these heterogeneous cohorts
of patients, comprehensive and reliable classification tools are required. We used a recent
classification system proposed by Parikh and Lykissas. Despite the fact that several scores
were proposed in the past for classifying patellar instability in children [5,7–11], the system
proposed by Parikh and Lykissas seems to be comprehensive, reliable, and simple to adopt,
since it was based only on the clinical history and patient examination, not requiring specific
manual or instrumental tests. We demonstrated that this classification can accurately predict
the risk of redislocation after patellar realignment in children; therefore, we recommend
this classification both for research purposes (data standardization) and in clinical practice
(for decision making).

We also quantified the risk of recurrent dislocation for children with congenital disor-
ders and syndromes. We found that, compared to idiopathic cases, syndromic patients have
more than twice the risk of recurrent dislocation. In particular, children with congenital
collagen disorders have a five-fold increased risk of redislocation, and it is conceivable that
almost 50% of cases will relapse within ten years after surgery. Other sparse series and case
reports regarding recurrent, obligatory, and fixed patella dislocation in syndromic children
and adolescents treated with various techniques showed a rate of residual instability and
redislocation ranging from 0 to 100% [24,35,37–39]. These case series also reported results
about different techniques, such as the four-in-one procedure [35,40], the Langenskiöld
procedure [41,42], and the Stanisavljevic procedure [37,38,43], which are considered the
treatment of choice in congenital obligatory or fixed patellar dislocation. However, due
to the rarity of these conditions, no evidence is available about the superiority of each
technique over the others.

120



J. Clin. Med. 2023, 12, 702

The use of the three-in-one procedure in skeletally immature patients has been previ-
ously reported in the literature. Myers et al. described 42 knees in 37 children undergoing
the three-in-one procedure to treat recurrent patella dislocation. Among them, 11 patients
had congenital ligamentous laxity [44]. The authors reported a redislocation rate of 9.5% at
2 to 7 years of follow-up, good or excellent clinical outcomes in 76%, and no association
between redislocation and congenital ligamentous laxity. They also reported a deterioration
of results over time, which is consistent with our findings. In fact, based on the Kaplan–
Meyer analysis, we estimated an 86.6% survival rate free from redislocation at 5 years of
follow-up, but only 70.9% at 10 years and even lower in the subgroup with congenital
ligamentous laxity (51%). Bettuzzi et al. reported results from six children (10 knees) with
patella instability and Down syndrome treated by the three-in-one procedure [24]. They
reported no redislocation and overall improved symptoms and function at 8.7 years of
follow-up. Oliva et al. reported results from a cohort of 25 children with unilateral recurrent
patellar dislocation (at least two documented dislocations) undergoing the three-in-one
procedure [45]. The authors selected only children without major knee deformities (such as
genu valgum, increased Q-angle, patella alta, torsional deformities, patellar and trochlear
dysplasia) and did not mention syndromic case management. The authors reported only
one case of redislocation (4%) and general improvement of clinical and functional outcomes,
although they noticed permanent side-to-side differences in isokinetic strength and thigh
diameter, despite subjective success of the procedure. Malecki et al. compared 31 knees
undergoing the three-in-one procedure and 32 knees receiving MPFL reconstruction by the
adductor magnus tendon [46]. The authors did not report significant differences between
groups regarding the rate of redislocation and functional results, although they found a
significant difference in pain complaints, favoring the MPFL group.

The need for additional procedures for achieving a stable patella and restoring knee
function and alignment is another matter of concern. In our experience, only 13% of
patients underwent additional staged procedures for improving knee alignment. This could
explain the high number of redislocations, especially in syndromic patients with irreducible
patellar dislocation. Although bony procedures, such as trochleoplasty or transposition
of the anterior tibial tuberosity, are generally contraindicated in such young patients,
the restoration of the knee axis through epiphysiodesis or sparing-physis osteotomies is
sometimes required for correcting severe genu valgum, knee flexion, or femoral torsion,
especially in children with congenital deformities or neurologic disorders. Alternatively,
other surgical procedures, such as the Langenskiöld or the Stanisavljevic procedures, should
be considered for these severe conditions. For this purpose, meticulous pre-operative
planning is required. The recent advancement in the field of computer-aided surgical
simulation, virtual surgical planning, and motion analysis will provide us with innovative
digital solutions for increasing the rate of successful and durable long-term outcomes even
in extreme cases [47,48].

Limitations

The strengths of our study include the large number of cases, the use of a comprehen-
sive, reliable, and simple classification of pediatric patellar instability, the homogeneity of
surgical treatment, and the heterogeneity of the population, which allowed us to investigate
the role of rare conditions as potential risk factors for treatment failure.

However, our study has limitations. First, the retrospective design limits the amount
of data that could be obtained by medical records and the significance of the results. For
instance, radiographic imaging was insufficient to investigate the role of radiographic
parameters as predictors of redislocation and criteria for alternative surgical treatments.
Second, the procedures were performed by 13 different surgeons, the indication to surgery
and the choice of the procedure was made according to the treating surgeon’s experience
and preference, and no established criteria or algorithms for surgical decision making were
used. Third, we merged multiple pathologic conditions into single subgroups; this could
have introduced selection bias. Moreover, we cannot exclude with absolute certainty that
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some “idiopathic” patient could not have underlying undiagnosed collagen disorders or
other syndromes. Fourth, the Parikh and Lykissas score was applied retrospectively, and
its reliability is questionable. In particular, we decided not to consider A and B subtypes in
type 3 and type 4 patellar dislocation. However, subtypes could be very different entities of
patellar instability with possibly different prognosis. Finally, the Kujala AKPS was obtained
only at follow-up, and no comparison with the pre-operative status was possible. This is
essential to understand how effective the surgical treatment is in improving symptoms and
function, especially in syndromic patients, when the surgical choice may be debatable.

5. Conclusions

The three-in-one procedure can be still considered a suitable treatment option for
patella realignment in skeletally immature patients. However, the etiology and the type of
patellar instability must be strictly considered in surgical decision making, and alternative
techniques and strategies must be recommended, as the three-in-one procedure could be
ineffective in the most severe patterns of dislocation.
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Abstract: Background: Total hip arthroplasty (THA) is known to be the most successful orthopaedic
surgery of the last century, but it is still struggling with controversies concerning one-stage bilat-
eral THA. The current study aimed to compare the clinical outcome of patients with unilateral or
simultaneous bilateral THA by using short-stem and straight-stem designs and focusing on operation
time, blood loss, and length of hospital stay (LOS). Material and Methods: Between 2006 and 2018,
92 patients were enrolled in this study. Forty-six patients underwent a bilateral THA in one session,
and forty-six matched patients underwent a unilateral THA. In each of the two groups (unilateral
vs. bilateral), 23 patients received either a straight (unilateral: 10 females, 13 males, mean age 63;
bilateral: 12 females, 11 males, mean age 53 years) or short stem (unilateral: 11 females, 12 males,
mean age 60 years; bilateral: 12 females, 11 males, 53 mean age 62 years). The blood count was
checked preoperatively as well as one and three days after surgery. Furthermore, the operation time
and LOS were investigated. Results: Compared to THA with straight-stems, short-stem THA showed
significantly less blood loss; there was no difference in the LOS of both groups. A significantly shorter
operative time was only observed in the bilateral THA. Conclusion: The current study showed that
simultaneous bilateral THA appears to be safe and reliable in patients without multiple comorbidities.
In addition, short-stem THA appears to be beneficial in terms of clinical performance and outcome,
and it appears to be superior to straight-stem THA, regardless of whether the patient underwent
unilateral or simultaneous bilateral THA.

Keywords: total hip arthroplasty; short-stem; straight-stem; one-stage; bilateral

1. Introduction

Total hip arthroplasty (THA) is widely known as “the orthopaedic surgery of the last
century”. Furthermore, it is one of the safest and most cost-effective orthopaedic surgical
procedures. Since the first hip replacements in the early 1960s, surgical techniques and
implants have significantly improved. Furthermore, THA has developed from a geriatric
surgery to a lifestyle surgery, with increasing numbers of operations being performed on
younger and physically more active patients [1–4]. Therefore, the requirements for implant
survival, durability, and functional outcomes in terms of daily activities and sports continue
to increase. Primary unilateral THA is a very successful operation that improves patient
quality of life and is associated with low complication rates. However, some previous
studies have shown that patients undergoing unilateral THA may require contralateral
surgery within 1–10 years [5–9]. In addition, if both hips are affected simultaneously,
bilateral THA may be necessary and might also be of interest to younger patients with
concerns about loss of work. The advantages of one-stage bilateral THA include that
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patients only need to undergo anaesthesia once and only have one hospital stay, resulting
in a shorter length of hospital stay (LOS) as well as a reduction in cost compared with
two-staged bilateral procedures [1,3,6,7,10–13].

On the other hand, several opposing studies have shown that one-stage bilateral THA
poses greater risks to patients, such as higher transfusion rates due to increased blood
loss, more adverse events, and suboptimal functional outcomes [6,9,10,12,14–16]. However,
Donner et al. [5] have reported that patients with one-stage bilateral short-stem THA were
highly satisfied with their sports and recreational activity at mid-term follow-up. Bilateral
one-stage THA offers the advantage of the patient being prosthetically treated with respect
to the replacement of both hip joints after one session if their physical health allows for
it [17–20]. Furthermore, by having a shorter LOS, bilateral one-stage THA is beneficial in
reducing overall hospital costs compared with two-stage bilateral THA [17–21]. Taking
into account the advantages of one-stage bilateral THA as mentioned above, according
to Micicoi et al., bilateral THA in one operative session is recommended for ASA 1 and
2 patients, aged under 80 years with disabling bilateral osteoarthritis [20].

Short-stem THA was introduced in the 1990s to preserve proximal femoral bone stock,
prevent proximal stress shielding, guarantee better functional outcomes due to more physi-
ologic biomechanical properties, and increase the survival rates of the implants [1,5,22]. An-
other advantage of short-stem THA is the more accessible application of minimally invasive
approaches [3]. However, there is a large variety of different short-stem designs available
on the market, and owing to their design, they are reduced in length and diaphyseal fixation
compared with straight-stems, which has raised concerns regarding higher rates of aseptic
loosening and, consequently, revision rates [23–26]. Moreover, short-stems have shown a
tendency towards early distal migration, which might occur due to their mainly metaphy-
seal anchorage and smaller bone–implant interface [2,24,27,28]. Hauer et al. [2] reported
low revision rates with satisfying results when comparing different types of short-stem
devices in a comparative analysis of 52 studies. Schnurr et al. [29] published the revision
rates of short-stem designs that were comparable to traditional cementless straight-stem
designs. Therefore, with short-stems showing excellent short- to mid-term results, traceable
early subsidence may be interpreted differently from straight-stems [28].

The current study aimed to report our clinical experience with simultaneous bilateral
THA with two different stem designs by comparing a short-stem with a straight-stem.
We focused on the transfusion rates, complications, LOS, and early readmission rates.
Additionally, we compared the clinical findings of patients having simultaneous bilateral
THA procedures with matched patients having unilateral THA procedures.

2. Materials and Methods

In this study, a retrospective comparative analysis was performed on 92 prospectively
included patients. For this purpose, the institutional database was reviewed for patients
who had received unilateral or simultaneous bilateral THA at the Medical University of
Graz, Austria (Department of Orthopaedics & Traumatology) between 2006 and 2018. The
present study was approved by the Ethics Committee of the Medical University of Graz,
Austria (Ethical Committee No. 28-152 ex 15/16).

As per standard procedure, an anterolateral approach to the hip was performed
by two experienced orthopaedic surgeons at a single university hospital. All patients
received uncemented components. The cementless straight-stem (Corail® Hip System,
DePuy International Ltd., Leeds, England, UK) was regularly used for more than 10 years
at our department before the short-stem with mainly metaphyseal fixation (ANA.NOVA®

Alpha Schaft® Proxy, ImplanTec GmbH, Moedling, Austria) was introduced in 2016. The
characteristics of the two stems have been previously illustrated by our research group [30].
In general, the more symptomatic hip joint was operated on first in the case of bilateral THA,
and no operations were aborted because of intraoperative complications. After completing
the first hip, a sterile dressing was applied, and the second hip joint was prepared with the
same instruments. An intraoperative cell saver was not used routinely, and no drains were
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used postoperatively. No tranexamic acid was used perioperatively. Full weight bearing
using two crutches was allowed in all cases postoperatively, prophylaxis against deep vein
thrombosis was administered for 6 weeks, and patients had to wear stockings against deep
vein thrombosis (DVT). Usually, the patients were discharged home, and older patients or
patients who could not go home were transferred to geriatric mobilisation units.

The patients’ hospital records, rehabilitation discharge summaries, and follow-up
office notes were used for the analysis. The data on blood loss were collected from the
available hospital records, and the blood count was checked preoperatively as well as one
day and three days post-operation. Furthermore, the clinical documents were reviewed to
administer allogenic blood products. The operation time was documented and collected
from the surgical reports. The length of stay (LOS) was also gathered from the clinical re-
ports and were calculated from the day before the operation until the day of discharge. The
major complications were death, pulmonary embolism (PE), DVT, cardiovascular and/or
pulmonary complications, neurological complications, and complications associated with
the implant needing revision surgery.

SPSS Statistics program 25 (SPSS Inc., Chicago, IL, USA) was used for the statistical
analysis. The Shapiro–Wilk test was used to test the normality of the data. For the de-
mographic data, a Student’s t-test for independent samples was chosen to determine the
statistical differences in the parametric data; in the non-parametric data, the Mann–Whitney
U-test was used. A one-way ANOVA test was used to compare continuous datasets, and
the Bonferroni post hoc test was subsequently used when the significant main effects were
present. All of the statistical tests were two-tailed, and the differences were considered to be
statistically significant when p < 0.05. A post hoc power analysis was calculated according
to Hoenig and Heisey for the magnitude of differences in all compared parameters [31].
The selected sample size per group was sufficient for a statistical analysis.

3. Results

All demographic data between patient groups were quite similar; only the patients
in the bilateral short-stem group were significantly older than the straight-stem group
(Table 1). Furthermore, significant differences were observed for the follow-up due to the
fact that the short-stem was introduced in 2016.

3.1. Straight-Stem Groups

Forty-six patients underwent THA between 2006 and 2017 and received a straight-stem
design (Corail® Hip System, DePuy International Ltd., Leeds, England, UK). Meanwhile,
23 patients had a unilateral procedure, and 23 patients had a one-stage simultaneous
bilateral THA. There were 11 male and 12 female patients with a mean age of 53 years at
the time of operation (range, 25–88 years) in the simultaneous bilateral THA group. In
the unilateral THA group, there were 12 male and 11 female patients, with a mean age of
63 years (range, 38–85 years).

3.2. Short-Stem Groups

Forty-six patients underwent THA between 2016 and 2018, receiving a short-stem
THA (ANA.NOVA® Alpha Schaft® Proxy, ImplanTec GmbH, Moedling, Austria) with a
novel implant design. These patients were also enclosed in an ongoing prospective clinical
surveillance study. In the bilateral group, there were 11 male and 12 female patients, with
an average age of 62 years (range, 38–78 years). In the unilateral short-stem group, there
were 13 male and 10 female patients, with a mean age of 60 years (range, 46–72 years).
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Table 1. Demographic and clinical data.

Group I
(Straight-Stem

Bilateral)

Group III
(Short-Stem

Bilateral)
p-Value

Group II
(Straight-Stem

Unilateral)

Group IV
(Short-Stem
Unilateral)

p-Value

Age at OP, mean
(range) 53 (25–88) 62 (38–78) 0.023 a 63 (38–85) 60 (46–72) 0.339 a

ASA score, mean
(range) 2 (1–4) 2 (1–3) 0.750 b 3 (1–4) 2 (1–3) 0.152 b

BMI mean (range) 25 (17–39) 26 (18–36) 0.634 a 28 (24–49) 29 (17–36) 0.505 a

Operation time (min),
mean (range) 115 (48–254) 68 (51–103) <0.001 c 55 (38–82) 41 (27–56) 0.303 c

Hb (g/dL) preop.,
mean (range) 13.2 (9.5–15.6) 14.4 (11.1–16.6) 0.015 c 14.1 (12.0–16.5) 14.4 (12.3–16.3) 1.000 c

Hb (g/dL) day 1
postop., mean (range) 8.8 (5.5–11.1) 10 (7.4–13.1) 0.060 c 10.8 (7.9–14.7) 11.3 (9.4–13.7) 1.000 c

Hb (g/dL) day 3
postop., mean (range) 9.0 (7.3–11.5) 9.5 (7.4–11.4) 1.000 c 10.3 (5.7–13.5) 10.8 (8.1–12.9) 0.475 c

LOS (days), mean
(range) 9 (5–17) 8 (4–11) 0.653 c 7 (4–13) 7 (4–10) 1.000 c

Follow-up (months),
mean (range) 87 (29–164) 31 (24–49) <0.001 c 103 (62–137) 49 (47–51) <0.001 c

a Unpaired t-test, b Mann–Whitney U test, c one-way ANOVA test. OP: operation; ASA: American Society of
Anesthesiologists; BMI: body mass index; Hb: hemaglobin; preop: preoperative; postop: postoperative; LOS:
length of stay.

The bilateral short-stem group showed a significantly shorter operation time and less
blood loss. The unilateral short-stem group showed no significantly shorter operation
time but significantly less blood loss. However, no difference was found in the LOS when
compared with straight-stem THA patients (Table 1).

Within the first three days after surgery, five patients in the bilateral and three patients
in the unilateral straight-stem group received allogenic blood products (two units per
patient) due to a lowered red blood count and suffered from clinical symptoms such as low
blood pressure, dizziness, or reduced general condition. In the same time period, another
three patients in the bilateral short-stem group also received blood products (two units per
patient) for the same indications.

Overall, there was no history of myocardial infarction, deep vein thrombosis, pul-
monary embolism, or death associated with the surgical procedure during follow-up. Fur-
thermore, there was no postoperative readmission to the hospital in the short-term (30 days)
for any medical or surgical reason for neither the straight-stem nor short-stem groups.

Two revisions had to be performed in the bilateral straight-stem group (overall com-
plication rate: 2.1%), the first one being due to increased serum metal ions concentrations
after the usage of a metal-on-metal bearing 57 months after implantation; the second one
was due to a low-grade periprosthetic joint infection (PJI) with Staphylococcus epidermidis
32 months after the index procedure. The PJI was treated with a one-stage procedure and
antibiotics; the patient is doing well 16 months after revision surgery. One patient from
the straight-stem group died 32 months after index surgery due to chronic renal failure
with dialysis.

4. Discussion

The current study revealed satisfying results with low complication rates in all implant
groups and in both the bilateral and unilateral groups. Overall, patients with short-stem
THA showed better clinical data with respect to operation time, blood loss, and LOS,
although these differences were not statistically significant.
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In the literature, there are still controversies regarding the advantages and disadvan-
tages of one-stage or two-stage bilateral THA, and there are no actual recommendations
from orthopaedic societies [1,4,6,8–12,14,29,32,33]. The decision and indication for the
single-stage bilateral procedure and the selection of the appropriate patient remain the
responsibility of the orthopaedic surgeon. Most studies reporting one-stage bilateral THA
were performed in dedicated centres with similar effectiveness and morbidity for unilateral
or two-stage bilateral THAs. Many previous studies have reported outcome and compli-
cation rates comparing one-stage and two-stage THA procedures; in a smaller number of
studies, the surgical approach was also analysed as an influencing factor [3,12]. The current
study’s aim was to compare one-stage and two-stage THA procedures using different stem
types regarding the outcome and complication rates.

The meta-analysis of Shao et al. [8] showed that one-stage bilateral THA had a lower
risk of major systemic complications, less deep venous thrombosis, and shorter operative
time compared with two-stage bilateral THA; Guo et al. [6] and Charity et al. [1] recently
confirmed these observations as well. There were no major complications in the current
series, which might be explained by the small number of patients enrolled. Furthermore,
in most studies, patients receiving simultaneous bilateral THA are more so selected with
respect to demographics and comorbidities. In all implant groups in the current series, the
distribution of comorbidities was equal with respect to the ASA score (Table 1). Additionally,
improvements in anticoagulation therapy have significantly reduced the rate of deep
venous thrombosis and pulmonary embolism.

Aghayev et al. [32], Parvizi et al. [15], and other studies have related low complica-
tion and morbidity rates in one-stage bilateral THA with the higher numbers of patients
included [1,6,12]. Stavrakis et al. [9] have reported that the overall risk for complications
following bilateral THA was similar to that observed after unilateral procedures; on the
other hand, higher rates of septic complications were reported in the bilateral group. As
short stems offer the possibility of revision surgery with conventional straight stems, using
short stems in bilateral THA could be clinically beneficial in the long term for surgical
management, especially for patients under the age of 65 years, who are known to be at
higher risk for surgical revision in the future [23,34–37]. However, there is a lack of long-
term results regarding the effect of short-stems’ observed early subsidence on implant
survival [28]. Therefore, long-term studies are needed to assess the axial migration’s impact
on implant survival, as short stems seem to be a promising alternative to straight stems in
simultaneous bilateral THA.

Previous studies have described the age at the time of surgery as an important factor
influencing the outcome of one-stage bilateral procedures. However, in the current series,
the mean age of patients receiving simultaneous bilateral THA using a short-stem device
was significantly higher than the straight-stem group. Still, no higher complication rates
were observed, which is novel when compared with the literature.

Short-stem THA procedures showed significantly shorter operation times in the bilat-
eral group as well as the unilateral group. Several other studies comparing the operative
time between one- and two-stage bilateral THA procedures have demonstrated that the one-
stage bilateral procedure takes less surgical time than the two-stage procedure [1,3,6,8,12,15].
Moreover, it has been reported that using a conventional rather than a short stem is a signifi-
cantly influential factor regarding longer operative time [38]. Furthermore, Surace et al. [39]
have suggested a strong correlation between increased operative time and perioperative
complications in primary short-stem THA. Additional factors such as the surgeon’s expe-
rience and routine will also positively influence the theatre time and influence the use of
gentler and bone-sparing operation techniques in short-stem designs. A shorter operation
time might result in reduced blood loss, lower transfusion rates, and earlier postoperative
mobilisation due to missing fatigue complications.

Parvizi et al. [4] found no statistically significant difference in the 90-day mortality
between unilateral and bilateral THA in a prospective matched study, although the si-
multaneous bilateral THA group required more blood transfusions and showed lower
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haemoglobin concentrations upon discharge than the unilateral group. The current series
also showed a low transfusion rate of 12% (11 out of 92 patients); eight transfusions had
to be performed in the simultaneous bilateral groups, and three had to be performed in
the unilateral straight-stem group. Nevertheless, no major cardiovascular complications or
increased infection rates were observed in patients receiving allogenic blood products.

Besides functional outcome and complication rates following THA surgery, the post-
operative hospital costs and LOS are important factors. Several studies have indicated
shorter stays and lower costs in one-stage bilateral procedures than in the two-stage bi-
lateral THA [3,6,8,10,13,15]. In the current series, the LOS was shorter in the bilateral
short-stem group compared with the straight-stem group, although the difference was
statistically insignificant. In the unilateral group, the LOS was equal, which contrasts the
findings of Hauer et al., who have reported a significantly shorter LOS for the unilateral
short-stem THA compared with the unilateral straight-stem THA—although the study
was conducted in a younger study population—but without a significant difference in
the return to work time, indicating that the stem design does not influence the recovery
time [40]. Lorenze et al. [11] and Reuben et al. [13] reported a 25% cost savings in the
simultaneous bilateral THA group because the majority of cost reduction can be attributed
to the decreased overall LOS. Taking this into account, with a lower LOS for short-stem
THA [40,41], total hospital costs can be even more reduced. Recently, Villa et al. [16] re-
ported longer LOS in patients with simultaneous bilateral THA through a direct anterior
approach (DAA), which was not proven by Kamath et al. [42] or Parcells et al. [43].

5. Limitations

One limitation of the current study is the small number of patients enrolled; on the
other hand, we provided matched control groups for both implant types. Another limitation
might be the different follow-ups concerning the determination of implant survival. Still,
the shorter follow-up of the short-stem groups did not influence the outcome that evaluated
the short-term readmission rate. Additionally, the surgical techniques and skills of the
operating surgeons increased over time, which might be beneficial for operation time,
re-transfusion rates, complications, LOS, and early readmission rates, which makes it
more challenging to assess and compare the outcomes. Furthermore, no clinical scoring
systems were available to quantify and report the functional results. Given the limitations
mentioned above, our results should be mainly interpreted from a health economics point
of view.

6. Conclusions

The current series showed that simultaneous bilateral THA operation appears safe and
reliable in selected patients without multiple comorbidities. In addition, short-stem THA
appears to be beneficial in terms of clinical performance and outcome over straight-stem
THA, whether unilateral or simultaneous bilateral implantation. Nevertheless, further
studies are necessary to confirm these observations.
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Abstract: Background: This study aimed to describe the ARIF (Arthroscopic Reduction Internal
Fixation) technique for radial head fractures and to compare the results with ORIF (Open Reduction
Internal Fixation) at mean 10 years. Methods: A total of 32 patients affected by Mason II or III
fractures of the radial head who underwent ARIF or ORIF by screws fixation were retrospectively
selected and evaluated. A total of 13 patients were treated (40.6%) by ARIF and 19 patients (59.4%)
by ORIF. Mean follow-up was 10 years (7–15 years). All patients underwent MEPI and BMRS scores
at follow-up, and statistical analysis was performed. Results: No statistical significance was reported
in Surgical Time (p = 0.805) or BMRS (p = 0.181) values. Significative improvement was recorded in
MEPI score (p = 0.036), and between ARIF (98.07, SD ± 4.34) and ORIF (91.57, SD ± 11.67). The ARIF
group showed lower incidence of postoperative complications, especially regarding stiffness (15.4%
with ORIF at 21.1%). Conclusions: The radial head ARIF surgical technique represents a reproducible
and safe procedure. A long learning curve is required, but with proper experience, it represents a
tool that might be beneficial for patients, as it allows a radial head fracture to be treated with minimal
tissue damage, evaluation and treatment of the concomitant lesions, and with no limitation of the
positioning of screws.

Keywords: elbow arthroscopy; radial head fracture; portals; radial head ARIF; elbow fractures

1. Introduction

Radial head fractures are a common occurrence, with a reported incidence of 2.5 per
10,000 per year [1]. These fractures are usually caused by a fall onto outstretched hand [2],
and about 30% of cases include associated injuries. The radial head is important because
it functions as the elbow’s secondary stabilizer for valgus stresses as well as a primary
stabilizer for axial loads, with the interosseus membrane as a secondary stabilizer [3]. Its
shape has highly variable angles, dimensions and curvature [4], so even though improve-
ments have been achieved in anatomical prosthesis design, preserving the native radial
head when possible remains the gold standard. For the same reasons, it is important to
avoid radial head resection as much as possible during surgeries [5].

The most common classification of radial head fractures was introduced by Mason,
was then modified by Hotchkiss [6], and then further modified by Bromberg and Morrey [7].
Radial head fractures type 1, with a displacement inferior to 2 mm, are usually treated
conservatively if there is not a mechanical block during pronation–supination movements.
Controversies arise for type II, however, when a displacement between >2 mm and <5 mm
occurs without mechanical block [8–10], because conservative treatment can be indicated
even if a radial head deformity is present. Type II and III are classically treated with ORIF
(Open Reduction Internal Fixation), partial resection of the radial head (when less than 30%
of the articular surface is involved) or radial head prosthetic replacement [11,12].
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Over recent years, advances in elbow arthroscopy instruments, surgeons’ skills, and
increased knowledge of local anatomy have all led to an increment improvement of radial
head fractures fixation, [13] allowing fractures that would have been treated by ORIF [14]
to be treated by ARIF.

Studies have shown that it can be technically challenge to arthroscopically expose
the radial head to allow for appropriate screw placement. To obtain stable screw fixation,
it is important not only to reach the desired radial head portion, but also to achieve
an optimal Kirschner wires entry point and direction and to precisely direct cannulated
screws [15,16]. Recent studies have shown how, with skilled use of a combination of
anteromedial, anterolateral, and midlateral portals, it is possible to reach a 360◦ exposure
of the radial head for arthroscopic fracture fixation [17]. Furthermore, the distalization
of anteromedial and anterolateral portals is useful to obtain a biomechanical stronger
fixation [17].

To our knowledge there are no current studies that compare radial head ARIF and
ORIF. Therefore, the aim of this study was to describe the technique used to perform radial
head ARIF and to compare the results after 10 years by analyzing patients who received
ARIF to those who received ORIF.

We hypothesized that skilled surgeons who were trained on elbow arthroscopy would
be able to perform ARIF of the radial head with a comparable surgical time, better early
functional outcome, and a lower rate of postoperative complications than for ORIF.

2. Materials and Methods

A retrospective study was conducted on patients who underwent surgery between
June 2007 and October 2015. All the procedures were performed by the same skilled
surgeon (EG).

Patients who were eligible for the study were those who underwent arthroscopic or
open field radial head fixation with screws and who did not have ligament injuries or coro-
noid associated fractures. Indications for surgery were: mechanical block in pronosupina-
tion movements; two-part fractures with displacement greater than 5 mm if involving head
or greater than 4 mm if involving the neck; and fractures that had multiple fragments but
were still treated with screw fixation. Patients treated with plate and screws fixation or
radial head removal or replacement were excluded.

Patients’ demographics are reported in Table 1.

Table 1. Patients’ demographics.

Demographic Data of the Study
Population

ORIF ARIF TOTAL

Patients (no.) (%) 19 (59.41) 13 (40.62) 32

Age (years) 43.31 (±11.03/15–61) 45.38 (±16.37/14–65) 44.16 (±13.57) (14–65)

Gender (M/F) (%) 12/7 (63.25/36.84) 5/8 (38.54/61.52) 17/15 (53.12/46.92)

Classification (Mason II/III) (no.) (%) 12/7 (63.2/436.83) 11/2 (84.63/15.42) 23/9 (71.93/28.12)

Legend: no.—number; M—Male; F—Female; ORIF—Open Reduction Internal Fixation; ARIF—Arthroscopic
Reduction Internal Fixation.

2.1. Surgical Planning

Every patient underwent a pre-op CT scan with multiplanar 2D and 3D reconstructions
to study the number, size, and dislocation of fracture fragments, as well as bone impaction
and involvement of the ‘safe zone’.

ARIF was performed in 13 cases where the pre-operative plan was to perform a screw
fixation, and there was an absence of gross associated injuries or Fracture type Mason
II and III without LCL at varus stress test under anesthesia. A total of 19 patients who
underwent ARIF were compared to a group of patients who underwent ORIF with the
same indications.
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2.2. ARIF Surgical Technique Description

Elbow varus–valgus stability was tested with the patient supine under anesthesia
(brachial plexus block or general anesthesia).

Patients were positioned in lateral decubitus with the affected arm supported by a
dedicated holder, and a tourniquet was inflated at 250 mmHg. Joint landmarks were drawn
on the skin. An articular lavage was performed by a spinal needle through the ‘soft spot’ in
the posterolateral portion of the elbow.

Three standard anterior portals were routinely performed: anteromedial, anterolateral
and proximal anterolateral. The pump maintained an intra-articular pressure in an interval
between 30 and 40 mmHg.

2.2.1. 1st Step: Fracture Visualization and Reduction

The arthroscopic camera was inserted in the anteromedial portal with the shaver
in the anterolateral; at the same time, an elevator kept the joint capsule open from the
anterolateral proximal portal.

The hematoma was removed, and the fracture was visualized from both the anterome-
dial and anterolateral portal to confirm CT scans.

The fracture was then mobilized and reduced using two probes that were introduced
from the anterolateral and proximal anterolateral portals along with pronation and supina-
tion movements. If necessary, a third probe could be inserted through the midlateral
portal/soft spot to achieve and/or maintain the reduction. Some fractures can be difficult
to reduce because the radial head fragment can be dislocated either through the anterior
capsule or in the posterior aspect of the elbow. As no fractures with high dislocations were
present in the cases in this series, no cases required the capsule to be opened, and none
were converted into open field surgeries. This could occur because associated ligamentous
or coronoid lesions are often present when the fragment is dislocated through the capsule
or in the posterior aspect of the elbow, and these associated injuries were an exclusion
criteria for the study.

Once reduction was achieved, the best position between pronation and supination to
perform definitive fragment fixation was chosen, and the fragments were stabilized with
temporary 1.4 mm K-wires.

2.2.2. 2nd Step: Working Position and Fixation

Using specimen studies, the elbow and wrist ESSKA committee showed that the entire
radial head circumference is approachable for fixation, and that modified anteroinferior
portals are more effective for performing a correct radial head fracture ARIF1 [17,18].

Fractures can be divided according to the position of the fragment in relation to the
“safe zone” (i.e., the part of the radial head that does not have contact with the small
sigmoid notch). Ideally, the radial head is divided into two halves in the neutral position:
the lateral half (which includes the safe zone) and the medial half.

Fractures of the lateral half can be fixed from the anterolateral portal (working position
AL) by placing the forearm in pronation and examining from the AM portal (Figure 1).

The retractor and the probe help to maintain the reduction and keep the workspace
open. It may be useful to temporarily fix the fracture by using a K-wire either posteriorly
(soft spot portal) or anterolaterally (anterolateral portal).

An accessory lateral portal from a more distal location could be useful for placing the
screws parallel to the radial head surface. A small 5 mm cannula was needed to protect
the soft tissues from the rotating tools (K-wire, drill, screwdriver) and to prevent the thin
K-wire from bending or breaking. The K-wire was inserted through the cannula, and then
the fixation procedure was performed (measurement, drilling, screw).
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Figure 1. Fractures of the lateral half can be fixed from the anterolateral working position (A). (B):
pre-operative 3D CT scan showing the fracture. (C): intraoperative image of fracture fixation. (D):
Control x-ray.

Fractures of the lateral half could be alternatively fixed by working posteriorly (work-
ing position PL) as described by Rolla et al. [16] (Figure 2).

Figure 2. Fracture of lateral half of radial head that is fixed using the posterolateral working position;
posterolateral and midlateral portals were created (A). From the superior view, the shaver and probe
created the necessary space to reduce the fragment. (B): Pre-operative x-ray showing the fracture.
(C): Intraoperative image of fracture fixation. (D): Control x-ray.

Posterolateral and midlateral portals were created. From the superior view, the shaver
and probe created the necessary space to reduce the fragment. The fixation technique was
then completed by following the steps previously described.

For medial half fractures, it was helpful to change the view (working position AM,
Figure 3).

While viewing from the anterolateral portal, the cannula was inserted through the
anteromedial portal. The procedure for the fixation was the same, and no other accessory
portals were needed.

Following these considerations, the three working positions can be summarized as in
Table 2.

All fractures were fixed using headless cannulated screws (Micro Acutrak screws,
Acumed) with lengths varying from 14 mm to 26 mm.

Evaluating the appropriate length of the screws is difficult because the sensation of
the second cortex cannot be determined while drilling the K-wire into place, and x-ray eval-
uation is dangerous because pronosupination movements can bend the K-wires. Therefore,
the Authors recommend measurements during pre-operative CT scans to determine the
diameter of radial head, as the screw’s length should never exceed that value. The Authors
inserted the first screw in the largest fragment until the sensation of a stable fixation was
reached; the K-wire was then removed, the stability of the fragment was rechecked, and
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then x-rays were performed. If the fracture was reduced and stable, then other fragments
(if present) were treated using the same procedure.

Figure 3. For the medial half fractures, the working position AM was more appropriate; the field was
viewed from the anterolateral portal and the cannula was inserted through the anteromedial portal
(A). (B): Pre-operative 3D CT scan showing the fracture. (C): Intraoperative image of fracture fixation.
(D): Control x-ray.

Table 2. Description of arthroscopic working position to address fixation of radial head fragments.

Working
Position

Direction of
Screws Insetion

Camera Portal
Position

Probe/Elevator
Portal Position

Portal of Screws
Insertion

PL Posterolateral Posterolateral Midlateral portal
(soft spot)

Direct radial
head accessory

AL Anterolateral Anteromedial
Anterolateral

Ant lat proximal
Midlateral

Direct radial
head accessory

AM Anteromedial Anterolateral Ant lat proximal
Midlateral Anteromedial

The rehabilitation program began the day after surgery with gentle self-assisted active
movements. A sling was positioned to protect the elbow from valgus stresses for three
weeks, and manual activities were forbidden for two months.

2.3. Follow-Up and Functional Evaluation

All patients underwent x-rays and clinical examination at 1, 3, 6, and 12 months
after surgery, and at the final follow-up. Functional evaluation was performed using
the Mayo Elbow Performance Index (MEPI) and the Broberg and Morrey Rating System
(BMRS) [19–21].

2.4. Statistical Analysis

Statistical evaluation was performed using the IBM SSPS Statistics Software Version 23
(IBM, Armonk, NY, USA) for MAC. The independent t-test and the Chi-squared test were
performed to compare both ARIF and ORIF subjects using the variables Surgery Duration,
Functional Outcome Scores (MEPI and BMRS), and Complications rate. A p value < 0.05
was considered significative.

3. Results

A total of 32 subjects (15 females and 17 males) were selected for the study using
radiological criteria (standard AP and lateral x-ray views and CT scan of the elbow with
2D and 3D reconstruction) to classify the radial head fractures, according to Mason.

Between June 2007 and October 2015, 13 patients were treated with ARIF and 19 patients
with ORIF.
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Patients’ age ranged from 14 to 65 years (mean of 44.16 years) and the time between
trauma and surgery ranged from 2 to 64 days (mean of 8.1 days).

A total of 13 subjects were treated with ARIF. The patients were five males and eight
females, with a mean time between the date of the trauma and the surgery date of 8 days
(range 3–24 days). The other 19 patients were treated with ORIF (12 males and 7 females),
by Kocher approach and with a mean time between trauma and surgery of 7.25 days (range
of 2–64 days).

Average follow-up time of all patients was 10 years (range 7–15).
Functional outcomes (as determined by performance scores) were obtained for 32 patients

at the last outpatient consult (Table 3).

Table 3. Clinical and functional results of ARIF and ORIF.

ARIF ORIF

MEPI Score 98.07 (SD ± 4.34) 91.57 (SD ± 11.67)

BMRS Score—Variables 95.61(SD ± 5.99) 92.06(SD ± 8.66)

Duration of the procedure (minutes)
71.60 (SD ± 24.96)

(range 36–135)
81.66 (SD ± 36.73)

(range 29–170)

Follow-up (years)
(SD; range)

10.14 (±4.32; 7–15) 10.52 (±26.46/7–15)

Independent t-test and the Chi-squared test were performed with the variables to
be compared and a p value < 0.05 considered significative. The mean MEPI score for the
ARIF group was 98.077 (SD ± 4.34), while ORIF group reported 91.57 (SD ± 11.67). This
indicates significantly better results for the ARIF group (p = 0.036); mean BMRS score was
95.61 (SD ±5.99 for ARIF) and 92.06 (SD ± 8.66 for ORIF) (p = 0.181).

Mean duration of the procedure was 71.60 min for ARIF (SD ±24.96 and range of
36–135 min) and 81.66 min for ORIF (SD ± 36.73 and range of 29–170 min) (p = 0.808).

Complications

No intra operative complications were observed. A total of 15 patients reported
post-operative complications, 3 for ARIF group (23.1%) and 12 for ORIF (63.5%) (Table 4).

Table 4. Post operative complications and reoperations.

ARIF ORIF

Complications 3 (23.1%) 12 (63.5%)

Stiffness and mild pain 2 (15.4%) 4 (21.1%)

Lateral ossification 1 (7.7%) 0

Inconstant pain 0 1 (5.3%)

Crepitation 0 1 (5.3%)

Moderate supination deficit 0 1 (5.3%)

Moderate pronation deficit 0 1 (5.3%)

Weakness in flexion 0 1 (5.3%)

Weakness in pronosupination 0 1 (5.3%)

Occasional lateral elbow pain 0 1 (5.3%)

Temporary cutaneous numbness 0 1 (5.3%)

Second surgical procedure
1 open arthrolisis and

screw removal
2 arthroscopic arthrolysis with

one screw removal
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In the ARIF group, two patients reported elbow stiffness (15.4%). One underwent
arthrolysis and screw removal; the other one had symptoms of ulnar nerve compression,
with positive Tinel sign and distal dysesthesia. The third patient showed a heterotopic
ossification at the lateral epicondyle margin without functional deficit (7.7%). One patient
underwent a second surgery with open arthrolysis and screw removal.

In the ORIF group, the most frequent complication was persistent mild pain, followed
by moderate inconstant pain, crepitation during ROM of radial head, pronosupination
limitations, mild supination deficit, and weakness when complete flexion of the elbow was
reached. From these patients, two underwent a second procedure: the first underwent
screw removal and arthrolysis eight months after the osteosynthesis, and the second patient
underwent arthroscopic arthrolysis after 15 months, with satisfactory range of motion
improvement.

4. Discussion

Arthroscopic treatment of elbow pathology is increasing over time; treatments include
reduction and fixation of radial head fractures that include associated injuries, such as
coronoid fracture or collateral ligament avulsion [8,22,23]. This technique offers multiple
advantages: a complete view of the articular surfaces of radial head and coronoid is
possible [17], as well as removal of small intra-articular fragments and treatment of trochlear
chondral damages or small coronoid fractures that would otherwise require extensive open
medial access. There is much less tissue damage with ARIF compared to ORIF; however,
ARIF still remains a technically demanding surgery that requires a long learning curve and
high technical skills. Complication rate is reported with a huge variability depending on
the surgeon’s abilities [24].

The first arthroscopic treatment of radial head fracture was described in 2004 [25] for
a fracture of the neck of the proximal radius in a child. The fracture was manually reduced
and fixed by percutaneous K-wires under a direct intra-articular visualization [26].

In 2006, Rolla et al. [16] published a series of cases that included 6 fractures of the
radial head (II, III and IV types according to Mason) which were reduced and fixed by
percutaneous screws. The performed technique was described, with an indication to work
in the anterior compartment to reduce the fracture, and then change the view position to
the posterolateral portal, creating an anterolateral portal for fragment fixation.

In 2007, Michels [15] described 14 cases, all classified as Mason type II. The authors
performed ARIF using only two portals (anterolateral and posterolateral) and performed
a small incision to insert the screws, with good clinical and radiographic results. Wang
et al. [27] reported results from 18 cases with Mason type II fractures treated with percuta-
neous K-wires under arthroscopy with clinical good results. In 2019, Haasters et al. [28]
reported a retrospective case series of 20 patients, highlighting good results and a high
capacity of arthroscopy to diagnose and treat concomitant elbow injuries that might not be
visible at MRI or CT scan.

As evidenced by the literature, ARIF of radial head fracture is a procedure that is grow-
ing in popularity but is not yet widely performed. With the present study, the authors aim
to report their 10 years outcome of the arthroscopic radial head osteosynthesis and describe
different surgical technique using different portals, depending on the fracture pattern.

In comparison to open osteosynthesis, screw length is more difficult to assess because
performing an intraoperative fluoroscopy with the tools in place is complicated. Generally,
the screws range from 14 to 18 mm long and, in case of indecision, the Authors recommend
choosing a shorter screw and checking at the end of fixation to avoid loss of reduction or
K-wire bending while obtaining a satisfactory radiographic view. Studying a pre-operatory
CT scan helps to determine appropriate screw length and avoiding excessive length.

The instruments should be chosen carefully, because drill and screwdriver might have
very short results, especially when fixation is performed at the anteromedial portal. If these
tools are not available, the arthroscopic cannula can be cut and shortened as necessary
before being inserted into the joint.
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Another important aspect of ARIF in comparison to ORIF is the surgical time. In
the present study, the mean surgical time for ARIF was 74.46 min, 2.64 min faster than
ORIF group; however, the independent t-test showed no statistically significant difference
(p = 0.808) between the groups, indicating that after the proper learning curve even a
technically demanding procedure can be performed with confidence and reproducibility.
Obviously, considering the difficulty of this procedure, the learning curve is steep and
requires high elbow arthroscopic skills.

The different position described in this paper, along with the findings in the literature
that indicate how the radial head can be easily reached for screw insertion [29], aim to
give elbow surgeons the tools they need to approach and improve this fixation technique.
The Authors find it easier to perform the synthesis from the anteromedial portal when
possible, with supination or pronation helping to reach a wider radial head surface. The
AM working position gives the surgeon a wider articular space to work in without the need
of an additional portal that may cause a tear (even if small) to the annular ligament. In this
working position, the Authors suggest that it is more comfortable to also insert multiple
screws in different directions, either parallel to the radial head surface or oblique through
the radial neck. One disadvantage is the larger distance required to reach the radial head
from the AM portal. Longer screwdrivers and drills may be necessary, especially in obese
or highly muscular patients.

For the same reason, the Authors do not suggest the PL working position. As the
capsule is very close to the radial head, it is more difficult to perform and the cartilage is
easier to damage while reducing the facture. However, this position uses safer portals than
anterior ones as they are far from neurovascular structures.

The AL working position can be considered a good balance between advantages
and disadvantages. The space is narrow, and a small tear of the annular ligament occurs
frequently, but the AL is in the same position that is used to reduce the fracture, and
instrument length does not create difficulties.

In the present series, regarding the functional outcome, MEPI scores were better
in the ARIF group (mean 98.07, p = 0.036) with statistical significance. In comparison
to the previous series about arthroscopic reduction and internal fixation of radial head
fractures, the presented results are comparable with results published by Rolla et al. [16],
which reported three excellent and three good results for functional outcome. The present
study reported 92.30% excellent and 7.69% good results (n = 13 patients, 12 excellent and
1 good). Another functional parameter used was the BMRS score, which had no statistically
significative difference between the arthroscopic and the open groups (p = 0.181; mean
score 95.615 and 92.063, respectively) and in comparison to Michel’s study (mean 97.6
and range 86–100 points; 11 excellent and 3 good results) [15], the present study reported
similar values for the ARIF group (mean 95.61 and range 81–100 points; 10 excellent (76.9%)
and 3 good (23.1%).

Even if complications are reported in radial head ARIF, the present series included
no neurological or vascular lesions other than the patient with symptoms of ulnar nerve
compression. The major complication of this technique is the same as that described for
elbow arthroscopy, i.e., the risk of nerve or brachial artery injury, but the frequency is not
well known [5].

In the present series, the ARIF cohort had a complication rate of 23.1%. The rate of
neurological complications is between 0 and 14%, according to El Hajj et al. [30], with more
than half of the cases including the ulnar or median nerves. This complication can occur
due to the proximity of the radial, posterior interosseous, ulnar, and median nerves to
anterolateral and anteromedial portals [5]. These injuries can also be a result of laceration
or be secondary to compression from a cannula, fluid extravasation, exposure to local
anesthetics, or tourniquet-related problems [31]. The series by Kelly et al., a retrospective
review of 473 consecutive elbow arthroscopies performed during an 18-year period, had an
overall complication rate of 12%, with serious complications in less than 1% (permanent
nerve lesions or infection), and minor complications (such transient nerve lesions) in 11%
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of the arthroscopic procedures [32]. This matched the presented complications of this study,
with exception of heterotopic ossification, which was not analyzed.

The major limitation of this study is its retrospective design. However, to our knowl-
edge, the existing studies have not reported results and complications of radial head ARIF
with this long of a follow-up. As a retrospective study, the patient selection also represents
a possible source of bias, in that the Authors tried to avoid enrolling all the patients that
met the inclusion criteria.

5. Conclusions

The described radial head ARIF surgical technique represents a reproducible and safe
procedure. A long learning curve is necessary, but with the proper experience it represents
a tool that might be beneficial for patients, allowing a radial head fracture treatment with
minimal tissue damage, evaluation and treatment of the concomitant lesions, and with
no limitation of screws positioning. The surgeon must perform accurate pre-operative
planning and intraoperatively choose the better working position so that they can fix all
fracture patterns and obtain good clinical results, comparable to the state of the art radial
head ORIF.
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Abstract: The aim of this study was to evaluate osteoarthritis (OA) patients with infrared ther-
mography to investigate imaging patterns as well as demographic and clinical characteristics that
influence knee inflammation. Forty patients with one-sided symptomatic knee OA were included
and evaluated through knee-specific PROMs and the PainDETECT Questionnaire for neuropathic
pain evaluation. Thermograms were captured using a thermographic camera FLIR-T1020 and temper-
atures were extracted using the software ResearchIR for the overall knee and the five ROIs: medial,
lateral, medial patella, lateral patella, and suprapatellar. The mean temperature of the total knee was
31.9 ± 1.6 ◦C. It negatively correlated with age (rho = −0.380, p = 0.016) and positively correlated
with BMI (rho = 0.421, p = 0.007) and the IKDC objective score (tau = 0.294, p = 0.016). Men had
higher temperatures in the knee medial, lateral, and suprapatellar areas (p = 0.017, p = 0.019, p = 0.025,
respectively). Patients with neuropathic pain had a lower temperature of the medial knee area
(31.5 ± 1.0 vs. 32.3 ± 1.1, p = 0.042), with the total knee negatively correlating with PainDETECT
(p = 0.045). This study demonstrated that the skin temperature of OA symptomatic knees is influ-
enced by demographic and clinical characteristics of patients, with higher joint temperatures in
younger male patients with higher BMI and worst objective knee scores and lower temperatures in
patients affected by neuropathic pain.

Keywords: infrared thermography; knee; osteoarthritis; joint temperature; inflammation; neuropathic pain

1. Introduction

Osteoarthritis (OA) is a common form of degenerative joint disease affecting the
adult population, characterized by articular cartilage loss within the synovial joints and
associated with hypertrophy of the bone (osteophytes and subchondral bone sclerosis),
thickening of the capsule, and synovial inflammation [1]. An important aspect of OA is the
interpatient variability in clinical and structural manifestations [2,3]. This heterogeneity
may be one of the major factors associated with the complexity of OA management and
the difficulties in developing one-fits-all therapeutic strategies. In fact, nowadays, no
conservative therapies have been proven to arrest or modify the disease progression, nor to
be highly effective for symptomatic relief [4,5]. For this reason, the identification of specific
OA features could help to better identify different diseases patterns and target treatments
and manage each patient according to the specific disease phase and manifestation [6].
Among the key aspects investigated, lot of attention has been placed on the inflammatory
process involving OA joints.

Inflammation plays a central role in the pathophysiology of OA, with the involvement
of the synovial membrane and the release of pro-inflammatory cytokines. These factors
induce chondrocytes to produce degradative enzymes of the extracellular matrix and
inhibit both tissue repair and regeneration [7]. During the inflammatory process, there is
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an increase of blood flow that can manifest clinically with redness and heat, as well as with
joint swelling and pain [8]. As many available treatments target the inflammatory process,
the quantification of the inflammatory component in the OA process could help to better
characterize patients with OA, favoring a more targeted treatment [9,10]. In this light, the
temperature is a key physical property, as its values detected by infrared thermography
could reflect the articular inflammatory process [11]. Therefore, infrared thermography has
been proposed as a tool for OA diagnosis and monitoring of disease state, progression, and
response to medical treatment, in particular in relation to the inflammatory components [12].
However, although the use of infrared thermography for the evaluation of patients with
OA is growing, data are still sparse and evidence on thermographic findings in OA patients
is lacking.

The aim of this study was to evaluate OA patients with infrared thermography, to
investigate imaging patterns as well as demographic and clinical characteristics that could
influence the skin temperature of the knee of patients affected by symptomatic OA.

2. Materials and Methods

This study was approved by the hospital ethics committee of the IRCCS Istituto Orto-
pedico Rizzoli, Italy (n. 0017413). Patients were enrolled by orthopedic physicians between
December 2021 and April 2022 in a research outpatient clinic focused on patients with knee
OA. Informed consent was obtained from each patient for study participation. Male or
female patients with one-sided symptomatic knee OA (Kellgren–Lawrence grade ≥ 2) with
a history of chronic pain or swelling (at least 6 months) were included in the study. The
following exclusion criteria were used for selection: history of trauma or intra-articular
injection therapy within 6 months before treatment or knee surgery within 12 months;
presence of any concomitant knee lesion causing pain or swelling, neoplasms, dermato-
logical and vascular conditions, systemic disorders (e.g., uncontrolled diabetes), metabolic
disorders of the thyroid, severe cardiovascular diseases, rheumatoid arthritis, inflamma-
tory arthropathy, hematological diseases, infections, immunodepression, antidepressant,
anticoagulants, or antiaggregant therapy; and use of nonsteroidal anti-inflammatory drugs
in the 5 days before the investigation.

Forty consecutive patients were enrolled according to the inclusion/exclusion criteria.
Among them, 26 patients were men and 14 women, with a mean age of 61.3 ± 9.3 years
and a mean body mass index (BMI) of 25.2 ± 3.0. All demographic and clinical patients’
characteristics are reported in Table 1.

After enrollment in the study and just before the infrared thermography evaluation,
patients were clinically assessed thorough knee-specific patient reported outcome mea-
surements (PROMs) including the International Knee Documentation Committee (IKDC)
subjective and objective scores, the Knee injury and Osteoarthritis Outcome Score (KOOS)
sub-scales, the EuroQol Visual Analog Scale (EQ-VAS), the Tegner score, the Visual Ana-
logue Scale (VAS) for the symptomatic knee pain, and the PainDETECT Questionnaire for
the neuropathic pain evaluation. For the last score, patients with values lower than 13
were considered negative for neuropathic pain, while patients with values higher or equal
to 13 were considered positive for neuropathic pain. Subjective clinical questionnaires
were compiled by patients with the support of the clinician, while the IKDC objective
score was evaluated by the clinician. Moreover, all participants underwent weight-bearing
antero-posterior to assess the baseline OA severity according to the Kellgren–Lawrence
classification. Finally, the skin temperature of the knee affected by symptomatic OA was
evaluated with thermography imaging as reported below. After data collection, further
analyses were performed to determine the demographic and clinical parameters that
influenced the skin temperature of the OA knee.
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Table 1. Included patients’ characteristics.

Sex (M/W) 26/14

Age (years) 61.3 ± 9.3 [43–75]

BMI (kg/m2) 25.2 ± 3.0 [19.9–31.1]

Side Right: 21-Left: 19

Symptoms duration (months) 108.5 ± 91.4 [18–372]

Symptoms onset Acute: 13-Chronic: 27

Previous knee surgery (yes/no) 22/18

Smoke (yes/no) 9/31

Kellgren–Lawrence grade
Grade 2: 19
Grade 3: 18
Grade 4: 3

VAS pain 5.0 ± 2.4 [1–9]

IKDC Subjective score 42.3 ± 15.1 [18.4–81.6]

IKDC Objective score

Grade 1: 6
Grade 2: 17
Grade 3: 9
Grade 4: 8

KOOS Pain 61.9 ± 19.1 [17–94]

KOOS Symptoms 60.5 ± 20.5 [18–100]

KOOS ADL 69.9 ± 18.6 [38–100]

KOOS QoL 34.5 ± 16.9 [0–75]

KOOS Sport/Rec 42.6 ± 17.7 [20–90]

Tegner score pre-treatment 2.3 ± 1.2 [1–5]

PainDETECT Questionnaire 8.8 ± 4.9 [2–20]

Neuropathic pain (yes/no) 8/32
Values are expressed as mean ± standard deviation and [range]. ADL, activities of daily living; BMI, body mass
index; IKDC, International Knee Documentation Committee; KOOS, Knee Injury and Osteoarthritis Outcome
Score; M, male; QoL, quality of life; Sport/Rec, function in sport and recreation; VAS, visual analogue scale;
W, women.

2.1. Infrared Imaging Procedure and Analysis

The infrared imaging evaluation was performed in a dedicated outpatient clinic
shielded from direct sunlight and with a temperature controlled and set at 23.0 ◦C and
a mean humidity of 45 ± 3%. The image acquisition was always performed in the same
time slot between 14:00 pm and 17:00 pm in order to minimize the circadian variations
of the temperature. According to Marins et al. [13], participants were asked to sit for
ten minutes without touching their knee before the thermal image acquisition without
pants, socks, shoes, and with light clothing such as a t-shirt on the top. Participants were
asked to stand on a designated floor map. The thermograms of the symptomatic knee
were captured using a thermographic camera FLIR T1020 (FLIR® Systems, Täby, Sweden),
which has 1024 × 768 pixels of resolution and a thermal sensitivity of 0.02 ◦C. The camera
was positioned at 1 m of distance from the subject, adjusted to their patellar height and
positioned perpendicular to the knee. An anterior view image was obtained for each patient
using the autofocus modality. Then, maintaining the same knee position, an anatomical
marker (a 2 cm diameter circular sticker) was placed on the center of the patella and a
second anterior view image was obtained to facilitate the precise subsequent localization
of the patella in infrared images. The two anterior images (one with and one without
the patellar marker) were aligned side by side on the computer screen, and a template
indicating the region of interests (ROIs) was centered over the patella of the unmarked
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image, using the marked image as a guide (Figure 1) [14]. The ROIs were defined as
follows: the patellar area was a square 6 cm in width, divided in “medial patella” and
“lateral patella” (6 cm high and 3 cm wide each); the “suprapatellar” area was the area
3 cm over the patella; and the “medial” and “lateral” areas were the regions 3 cm under the
patella and on its medial and lateral sides, respectively.

Figure 1. Infrared thermography analysis. On the left, the infrared image obtained with the patellar
marker (identified with circle and arrow), while on the right, the image obtained with the con-
sidered region of interest (ROI): L, lateral; LP, lateral patella; M, medial; MP, medial patella; and
S, suprapatellar.

The mean temperatures, as well as maximum and minimum temperatures, were
extracted using the software ResearchIR (FLIR® Systems, Sweden) for the overall knee area
and the 5 ROIs: medial, lateral, medial patella, lateral patella, and suprapatellar.

2.2. Statistical Analysis

All continuous data were expressed in terms of the mean and the standard deviation
of the mean and range; the categorical data were expressed as frequency and percentages.
The Shapiro–Wilk test was performed to test normality of continuous variables. The Levene
test was used to assess the homoscedasticity of the data. The repeated measures general
linear model (GLM) with Sidak test for multiple comparisons was performed to assess
the differences in different areas. The ANOVA test was performed to assess the between
groups differences of continuous, normally distributed, and homoscedastic data; the Mann–
Whitney non-parametric test was used otherwise. The ANOVA test, followed by the
post hoc Sidak test for pairwise comparisons, was performed to assess the among groups
differences of continuous, normally distributed, and homoscedastic data; the Kruskal–
Wallis non-parametric test, followed by the post hoc Mann–Whitney test with Bonferroni
correction for multiple comparisons, was used otherwise. The Spearman rank correlation
was used to assess correlations between temperature and continuous data; the Kendall tau
rank correlation was used for ordinal data. With 40 patients, a post hoc power equal to
0.9 was obtained with the Kendall’s ordinal correlation between the IKDC objective score
and the total mean knee temperature. For all tests, p < 0.05 was considered significant. All
statistical analyses were performed using SPSS v.19.0 (IBM Corp., Armonk, NY, USA).
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3. Results

The mean temperatures of the evaluated OA knees are shown in Table 2. The mean
temperature of the total knee was 31.9 ± 1.6 ◦C. Analyzing the mean temperature of the
different areas, the patella (both medial and lateral areas) was found to be colder than all
other areas of the knee. In particular, the mean temperature of the medial area was higher
than medial patella and lateral patella areas (both p < 0.0005). The mean temperature of the
lateral area was higher than medial patella (p = 0.019) and lateral patella areas (p = 0.048).
The mean temperature of the suprapatellar area was higher than medial patella and lateral
patella areas (both p < 0.0005). No significant differences were found among the medial,
lateral, and suprapatellar areas (p = n.s.).

Table 2. Temperatures of the evaluated knee areas.

Area
Mean

Temperature
Minimum

Temperature
Maximum

Temperature

Total knee 31.9 ± 1.6 30.3 ± 1.1 33.6 ± 1.2
Medial 32.1 ± 1.0 30.7 ± 1.0 33.4 ± 1.2
Lateral 31.9 ± 1.0 30.5 ± 1.1 33.1 ± 1.1

Medial Patella 31.6 ± 1.4 30.9 ± 1.3 32.5 ± 1.4
Lateral Patella 31.6 ± 1.5 30.9 ± 1.4 32.6 ± 1.5
Suprapatellar 32.1 ± 1.2 30.7 ± 1.1 33.3 ± 1.2

The mean temperature of the total knee negatively correlated with age (rho = −0.380,
p = 0.016) and positively with BMI (rho = 0.421, p = 0.007), with higher temperatures in
patients younger and with higher BMI. This correlation was also confirmed for all sub-areas,
except for the medial patellar area in relation to age, as shown in Table 3. Males tended to
be warmer than females, with higher mean temperatures of the total knee (32.2 ± 1.2 vs.
31.4 ± 0.8, p = 0.051), medial area (32.4 ± 1.1 vs. 31.5 ± 0.7 p = 0.017), lateral area (32.2 ± 1.1
vs. 31.3 ± 0.9, p = 0.019), and suprapatellar area (32.4 ± 1.2 vs. 31.5 ± 0.8 p = 0.025), while
no significant differences between sexes were found for the patella areas.

Table 3. Temperature correlates with age and BMI.

Area Age BMI

Total knee Rho = −0.380, p = 0.016 Rho = 0.421, p = 0.007
Medial Rho = −0.450, p = 0.004 Rho = 0.333, p = 0.036
Lateral Rho = −0.387, p = 0.014 Rho = 0.365, p = 0.020

Medial Patella Rho = −0.265, p = 0.098 Rho = 0.461, p = 0.003
Lateral Patella Rho = −0.329, p = 0.038 Rho = 0.512, p = 0.001
Suprapatellar Rho = −0.377, p = 0.016 Rho = 0.433, p = 0.005

Regarding clinical scores, the mean temperature of the total knee correlated with the
IKDC objective score (tau = 0.294, p = 0.016), and this correlation was confirmed for all sub-
areas (Figure 2). Patients with neuropathic pain had a lower mean temperature of the medial
knee area than patients without neuropathic pain (31.5 ± 1.0 vs. 32.3 ± 1.1, p = 0.042), al-
though only a tendency was found for the total knee and the remaining sub-areas. Moreover,
the mean temperature of the total knee and the medial area negatively correlated with the
PainDETECT Questionnaire (rho = −0.319, p = 0.045, rho = −0.366, p = 0.020, respectively),
while a tendency was found for the other four sub-areas (Figure 3). The mean temperature
of the medial knee area correlated with the VAS pain scale (rho = −0.361, p = 0.022), while
a tendency was found for the mean temperature of the total knee (rho = −0.298, p = 0.062),
the lateral area (rho = −0.291, p = 0.068), and the lateral area (rho = −0.301, p = 0.060).
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Figure 2. The mean temperature of the total knee positively correlated with the International Knee
Documentation Committee (IKDC) objective score (tau = 0.294, p = 0.016). Box-and-whisker plots
show median values and interquartile ranges.

Figure 3. The mean temperature of the total knee positively correlated with the PainDETECT
Questionnaire (rho = −0.319, p = 0.045).

Finally, the mean temperatures of the total knee and other sub-areas were not influ-
enced by other factors such as side, symptom duration, Kellgren–Lawrence grade, previous
surgery, and smoke.

4. Discussion

The main finding of this study is that the skin temperature of knees affected by OA is
influenced by demographic and clinical characteristics of patients, including age, sex, BMI,
and objective and subjective scores. In particular, higher joint temperatures were found
in younger male patients with higher BMI and worst objective knee scores, while lower
temperatures were found in patients affected by neuropathic pain.
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The detection of knee temperature through infrared thermography can be useful for
better profiling patients with different knee OA patterns. Over the years, the use of infrared
thermography has gained a growing interest in the clinical research to evaluate muscu-
loskeletal disorders, quantifying the skin temperature in order to better characterize the
properties and course of a specific disease [15–17]. The study of joint temperature could
potentially improve the diagnosis and therapy of orthopedic pathologies, including knee
diseases such as OA [18,19]. A recent systematic review of the literature underlined the
correlation between surface skin temperature and joints’ inflammatory and degenerative
diseases, including rheumatic pathologies and OA [20]. In particular, a correlation was
shown between thermal findings and diseases’ presence and stage, as well as the clinical
assessment of disease activity and response to treatment, supporting infrared thermog-
raphy’s role in the study and management of rheumatic diseases and OA. Nevertheless,
evidence on infrared thermography application for knee OA is still limited, especially on
elucidating demographic and clinical characteristics that could influence the temperature
of the knee in patients affected by symptomatic OA. The current study demonstrated that
different factors could influence the skin temperature of symptomatic OA knees.

Age showed a negative correlation with the skin temperature of the knee, with younger
patients having higher temperatures compared to older patients. The lower temperature
of the knees of elderly patients is ascribable to the decrease in body temperature with
aging, probably due to a reduction in basal metabolic rate and a lower muscle component
compared to the younger population [21–23]. Moreover, a reduction in the overall skin
temperature with aging has been justified by the reduction in core temperature in older
adults due to a reduction in metabolic processes and to an alteration in the heat dissipation
through the skin [22,24,25]. This was reported in healthy subjects by Ferreira et al., who
found that young subjects’ limbs’ temperature was higher compared to the elderly subjects’
limbs [26]. The current study confirmed the difference of temperature based on age also for
knees affected by symptomatic OA, with lower skin temperatures in older patients consid-
ering both the overall knee temperature and most sub-areas. In fact, a further sub-analysis
confirmed this correlation for all sub-regions but the region above the patellar bone.

The analysis of knee sub-regions is important when investigating knee OA thermo-
graphic patterns. Different temperatures have been detected among the different knee
areas, with the area corresponding to the patella reporting the coldest temperature while
the medial and suprapatellar areas reporting the highest temperatures. The patella area
of the investigated knee OA patients showed a distinct thermal pattern compared to the
other areas. In fact, its skin temperature was colder than all other areas of the knee, as
previously reported in the literature also in healthy subjects. A description of the thermal
image of the normal knee was previously given by several authors who described the
thermographic image of a normal knee to be characterized by symmetry in the image of
the two knees with an isothermal oval area corresponding to the patella [27,28]. The lower
skin temperature of the patellar area could be explained by the fact that the skin tends to
be colder above tendons and bones than above muscles [29,30]. Accordingly, the patella
represents the coldest area for knee OA patients, and this could be probably linked to the
fact that this area of the knee is the furthest from the intra-articular synovium due to the
interposition of the patellar bone. In fact, the skin temperature of the knee could reflect the
joint inflammatory process, characterized by an increased vascularization of the synovial
membrane, which could be easily detected in areas without underlying bone [31].

Other aspects that influenced the skin temperature of the knee OA patients stud-
ied were sex and BMI. Neves et al. evaluated the influence of gender and body fat on
temperature. They discovered that women exhibit lower values of surface temperature
than man on the trunk and upper and lower limbs [32]. The literature data showed that
women differ from men in thermal responses to exogenous heat load and heat loss, as
well as to endogenous heat load during exercise, because they usually have a larger ratio
of body surface to body mass, a greater subcutaneous fat content, and lower exercise
capacity. Perhaps also a lower blood volume in women than in men may limit their heat
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exchange [33]. Moreover, men have a significantly higher muscle mass and lower body fat
percentage than women [34]. Finally, this can be also explained by the fact that women
have a lower metabolic rate than men [35]. Accordingly, the data emerged from the current
study showed that men have higher knee skin temperature than women.

More controversial findings have been found regarding BMI. Higher temperatures
were detected for all areas of the knee in patients with higher BMI. This finding is not in line
compared to what has been reported in the literature for the overall temperature in obese
subjects. In fact, subjects with increased body fat percentage showed lower temperatures
of the lower limbs compared to normal-weight individuals [32]. This discrepancy could be
explained by the increased inflammatory component that characterized knees of overweight
or obese patients who are also affected by OA, probably resulting in an increase of the
skin temperature at the OA knee level [36]. In fact, it has been demonstrated that obesity
is associated with a chronic inflammatory environment at joint level, which can increase
biomarkers of synovial inflammation [37–41]. The obesity-related dyslipidemia can also
contribute to OA pathogenesis and increase of inflammation by an increasing matrix
metalloproteinases production in joint tissues [42]. Moreover, obese patients present a
higher mechanical loading on their joints, resulting in an altered activation of multiple
inflammatory pathways, such as interleukin 1-beta (IL-1β) and tumor necrosis factor-alpha
(TNF-α) release, chondrocyte apoptosis induction, synovial inflammation, and subchondral
bone dysfunction, all contributing to OA [43]. Future studies should investigate the
correlation between the skin temperature of the knee and the inflammatory biomarker
profile of the affected joint and analyze these findings in relation to the clinical status of
the patients.

The clinical evaluation of the knee OA joints in this series showed a significant pos-
itive correlation between the skin temperature and the IKDC objective score. This score
evaluates objective features of the knee including joint effusion [44]. The current study
demonstrated that OA knees with a worse objective clinical status are characterized by a
higher temperature, probably related to a high inflammatory component of the joint, with
consequent high functional limitations [45]. This finding was similar to a previous study
which showed a correlation between higher skin temperature of the knee and worst West-
ern Ontario and McMaster Universities Osteoarthritis (WOMAC) stiffness and function
scores [46]. Conversely, the subjective scores analyzed in this case series did not correlate
with the skin temperature of the evaluated knee, and the VAS pain score actually showed a
negative correlation.

The controversial findings with respect to the pain perception and temperature can
be explained by another result of this study, where the pain experience was investigated
also in terms of another aspect, the neuropathic pain component. This was investigated
with the painDETECT questionnaire, a score evaluating the contribution of neuropathic
pain in the pain perceived by the patient [47,48]. A significant contribution of neuropathic
pain is present in 23% of patients with knee or hip OA, with a typical symptomatologic
pattern with burning pain, shooting pain or lancinating pain, tactile allodynia, and pain
patterns [47,49]. Patients with a neuropathic pain showed a lower skin temperature of
the knee at medial area compared with patients without neuropathic pain. A possible
explanation for this result is that the pain in patients with neuropathic pain is not related to
a significant inflammatory component, while it could be due to a central sensitization and
an impaired pain modulation [50]. This hypothesis is confirmed by a study conducted by
Ohtori S. et al., who found a tendency for negative correlation between the painDETECT
score and the amount of joint fluid, with less joint fluid in patients with neuropathic
pain [51]. Therefore, the evaluation of patients with symptomatic knee OA but with a “low”
temperature should always be investigated for the presence of neuropathic pain, although
future targeted studies are needed to better elucidate this aspect.

This study has some limitations. First of all, the sample size could limit the statistical
power to better investigate correlations among sub-groups. Therefore, while this is one of
the largest studies on symptomatic knee OA patients, future studies with larger populations

150



J. Clin. Med. 2023, 12, 2319

should confirm the correlation found in the current study. Second, knees were evaluated
with an anterior view alone, while further information could be obtained through lateral
and posterior thermal acquisitions. Third, a control group of non-symptomatic knee OA
patients or non-OA knee patients could have helped understanding the role of thermog-
raphy in detecting changes of the temperature related to the severity or the presence of
OA disease. Another possible weakness is that the evaluation of the neuropathic pain was
performed based only on the PainDETECT questionnaire rather than on specific clinical
and instrumental exams. Future studies should better investigate the influence of the neu-
ropathic pain component on skin temperature of OA knees. Moreover, the thermographic
evaluation of the knee skin temperature could be influenced by the time of the day chosen,
and further studies should investigate the behavior of the knee skin temperature during
the daytime. Additionally, future studies will have to better characterize the temperature
differences of the knee affected by symptomatic knee OA compared to the healthy contralat-
eral one. Finally, the method of thermographic image acquisition and analysis was based
on the previous literature, but no method has been described as the gold standard in this
field. It is possible that different settings, different lenses, and different devices could be
more suitable for such evaluations in the clinical practice. Therefore, future studies should
help standardize more the use of thermography for the evaluation of patients with knee
OA in order to confirm its potential in identifying different disease patterns both in the
research setting and in the clinical practice. This could have the potential to better address
patients with knee OA, improving diagnosis, management, and treatment, with a possible
socioeconomic and healthcare impact in the future.

5. Conclusions

This study demonstrated that the skin temperature of OA symptomatic knees evalu-
ated with infrared thermography is influenced by demographic and clinical characteristics
of patients, including age, sex, BMI, and objective and subjective scores. Higher joint
temperatures were found in younger male patients with higher BMI and worst objective
knee scores, while lower temperatures were found in patients affected by neuropathic pain.
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Abstract: Data on reconstruction of the femoral anteversion (FA) and the center of rotation after
total hip arthroplasty (THA) are rare. We aimed to answer whether a short-stem fixation enables
improved anatomical reconstruction of the FA compared to a straight-stem. Methods: One hundred
and thirty patients who underwent short- (n = 89, group A, prospective) or straight-stem THA (n = 41,
group B, retrospective) were included. CT scans of the hip, knee, and ankle were performed pre-
and postoperatively in group A and in group B during the last follow-up. Femoral torsion was
determined using three-dimensional models. Results: The mean preoperative FA was 22.4◦ ± 11.0◦,
and the mean postoperative FA was 23.4◦ ± 10.1◦. The relative difference was −0.8◦ ± 8◦, and the
absolute difference was 6.4◦ ± 4.9◦. Gender analysis revealed significant differences in preoperative
FA between female (f) and male (m) patients (28.1◦ ± 11.2◦ (f) vs. 18.4◦ ± 8.3◦ (m); p > 0.001) as well
as in postoperative FA (26.7◦ ± 23.5◦ (f) vs. 21.0◦ ± 9.7◦ (m); p < 0.007) in group A. Postoperative
FA was higher in group A (mean 6.8◦; 23.9◦ ± 10.1◦ (f) vs. 16.6◦ ± 8.6◦ (m); p < 0.001). Conclusions:
The study’s findings suggest that short-stem THA leads to improved anatomical FA reconstruction;
however, a substantial postoperative gender-related FA difference was detectable, which may warrant
consideration by surgeons when determining the final stem anteversion. It should be noted that the
impact of the postoperative gender-related FA difference on clinical outcomes is not entirely clear,
and further research is warranted to elucidate this relationship.

Keywords: CT-scan; femoral anteversion; hip geometry reconstruction; short-stem; total hip arthroplasty

1. Introduction

Total hip arthroplasty (THA) is considered to be the most successful orthopedic surgery
of the 20th century, and it significantly impacts healthcare economics [1]. To achieve optimal
results, the femoral stem fixation should satisfy several requirements, including ease of
handling during surgery, preservation of bone stock and soft tissue, and stable long-term
fixation [2–4]. Not only should the surface texture, geometric configuration, and choice of
implant material be carefully considered, but the appropriate operative approach is also
necessary in order to achieve the best possible results [5]. Furthermore, reconstructing
the individual’s hip geometry is crucial in order to achieve optimal force distribution and
range of motion while minimizing the risk of aseptic loosening, component wear, and
dislocation [6–8]. This is emphasized as an important consideration in the literature [9–11].
The accurate performance of a THA depends on several criteria that are not considered
in a comprehensive manner in conventional THA planning. As Habor et al. suggested in
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their work, a patient-specific morphofunctional planning of the target zone for implants
could provide a solution [12]. Another approach to reach as accurate of a result as possible
in THA could be the implementation of image-based robotic assistance throughout the
implantation process. Surgeons could make use of haptically controlled robotic arms to
achieve more precise results in THA [13].

One of the critical goals of hip anatomy reconstruction during THA is to restore the
femoral torsion (ante- or retroversion of the femoral neck) and, consecutively, the center of
rotation of the femoral head [14,15]. Improper alignment of component torsion, whether
excessive ante- or retrotorsion, can result in impingement and hip instability, leading to
complications such as dislocation, component wear, and limited range of motion [16–18].
Moreover, failing to restore the angle of femoral anteversion (FA) to 15–20◦ or to adapt it to
the native femoral anteversion or cup anteversion [19–21] is associated with a higher risk of
dislocation, edge loading, squeaking, hip instability, and limited range of motion [14,17,22].
Therefore, correct alignment of the FA is crucial when trying to achieve an impingement-
free range of motion and prevent common complications associated with THA. This can be
accomplished by a patient-specific preoperative 3D simulation of range of motion (ROM),
flexion, and internal rotation (IR) angle to establish the correct implantation zone of the
implant components [23]. Another approach to achieve even better results with THA that
are more similar to the naturally occurring physiology would be a patient-specific instru-
ment system that can be individually manufactured for each configuration of the femur
and acetabulum [24]. Furthermore, the correct choice of material and implantation site may
be crucial when considering a patient’s body mass index (BMI) or the implementation of
intraoperational fluoroscopy for the success of THA [25,26].

Moreover, it is known that stem design plays a critical role in determining the stem’s
final position and, as a result, its anteversion [27]. Over the course of time, various stem
and cup designs were developed to achieve precise hip joint reconstruction and to extend
the lifetime of hip implants [27,28]. However, due to the continuous development of new
implant designs for cementless short-stem THA as well as its increased use and related
research, this method is more prominent [29–31]. Although short-stem designs gained
popularity due to their ability to preserve proximal femoral bone stock and provide more
natural loading in the proximal femur than straight-stems [32–36], only a limited number
of studies have directly compared the two designs in terms of FA reconstruction [27,37,38],
with short-stems showing higher FA restoration accuracy than straight-stems [38]. However,
more data is needed to verify the superiority of short-stem designs in FA reconstruction and
their clinical relevance, considering that various stem designs may affect the parameters of
hip geometry reconstruction differently. Furthermore, it is important to note that, to date,
no study has investigated the influence of the novel, metaphyseal-anchoring, calcar-guided,
neck-sparing short-stem designs (ANA.NOVA® Alpha Schaft® Proxy, ImplanTec GmbH,
Moedling, Austria) on FA restoration compared to a conventional straight-stem.

Therefore, our study aimed to (1) investigate if a novel calcar-guided short-stem design
enables an improved anatomical reconstruction of FA compared to a straight-stem design
and (2) whether this effect results in a difference in postoperative clinical and patient-
reported outcome measures. We hypothesized that the short-stem designs would restore
FA more accurately and result in better outcome measures.

2. Materials and Methods

The current study, categorized as level III evidence, involved a retrospective com-
parative analysis of 130 prospectively included unilateral THA patients who received
either a short- or straight-stem design between 2005 and 2017 at a single institution. The
anterolateral approach to the hip [39], as recently mentioned by Reinbacher et al. [40], was
performed as the standard procedure in both groups, and all patients were operated on for
primary hip osteoarthritis. Our research group previously described the characteristics of
both stem designs [14]. The current study was approved by the Ethics Committee of the
Medical University of Graz, Austria (protocol code 28-152 ex 15/16).
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In group A, 89 patients underwent unilateral short-stem THA performed by a sin-
gle surgeon at a single institution between 2016 to 2017. In this group, all patients were
implanted with a cementless short-stem design (ANA.NOVA® Alpha Schaft® Proxy, Im-
planTec GmbH, Moedling, Austria) that features epi-metaphyseal fixation combined with
a press-fit cup (ANA.NOVA® Alpha Pfanne, ImplanTec GmbH, Moedling, Austria). The
short-stem is available in twelve sizes, ranging from zero to eleven, and is designed for
neck-shaft angles ranging from 125◦ to 140◦. No alternative designs were provided regard-
ing offset and collar. Pre- and postoperatively, each patient underwent low-dose rotational
computed tomography (CT) imaging of the hip, knee, and ankle.

In group B, 41 THA patients received a collarless, cementless straight-stem design with
a meta-diaphyseal fixation combined with a press-fit cup (Corail® stem and Pinnacle® cup
DePuy Synthes, West Chester, PA, USA) at our department between 2005 and 2012. These
patients were selected at random from our follow-up registry to serve as a comparison
group, with the condition that postoperative CT scans would be available. The straight-
stem design used in this group is available in 13 different sizes with two collar options (with
and without) and neck-shaft angle variations (standard or high offset 135◦, coxa vara 125◦).
Complete postoperative rotational CT scans of the hip, knee, and ankle were obtained in
this group, but no preoperative CT scans were available. The study excluded pregnant
patients, patients under custodianship, or patients with a confirmed periprosthetic joint
infection from both groups (A and B).

To assess FA, 3D measurements were performed using the Hectec mediCAD hip
3D® software (mediCAD Hectec GmbH, Altdorf, Germany). The CT scan images were
converted into three-dimensional digital models during this process. The FA was mea-
sured preoperatively (only in group A) and postoperatively (in both groups) using the
axial oblique technique of Jarrett et al. [41]. Known for its particularly high intra- and
interobserver agreement, this measurement technique uses oblique femoral slices with a
slice distance and thickness of 5mm [42]. To measure femoral torsion, the angle between a
proximal line (aligned with the femoral neck) and a distal femoral line (which is tangential
to the posterior condyles on a single axial image with maximum anterior-posterior expan-
sion) is used (Figure 1). Preoperative planning in terms of determining the optimal implant
size and position was performed on standard anterior–posterior x-rays of the hip using the
mediCAD® Classic Hip 2D software (Hectec GmbH, Altdorf, Germany) as described in a
previously published study [43].

 

Figure 1. Preoperative and postoperative CT measurement method. 3D measurements obtained with
mediCAD hip 3D software, showing the proximal femoral long axis defined by two points and the
femoral anteversion angle formed between a perpendicular line through the proximal femoral long
axis and the femoral head, and a line connecting the femoral condyles. (A): preoperative condition.
(B): postoperative condition with short stem. (C): postoperative condition with straight stem.
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3D measurements with mediCAD hip 3D. The femoral long axis is defined by two points
in the proximal femur: (1) inferior border of the lesser trochanter; (2) at a point approxi-
mately 6 cm distal in the femoral shaft. The angle between the perpendicular line between
the proximal femoral long axis and the femoral head and the line between the formal
condyles is the femoral anteversion.

The surgeon aimed for a cup inclination between 30◦ and 50◦, a cup anteversion of 10◦
to 20◦, and a stable press-fit fixation. The femoral neck osteotomy for the two implants was
performed at different resection levels according to the manufacturer’s recommendations.
This generally resulted in a more distal resection height of the femoral neck in group B and
a more proximal, bone-preserving resection height in group A. When broaching the femur,
the biggest possible stem size was used to attain secure fixation aiming for 15◦ of FA. In both
groups, all stems were combined with cementless cups and ceramic-on-ceramic bearings.
Demographic data (age at the time of surgery, gender, and body mass index (BMI)) were
recorded. In addition, Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) scores as well as Harris Hip Scores (HHS) were obtained in the follow-up
examinations one year postoperatively from all included patients [44,45].

To detect significant differences, paired and unpaired t-tests were used. The Mann–
Whitney U test was performed if parametric distribution was not given. Regression
analysis was used to detect differences in continuous variables. An alpha level <0.05 was
considered significant. All evaluations were done with the statistical program Stata/MP
13.0 (StataCorp, College Station, TX, USA).

3. Results

The demographic data and results are shown in Table 1. The mean age at the time of
surgery was 60.4 ± 7.5 years in group A and 63.9 ± 10.3 in group B (p = 0.03). The mean BMI
was 28.5 ± 4.8 (group A) and 28.2 ± 4.5 (group B, p > 0.05). In group A, the preoperative FA
was 22.4◦ ± 11.0◦, and the postoperative FA was 23.4◦ ± 10.1◦. The relative difference was
−0.8◦ ± 8◦, and the absolute difference was 6.4◦ ± 4.9◦. There was no difference regarding
the absolute FA change angle from pre- to postoperative phases in group A (7.6◦ ± 5.7◦ (f)
vs. 5.6◦ ± 4.0◦ (m); p = 0.057). Furthermore, there was no significant correlation between the
change of angle in pre- to postoperative FA and patient age (p = 0.657) or body mass index
(p = 0.307) in this group. When comparing both groups, the postoperative FA was found
to be higher in group A than in group B (mean 6.8◦; 23.9◦ ± 10.1◦ (A) vs. 16.6◦ ± 8.6◦ (B);
p < 0.001; Figure 1).

Table 1. Demographic and clinical data.

Proxy (n = 89)
N; %

Corail (n = 41)
N; %

p-Value

Gender
Male 51 (57.3) 25 (61.0)

0.693Female 38 (42.7) 16 (39.0)

Hip Type
Coxa vara (CCD < 125◦) 47 (52.8) 0 (0.0)

<0.001Coxa norma (CCD 125–134.9◦) 33 (37.1) 0 (0.0)
Coxa valga (CCD ≥ 135◦) 9 (10.1) 41 (100.0)

Age at Surgery (in years; mean ± standard deviation) 60.4 ± 4.5 63.9 ± 10.3 0.030
BMI (mean ± standard deviation) 28.5 ± 4.8 28.2 ± 4.5 0.603
Preoperative Femoral Anteversion (mean ± standard deviation) 22.4◦ ± 11.0◦ N/A N/A
Postoperative Femoral Anteversion (mean ± standard deviation) 23.4◦ ± 10.1◦ 16.6◦ ± 1.3◦ <0.001
HHS Score after 1 year (mean ± standard deviation) 95.8 ± 8.0 93.5 ± 10.1 0.159
WOMAC Score after 1 year (mean ± standard deviation) 10.5 ± 13.6 9.7 ± 14.4 0.758

Significant p-values are in bold text.

Fifty-one (57.3%) men were included in group A, and twenty-five (60.9%) were in-
cluded in group B (p = 0.693). Gender analysis in group A revealed significant differ-
ences between women (f) and men (m) in the preoperative FA phase (28.1◦ ± 11.2◦ (f) vs.

157



J. Clin. Med. 2023, 12, 2391

18.4◦ ± 8.3◦ (m); p > 0.001) as well as in the postoperative FA phase (26.7◦ ± 23.5◦ (f) vs.
21.0◦ ± 9.7◦ (m); p < 0.007). No such differences were found in group B when comparing
the postoperative FA (17.9◦ ± 9.9◦ (f) vs. 15.7◦ ± 7.6◦ (m); p = 0.425), as depicted in Table 1.

The HHS in the one-year follow-up was 95.8 ± 8 for group A and 93.5 ± 10 for
group B, showing no statistically significant difference between them (p = 0.16). The
regression analysis for group A showed no significant correlation between the absolute
change of angle in the femoral anteversion from the pre- to postoperative phases and the
HHS (p = 0.50). Furthermore, the regression analysis showed a significantly lower HHS for
female patients (p > 0.01) and a higher HHS for patients with a higher postoperative FA
(p = 0.03). The WOMAC score in the one-year follow-up was 10.5 for group A and 9.7 for
group B and showed no significant difference between them (p = 0.75).

4. Discussion

In this retrospective comparative analysis, we examined whether a calcar-guided short-
stem design or a conventional straight-stem design would result in better FA reconstruction
after THA. We also analyzed whether both stem designs differ regarding patient-reported
outcome measures. The results confirmed our hypothesis that the FA was better restored
with the short-stem design, but it did not confirm superior clinical outcomes (HHS) or
patient-reported outcome measures (WOMAC).

The main finding of this study was the significant difference in anatomical FA recon-
struction after THA when comparing a calcar-guided short-stem design with a straight-stem
design. As only 17 preoperative CT scans of the contralateral native hip were available in
group B, we cannot generalize these results, but in that small number, the preoperative
FA was non-significantly different from that of group A (22.4◦ ± 11 (A) vs. 22.6◦ ± 8 (B);
p > 0.05). In a similar preoperative FA situation, the implantation of the calcar-guided short-
stem design led to superior FA reconstruction accuracy. This result is in accordance with the
findings of Sariali and Pascal Mousselard [38], who compared an anatomic, cementless, and
proximally hydroxyapatite (HA)-coated short-stem design (SPS Evolution, Symbios SA,
Yverdon-les Bains, Switzerland) to a generic straight-stem design (HARMONY, Symbios
SA, Yverdon-les Bains, Switzerland) similar to the straight-stem design investigated in our
study. Therefore, our findings provide evidence supporting the effectiveness of short-stem
designs in achieving superior FA reconstruction compared to straight-stems while also
yielding comparable clinical and patient-reported outcome measures. The results of our
study emphasize the effectiveness of the short-stem design, particularly the calcar-guided
design that was included in our analysis. The short-stem design aims to reconstruct the
hip anatomy more accurately by following the femoral neck’s calcar, thereby improving
proximal fit while maintaining femoral anteversion [38,46,47].

The difference in higher FA when using a short-stem design became even more distinct
in the gender-based subgroup analysis, as female patients had a significantly higher FA
before surgery (28.1◦ ± 11.2◦ (f) vs. 18.4◦ ± 8.3◦ (m), group A) than their male counterparts.
This observation in men was previously reported by Nakahara et al. (25.2 ± 9.8◦ (f) vs.
20.3 ± 9.9◦ (m)) and others [48–50]. Similarly, a gender-related difference in postoperative
FA was only significant in group A. This also lines up with the significantly lower overall
postoperative FA in group B. Therefore, optimal reconstruction of the FA seems to be
particularly important in women, as the FA may play a role in the significantly higher
dislocation rates of women compared to male patients (4:1) after THA [51–54].

Furthermore, Yoon et al. [55] reported that using a short-stem design increased anterior
femoral tilt in the sagittal plane compared to a straight-stem design, which is associated
with a higher risk of posterior impingement and anterior dislocation. On the other hand,
Fischer et al. [27] reported a higher frequency of postoperative retrotorsion with a collarless
straight-stem design compared with a short-stem design, which bears an increased risk of
posterior dislocation. Based on current knowledge, these findings suggest that surgeons
may need to aim for different femoral anteversion angles for the implanted short-stem
design in women and men, indicating the importance of gender-specific considerations.
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However, dislocation rates were not recorded in the current study; thus, no definitive
conclusions can be drawn on this matter. Future studies are needed to investigate this
hypothesis further.

However, Faizan et al. [56] discovered a bimodal distribution of anteversion angles in
implanted short-stem designs and a difference between pre- and post-virtual implantation
anteversion angles while investigating the ABG II monolithic stem system (Stryker Or-
thopaedics, Mahwah, NJ, USA). Their findings suggest that THA patients may benefit from
being divided into two groups, one requiring an anteverted stem and the other requiring
less or no anteversion in the stem, to achieve the correct version during FA reconstruction.
As the study conducted by Faizan et al. [56] does not offer sufficient information to confirm
if the bimodal distribution is related to gender, we cannot determine whether it supports
our hypothesis that women may have different postoperative FA requirements than men
and could benefit from a stem design with little or no anteversion. Nevertheless, we did
observe a significantly higher postoperative FA among women in group A, suggesting that
there may be a basis for our hypothesis.

The clinical and patient-reported outcome measures evaluated in this study did not
reveal any significant differences between the two groups one year after surgery. Although
the HHS suggested better results in group A (p = 0.16) and regression analysis revealed
significantly better HHS for patients with higher postoperative FA, the WOMAC score did
not favor either group (p = 0.75). Previous studies also reported this by comparing the
postoperative HHS and WOMAC scores of short- and straight-stem THA designs [57,58].
This was to be expected, as the biggest hazards of insufficiently reconstructed hip geometry
mainly develop after a longer follow-up period and are usually detected radiographically
(aseptic loosening, dislocation, and wear).

Overall, the results of our investigation suggest a more anatomical reconstruction of
the FA after THA when using a short-stem design. However, long-term results are needed
to investigate whether this improved alignment of the FA significantly impacts the rate
of serious adverse events (aseptic loosening, component wear, and dislocation), patient
satisfaction, and quality of life. The significant value of this work should be emphasized,
as it represents one of the largest series in which the postoperative hip geometries of a
short-stem and a straight-stem design were directly compared using state-of-the-art CT
scans and 3D measurement techniques. Furthermore, this is the first study to provide
data on FA reconstruction using a cementless short-stem design (ANA.NOVA® Alpha
Schaft® Proxy, ImplanTec GmbH, Moedling, Austria) in combination with a press-fit cup
(ANA.NOVA® Alpha Pfanne, ImplanTec GmbH, Moedling, Austria).

Regarding implantation breakdown in patients with a BMI categorized as obese (class
I–III), Ammarullah et al. [25] suggested that material, the texture of the surface, and the use
of special coatings should be considered. In addition, they said that the implant geometry
and the adaption of surgical procedures to prevent the failure of implantations in obese
patients should be kept in mind [25]. In terms of materials and surgical techniques, further
research is necessary.

In order to improve the accuracy regarding the as-physiological-as-possible place-
ment of the stem in total hip arthroplasty (THA), the use of patient-specific instrumenta-
tion with laser guidance to reduce the risk of femoral anteversion should be considered.
Ferretti et al. [5] demonstrated that using a positioning system enables the accurate posi-
tioning of the stem and cup. When applied, operating times are not significantly prolonged
and even improve in correlation with the user’s learning curve [5]. Free et al. [59] were
able to determine that radiological markers can be used in the specific case of the increas-
ingly popular direct anterior approach (DAA) to predict implant malpositioning. It can
be inferred that by adapting the surgical technique used, possible positioning errors can
be avoided. Furthermore, in certain femur configurations, such as coxa profunda (lower
femoral neck-shaft angle and higher lateral center-edge angle), a higher probability of
implant malpositioning in THA was described [59]. According to Habor et al. [12], another
approach to avoid an unphysiological FA outcome could be the implementation of mor-
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phofunctional planning for patient-specific THAs. In this approach, a 3D model-based
calculation of the target zone of the joint head is specifically used for each individual patient
to prevent poor THA outcomes [12].

Mitsutake et al. [23] showed the role that preoperative 3D imaging can have on
range of motion (ROM), considering that a simulated ROM, including flexion and internal
rotation angles during the preoperative planning process, can reduce the risk of posterior
dislocation of the cup and, consequently, reduce the risk of non-anatomical femoral FA [23].
Another approach to increase the accuracy of THA implantation and consequently avoid
unphysiological FA outcomes could be the incorporation of image-guided robotic assistance.
Foissey et al. [13] demonstrated that haptically controlled robotic arms allow more precise
cup implantation in patients in whom a direct anterior approach (DAA) was performed.
This technique could also be helpful in the future for the implantation of stems and could
be implemented throughout the whole process of THA [13].

Furthermore, intraoperative fluoroscopy was shown to have better outcomes in terms
of unphysiological versions and inclinations in THA than in patients who did not undergo
intraoperative fluoroscopy. Consequently, it was demonstrated that intraoperative fluo-
roscopy imaging enables proper abduction and version of the acetabular cup position. As a
result, the desired positioning of THA components could be achieved without a significant
extension of the operation time [26].

Zhang et al. [24] demonstrated that the use of a patient-specific instrumentation
system promises advantages in the accuracy of implantation compared to freehand THA.
Preoperatively acquired CT images are once again used, as in other procedures, and 3D
models are molded afterward. These models can be applied as a guide on the femoral neck
or acetabulum to ensure accurate osteotomy and, consequently, accurate implantation [24].
Due to the fact that the exact positioning of the stem and the avoidance of unphysiological
FA is a matter of multimodal influences, further research in this field will be necessary.

A major limitation of this study is that group B did not undergo any preoperative
CT scans of the side of the hip to be operated on. Therefore, an analysis regarding preop-
erative differences in FA between the two groups could not be performed. Nevertheless,
CT scans of the contralateral native hip were available for 17 cases in group B, and the
measurements did not show any significant difference in preoperative FA between the
two groups (22.4 ± 11◦ (A) vs. 22.6◦ ± 8 (B)). Moreover, it is highly improbable that there
was a significant preoperative difference in FA because patients received either a short- or
straight-stem design based only on the year the surgery was performed. Another limitation
is the asymmetric group size of 89 to 41 patients due to the availability of postoperative CT
scans in group B bearing the risk of inaccuracies. Furthermore, owing to the short follow-
up of clinical and patient-reported outcome measures, the study does not provide data
on the long-term effects of different FAs between both groups. Additionally, dislocation
rates and rates of ante- or retrotorsion after THA were not recorded; thus, this limits the
validity of the superior FA reconstruction outcomes with short-stem designs. Lastly, only
one type of short-stem design was analyzed; therefore, the results obtained may not be
entirely comparable to other short-stem designs. Hence, the results of this study should be
interpreted with caution and in light of its limitations.

5. Conclusions

The present study shows that, compared to a predominantly diaphyseal anchor-
ing straight-stem design, a mainly metaphyseal anchoring short-stem design allows for
improved anatomical reconstruction of the femoral anteversion in THA. This may be im-
portant in the female femoral anatomy for adequate reconstruction of the hip geometry due
to their higher variability in femoral antetorsion. This study was able to confirm research
from Sariali and Pascal Mousselard [38] regarding the implantation of the calcar-guided
short-stem design, which led to superior FA reconstruction accuracy. Regarding materials
and surgical techniques for obese THA patients (class I–III), further research is required [25].
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Abstract: Infrared thermography can be used to evaluate the inflammation characterizing the joint
environment of OA knees, but there is limited evidence on the response to physical exercise. Identi-
fying the response to exercise of OA knees and the influencing variables could provide important
information to better profile patients with different knee OA patterns. Sixty consecutive patients
(38 men/22 women, 61.4 ± 9.2 years) with symptomatic knee OA were enrolled. Patients were eval-
uated with a standardized protocol using a thermographic camera (FLIR-T1020) positioned at 1 m
with image acquisition of an anterior view at baseline, immediately after, and at 5 min after a 2-min
knee flexion–extension exercise with a 2 kg anklet. Patients’ demographic and clinical characteristics
were documented and correlated with the thermographic changes. This study demonstrated that the
temperature response to exercise in symptomatic knee OA was affected by some demographic and
clinical characteristics of the assessed patients. Patients with a poor clinical knee status presented with
a lower response to exercise, and women showed a greater temperature decrease than men. Not all
evaluated ROIs showed the same trend, which underlines the need to specifically study the different
joint subareas to identify the inflammatory component and joint response while investigating knee
OA patterns.
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1. Introduction

Infrared thermography is an established method that is able to detect the infrared
radiation emitted by the human body, which correlates with the temperature distribution
of a defined region [1]. This technology, used for the first time in the 1960s [2], allows us
to identify and locate thermal abnormalities characterized by an increase or decrease in
temperature at the skin surface, which can reflect the status of a specific pathology [3]. In
particular, infrared thermography has been proposed as a method to evaluate conditions
with an inflammatory component, which plays a central role in the pathophysiology of
several diseases [4]. The awareness of the role of inflammation within a wide range
of diseases as well as the technological advancements in cameras and improvements
in software used for image analysis has led to increased use of infrared thermography
in different scientific fields, from dermatology to oncology [5,6]. Recently, the use of
infrared thermography has been proposed in the orthopedic field as a potential method for
evaluating patients with knee osteoarthritis (OA) to better characterize the pathology and
guide personalized treatment [4].

Knee OA is one of the most common musculoskeletal diseases. It is characterized by
the deterioration and loss of articular cartilage with concomitant structural and functional
changes across the entire joint [7]. Inflammation plays a key role in the pathophysiology
of knee OA, with the involvement of the synovial membrane and the release of several
proinflammatory cytokines [8–10]. The inflammatory component leads to an increase
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in blood flow that can manifest clinically as redness and heat as well as joint swelling
and pain [4]. Infrared thermography has been proven, through the evaluation of the
skin temperature of the knee, to be able to evaluate the inflammation component that
characterizes the joint environment of OA knees [11–14]. However, although the use of
infrared thermography in this setting is growing, there is limited evidence on its use for
the evaluation of the inflammatory response to physical exercise in OA knees. While a few
reports suggest that there are activity-related changes in OA knees, despite documenting
temperature-induced changes after exercise, no studies have evaluated possible factors
influencing the temperature response [15,16]. Identifying the response to exercise of OA
knees and the variables that influence this response could provide important information
to better profile patients with different knee OA patterns.

The aim of this study was to evaluate, through infrared thermography, the response to
a knee flexion–extension exercise and identify the clinical and demographic variables able
to influence this response in patients with symptomatic knee OA.

2. Materials and Methods

This study was approved by the hospital ethics committee of the IRCCS Istituto
Ortopedico Rizzoli, Italy (n. 0017413). Patient screening was performed by orthopedic
physicians in a research outpatient department of a highly specialized referral center for
orthopedics focused on patients with knee OA. The evaluation was performed from De-
cember 2021 to December 2022. Informed consent was obtained from each patient prior
to study participation. Patients were clinically evaluated for their eligibility for study
inclusion according to the following criteria: patients with monolateral symptomatic knee
OA (Kellgren–Lawrence grade ≥ 2) with a history of chronic pain or swelling (for at least
6 months) were included in the study. The exclusion criteria were as follows: previous total
knee arthroplasty; history of trauma or intra-articular injections within 6 months before
treatment or knee surgery within 12 months; the presence of concomitant lesions causing
knee pain or swelling, including radiculopathy; clinical signs of dermatological and vascu-
lar conditions; neoplasms; systemic disorders (i.e., uncontrolled diabetes); uncontrolled
metabolic disorders of the thyroid; severe cardiovascular diseases; rheumatoid arthritis and
other inflammatory arthropathies; hematological diseases; infections; immunodepression;
anticoagulant or antiaggregant therapy; the use of nonsteroidal anti-inflammatories or
other analgesic drugs in the 5 days before the evaluation. According to the Thermographic
Imaging in Sports and Exercise Medicine (TISEM) guidelines [17] as well as considering the
guidelines of the American Academy of Thermology [18], patients were asked to respect
some instructions: avoidance of exercise and physical activity within 48 h; avoidance of
alcohol beverages, smoking, caffeine, large meals, any type of ointment, cosmetics, and
showering within 4 h; avoidance of ice or lotion applications within 48 h; and avoidance of
knee exposure to the sun for long periods during the week prior to the examination.

A total of 60 consecutive patients with symptomatic knee OA were enrolled in ac-
cordance with the inclusion/exclusion criteria. Among them, 38 patients were men and
22 were women, aged 61.4 ± 9.2 years, and with a body mass index (BMI) of 25.4 ± 3.0. All
demographic and clinical characteristics are reported in Table 1.

After enrollment, patients were evaluated clinically thorough knee-specific patient
reported outcome measurements (PROMs), including the International Knee Documen-
tation Committee (IKDC) subjective score, the Knee Injury and Osteoarthritis Outcome
Score (KOOS) subscales, the Tegner score for activity level, the Visual Analogue Scale (VAS)
for pain, and the PainDETECT questionnaire for the evaluation of the neuropathic pain
component. Clinical questionnaires were administered via paper questionnaires during
clinical visits in the research outpatient clinic. Patients completed the questionnaires, and
doctors were available in case of questions. Moreover, the IKDC objective scores were
evaluated by the clinician. All participants underwent weight-bearing antero-posterior
radiographs to assess the baseline OA severity according to the Kellgren–Lawrence classifi-

165



J. Clin. Med. 2023, 12, 3399

cation. Finally, the skin temperature of the knee affected by symptomatic OA was evaluated
with thermographic imaging.

Table 1. Included patients’ characteristics.

Sex, M/W 38/22

Age, years 61.4 ± 9.2 (43–75)

BMI, kg/m2 25.4 ± 3.0 (19.5–33.8)

Side Right: 33—Left: 27

Symptom duration, months 108.3 ± 99.3 (18–372)

Symptom onset Acute: 14—Chronic: 46

Previous knee surgery, yes/no 31/29

Smoker, yes/no 13/47

Kellgren–Lawrence grade

Grade 2: 30

Grade 3: 21

Grade 4: 9

VAS pain 5.6 ± 2.3 (1–9)

IKDC subjective score 41.3 ± 14.2 (9.2–81.6)

IKDC objective score

Grade 1: 8

Grade 2: 29

Grade 3: 10

Grade 4: 13

KOOS pain 59.8 ± 18.9 (2–94)

KOOS symptoms 60.4 ± 19.7 (18–100)

KOOS ADL 69.5 ± 18.4 (6–100)

KOOS QoL 34.5 ± 16.2 (0–75)

KOOS Sport/Rec 43.8 ± 17.7 (20–90)

Tegner score pre-treatment 2.2 ± 1.2 (1–5)

PainDETECT questionnaire 8.7 ± 5.5 (0–25)
Values are expressed as mean ± standard deviation and range (). ADL, Activities of daily living; BMI, body mass
index; IKDC, International Knee Documentation Committee; KOOS, Knee Injury and Osteoarthritis Outcome
Score; M, men; QoL, Quality of Life; Sport/Rec, Function in Sport and Recreation; VAS, visual analogue scale;
W, women.

2.1. Infrared Thermography Procedure, Exercise, and Analysis

The infrared imaging evaluation was performed in a dedicated outpatient clinic
shielded from direct sunlight and with the temperature controlled at 23.0 ◦C [19,20] and
a mean humidity of 45 ± 3%. Image acquisition was performed between 14:00 and 17:00
to minimize the circadian temperature variations. According to Marins et al. [21], the
thermalization period was 10 min. To speed up thermalization, patients were asked to
remove trousers, shoes, and socks, remain seated and undressed on the lower limbs with
light clothing (such as a t-shirt) on the top, and not touch their knees. The patient only rested
the buttocks region on the medical bed, while the remaining parts of the lower limbs had
no contact with other objects or body parts; only feet without socks touched a paper towel,
thus separating them from direct contact with the floor. Thermograms were acquired using
a FLIR T1020 thermographic camera (FLIR® Systems, Stockholm, Sweden) with a resolution
of 1024 × 768 pixels and a thermal sensitivity of 0.02 ◦C. The camera was positioned at a
distance of 1 m, perpendicular to the knee and adjusted to the patellar height [22]. After
the patient was acclimatized, he was positioned on a designated floor map, and image
acquisition (T0) of an anterior view was performed using the autofocus mode.
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Then, one 2 kg anklet was positioned on the ankle of the symptomatic lower limb
of the patient. At this point, with the patient seated, a knee flexion–extension exercise
was performed for 2 min at the rate of one extension every 2 s (1 s flexion phase and
1 s extension phase). A metronome was used to standardize pacing. Immediately after
performing this exercise, the anklet was removed, and the patient was positioned again on
the floor map and a second anterior view image was acquired (T1). Afterwards, the patient
waited in the room for 5 min in a sitting position without touching or moving the lower
limbs. At the end of this resting period, the patient was positioned on the floor map and a
third anterior view image was acquired (T2). Finally, maintaining the same position of the
knee, an anatomical marker (circular adhesive of 2 cm in diameter) was placed at the center
of the patella to obtain a further image in the anterior view in order to facilitate the precise
subsequent location of the patella in the analysis of the previous infrared images (Figure 1).

Figure 1. Timeline of the study.

During the image analysis process, the three anterior images acquired at T0, T1, and T2
were aligned side by side with the image with the patellar marker on the computer screen,
and a template indicating the region of interests (ROIs) was centered over the patella of
each unmarked image, using the marked image as a guide [23,24]. The ROIs were defined
as follows: the patellar area was a square, 6 cm in diameter, divided into the medial patella
and lateral patella (each area 6 cm high and 3 cm wide); the suprapatellar area was the
area 3 cm over the patella; the medial and lateral areas were the regions 3 cm below the
patella on its medial and lateral sides, respectively. The mean temperatures were extracted
using ResearchIR software (FLIR® Systems, Stockholm, Sweden) to determine the overall
knee area and the 5 ROIs: medial patella, lateral patella, suprapatellar, and medial and
lateral knees.

2.2. Statistical Analysis

All continuous data are expressed in terms of the mean and the standard deviation of
the mean and range, and the categorical data are expressed as frequencies and percentages.
The Shapiro–Wilk test was performed to test normality of continuous variables. The Levene
test was used to assess the homoscedasticity of the data. The Repeated Measures General
Linear Model (GLM) with the Sidak test for multiple comparisons was performed to
assess the differences in different areas. The ANOVA test was performed to assess the
between-group differences of continuous, normally distributed, and homoscedastic data;
the Mann–Whitney nonparametric test was used otherwise. The ANOVA test, followed by
the post-hoc Sidak test for pairwise comparisons, was performed to assess the among-group
differences of continuous, normally distributed, and homoscedastic data, the Kruskal–
Wallis nonparametric test, followed by the post-hoc Mann–Whitney test with Bonferroni
correction for multiple comparisons, was used otherwise. The Spearman rank correlation
was used to assess correlations between temperature and continuous data; the Kendall tau
rank correlation was used for ordinal data. For all tests, p < 0.05 was considered significant.
All statistical analyses were performed using SPSS v.19.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Temperature Changes

The mean temperature of the total knee significantly changed after exercise, ranging
from the baseline (T0) value of 32.13 ± 1.07 ◦C to 31.86 ± 1.12 ◦C at T1 and 31.94 ± 1.10 ◦C
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at T2 (p = 0.002). In detail, the mean temperature of the total knee detected at T0 was higher
compared to that at T1 (p = 0.001) with a mean difference T0-T1 (ΔT0 T1) of 0.27 ◦C and
compared to that at T2 (p = 0.036) with a mean difference T0-T2 (ΔT0 T2) of 0.20 ◦C. No
significant differences in the mean temperature of the total knee were found between T1
and T2 (Figure 2).

Figure 2. Thermographic basal image (T0), at the end of the 2-min flexion–extension exercise (T1)
and after the 5-min rest period (T2).

Similar changes in the mean temperature after exercise were observed for all knee
subareas (Figure 3). In particular, statistically significant changes (ANOVA test) were
detected for the lateral (p = 0.001), medial (p = 0.002), suprapatellar (p < 0.0005), and medial
patella subareas (p = 0.011), while no significant changes were observed for the lateral
patella subarea. A higher change in temperature from T0 to T1 (ΔT0-T1) was found for
the suprapatellar area (p < 0.0005) with a mean ΔT0-T1 of 0.33 ◦C, while a smaller change
was detected for the lateral patella area (p = n.s) with a mean ΔT0 T1 of 0.19 ◦C. A higher
change in temperature from T0 to T2 (ΔT0 T2) was found for the medial area with a mean
ΔT0-T2 of 0.25 ◦C, while a smaller change was detected for the suprapatellar area (n.s)
with a mean ΔT0-T2 of 0.15 ◦C. Analyzing the changes in temperature between T1 and T2
(ΔT1-T2) showed a significant increase in the suprapatellar area (+0.18, p = 0.030), while no
differences were found in any other areas.

3.2. Influences of Demographic Variables

Sex influenced the temperature changes after the exercise (Figure 4). Women had
a greater decrease in temperature than men after exercise (ΔT0-T1) in the total knee
(−0.47 ± 0.64 vs. −0.16 ± 0.49, p = 0.021) and the medial (−0.48 ± 0.73 vs. −0.17 ± 0.50,
p = 0.042) and suprapatellar (−0.56 ± 0.70 vs. −0.19 ± 0.55, p = 0.022) areas. Similarly,
women had a greater decrease in temperature between T0 and T2 (ΔT0-T2) in the total knee
(−0.46 ± 0.49 vs. −0.05 ± 0.59, p = 0.009) and the medial (−0.52 ± 0.50 vs. −0.10 ± 0.60,
p = 0.007), medial patella (−0.48 ± 0.62 vs. −0.03 ± 0.60, p = 0.018), and suprapatellar
(−0.50 ± 0.51 vs. −0.06 ± 0.66, p = 0.001) areas. No significative differences were found in
ΔT1T2 between women and men. The other demographic characteristics, including age,
BMI, OA grade, sport activity level, smoking status, previous surgery, and symptom onset
did not influence the thermic response after exercise.
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Figure 3. Mean temperatures of the total knee and subareas at T0, T1, and T2 (* p < 0.05, post-hoc Sidak
test). Box-and-whisker plots showing median values and interquartile ranges. The “x” represents
the mean temperature. T0: baseline; T1: immediately after performing this exercise; T2: 5 min after
performing this exercise.

Figure 4. Differences in the total mean knee temperature and subareas at T0, T1, and T2 in men
and women (* p < 0.05). Box-and-whisker plots showing median values and interquartile ranges.
“x” represents the mean temperature. F: females; M: males; T0: baseline; T1: immediately after
performing this exercise; T2: 5 min after performing this exercise.

3.3. Influence of Clinical Variables

The ΔT0-T1 of the total knee was negatively correlated with the VAS score (rho = −0.296,
p = 0.022), with a higher temperature change occurring in patients with lower VAS scores
(Figure 5a). This correlation was confirmed for the medial area (rho = −0.320, p = 0.013)
and medial patella area (rho = −0.294, p = 0.023). The medial area was also positively
correlated with the IKDC subjective score (rho = 0.363, p = 0.004) and the KOOS ADL
subscale (rho = 0.259, p = 0.045), with higher temperature changes occurring in patients
with better clinical values.
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Figure 5. VAS pain is negatively correlated with ΔT0-T1 (A, rho = −0.296, p = 0.022) and ΔT0-T2
(B, rho = −0.318, p = 0.013).

The ΔT0-T2 of the total knee was negatively correlated with the VAS score (rho = −0.318,
p = 0.013), with a higher temperature change occurring in patients with lower VAS scores
(Figure 5b). Similar trends were observed for all subareas: lateral (rho = −0.256, p = 0.049),
medial (rho = −0.365, p = 0.004), suprapatellar (rho = −0.270, p = 0.037), medial patellar
(rho = −0.310, p = 0.016), and lateral patellar areas (rho = −0.271, p = 0.036). The IKDC
subjective score was positively correlated with the ΔT0-T2 of the total knee (rho = 0.299,
p = 0.020) and the medial area (rho = 0.371, p = 0.004), with higher temperature changes
occurring in patients with higher IKDC subjective scores. The ΔT0-T2 of the total knee and
the medial area were also positive correlated with the KOOS ADL subscale (rho = 0.256,
p = 0.048 and rho = 0.298, p = 0.021, respectively) and the KOOS Sport/Rec subscale
(rho = 0.307, p = 0.017 and rho = 0.369, p = 0.004, respectively), with higher temperature
changes occurring in patients with higher activity levels. The PainDETECT questionnaire
scores were negatively correlated with the ΔT0-T2 of the total knee (rho = −0.270 and
p = 0.037) and the medial area (rho = −0.281, p = 0.030), with lower temperature variations
occurring in patients with higher PainDETECT scores.

No correlations were found between ΔT1T2 temperatures of all areas and the clinical
variables analyzed.

4. Discussion

This study demonstrated that the temperature response to exercise in symptomatic
knee OA is affected by the different demographic and clinical characteristics of the assessed
patients. Patients with a poor clinical knee status presented with a lower response to
exercise, and women showed a greater temperature decrease compared to men.

The use of infrared thermography for the evaluation of musculoskeletal diseases has
gaining increased interest in recent years, thanks to its simple method of evaluating the
temperature of a body region, for example, for the study of tendinopathies and rheumatic
diseases [4,25–27]. Recently, infrared thermography was proposed as a method for the
evaluation of patients with knee OA to better characterize this pathology and possibly
guide the treatment [4]. Although preliminary studies investigated the use of infrared
thermography as a method for diagnosing and monitoring knee OA, its actual potential for
use in clinical practice is still unclear, and its application remains limited [24,27,28]. In this
scenario, defining how the OA knees respond to physical exercise and identifying which
variables can influence this response could be useful to optimize its potential to detect
OA patterns.

Previous studies evaluated the response to physical exercise in different body areas
of healthy volunteers, reporting different temperature patterns [19,29,30]. In particular,
significant heterogeneity among the different studies was found in terms of the response to
exercise in relation to the intensity and duration of exercise [31]. Studies evaluating the skin
temperature after brief exercise reported an initial temperature decrease and a subsequent
temperature increase, while other studies analyzing skin temperature directly after a long
bout of exercise directly detected a temperature increase compared to baseline conditions,
probably hiding the initial temperature decrease [15,16]. In detail, Arfaoui et al. performed
a 5-min running exercise at a speed of 8 km/h with thermalization for 30 min, a room
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temperature of 18 ± 0.5 ◦C, and a humidity of 60%, while Brito et al. performed a 50-min
training session with thermalization for 10–15 min, a room temperature of 28.2 ± 0.5 ◦C,
and a humidity of 48.1 ± 1.2%. The initial temperature decrease appeared to be due to
vasoconstriction of the skin circulation and a redistribution of blood flow from the skin
to the muscles involved in the exercise [29,30,32]. The following increase in temperature
above the baseline values appeared to be due to the activation of cutaneous mechanisms of
heat dissipation [31].

The current study, focusing on older patients (mean age 61 years) with knee OA,
demonstrated that the temperature of symptomatic OA knees changes in response to
two minutes of physical exercise with a temperature decrease immediately after exercise.
This temperature change two minutes after exercise is similar to that reported in a previous
study conducted by Formenti et al. [33]. Through infrared thermography, these authors ana-
lyzed the response to exercise in 13 young healthy volunteers (mean age 25 years), showing
a peak temperature reduction of between two and three minutes from the beginning of
exercise. However, in this study, the authors documented a subsequent increase in the
temperature which was not confirmed in the different population used in the current study.
The temperature of OA knees seven minutes after the beginning of exercise remained un-
changed compared with that at two minutes, and it was lower than the baseline temperature.
On one hand, this difference could be justified by the different participant ages between
the two studies, with possible differences in the vascular response to exercise [34,35]. On
the other hand, the differences could be explained by the detection of temperature in the
different skin areas in the two studies. In fact, Formenti et al. analyzed the skin temperature
above the quadriceps muscles, while in the current study, the temperature was evaluated
above the knee joint. Interestingly, the subdivision of the knee into subareas allowed us
to highlight different behaviors in different subareas following exercise. For example, the
region of the patella is cooler due to the underlying bone, and other areas may respond
differently. The suprapatellar area showed a response to the exercise similar to that found
in the study of Formenti et al., with a temperature decrease occurring two minutes after
the beginning of exercise, followed by a significant temperature increase. Perhaps this is
due to the proximity of the suprapatellar area to the distal part of the quadriceps muscle,
thus showing a behavior similar to that of the skin over the muscles. On the other hand,
all other subareas and the total knee temperatures demonstrated an initial decrease that
was not followed by a return to baseline values after this short exercise bout and at the last
studied timepoint.

This study also detected a correlation between the clinical status of the patients and the
thermal response of their knees to exercise. A positive correlation was found between the
evaluated clinical scores and the changes in temperature after physical exercise. Patients
with a better clinical status showed a greater change in temperature compared to patients
with a worse clinical status. Therefore, patients with fewer symptoms demonstrated a
temperature decrease comparable with that of healthy subjects, as analyzed in previous
studies [30,33,36]. This trend was confirmed by subjective scores evaluating pain, such
as the VAS, or more complex functional scales, such as the IKDC subjective score and the
KOOS subscales. On the other hand, patients with a worse clinical status had a lower
response to exercise with a reduced temperature variation. This could be explained by
the fact that patients with a worse clinical status could have performed the exercise at a
lower intensity, activating the muscles less. Moreover, the higher association of a worse
clinical status with a higher inflammatory component in knee OA [8,37,38] could also partly
explain the altered response to physical exercise.

The response to exercise in this population also correlated with the results of the
PainDETECT questionnaire, which evaluates the contribution of neuropathic pain to pain
perception by the patient [39,40]. This score has not only been associated with impaired
pain modulation but also with neuropathy, which may contribute to OA knee pain through
damage to nerve fibers in the joint [41–43]. Considering that nerve fibers have a funda-
mental role in regulating skin circulation by releasing catecholamines, their alteration
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could lead to an impaired response to external stimuli, such as exercise [41,44,45]. In fact,
patients in the current study with high PainDETECT questionnaire scores showed less
temperature variation after exercise. This result could be explained by altered cutaneous
vasoconstriction due to neuropathy, resulting in an alteration of the peripheral neuromodu-
lation mechanisms. While the clinical relevance of this finding remains to be established,
this finding confirms the presence of different factors influencing OA joints and the need to
better study knee OA patterns.

The thermal response to exercise in patients with knee OA was also affected by sex.
Women had a greater decrease in skin temperature than men immediately after exercise and
at five minutes after its end. This could be related to differences in the metabolic, contractile,
and hemodynamic properties of skeletal muscle between women and men, as well as the
different cutaneous adipose tissue distribution [46,47]. Women have greater capillarization
of the muscle than men and also a greater vasodilatory response of the arteries supplying
the skeletal muscles, which leads to a greater increase in blood flow [48–50]. Moreover,
women usually have a reduced exercise capacity and a lower blood volume than men;
therefore, the same physical exercise could require a major effort and thus a relatively high
level of blood transfer from the skin to the muscles compared to men. [51]. In previous
work, it has been shown that the same type of exercise with the same number of repetitions
can provide a greater training stress in women than in men [52]. In the current study,
both sexes performed the same exercise for the same amount of time and at the same
frequency. From this perspective, the greater activation of compensatory mechanisms
aimed at redistributing the flow to the muscles involved in the exercise could explain
the greater cutaneous vasoconstriction detected by the infrared thermography in women.
Further studies on a larger numbers of patients should explore whether, besides the overall
higher temperature changes, women present similar or different response patterns to men
based on demographic, clinical, or other influencing factors.

This study presents some limitations. Although this is the largest study evaluating
the thermal response to exercise in symptomatic patients with knee OA, future studies
with larger populations are needed to confirm the identified correlations. Second, a control
group of nonsymptomatic knee OA patients or non-OA knee patients could be used to
better characterize the response of the knee to the exercise stimulus and to better evalu-
ate temperature changes related to the presence and severity of OA disease. Third, the
performed exercise may not have been optimal to generate the largest thermal response
of the evaluated knee, and it could require different stresses among different patients.
Therefore, future studies should investigate other possible exercises tailored to patients
in terms of the type, time, and effort. It was not possible to perform evaluations using
tests, such as Doppler vascular examination to exclude varicose veins or electrodiagnostic
testing to better characterize the neuropathic component of the patients’ pain, and future
studies should better characterize the neuropathic component of pain in these patients.
Although the results obtained are statistically significant, the large interindividual vari-
ability and the many variables influencing temperature may have reduced the power of
the study, so the results need future confirmation. Finally, the method of thermographic
image acquisition and analysis was based on previous literature, but no method has been
described as the gold standard in this field. For example, we adopted a 10-min protocol
for patient thermalization, while other authors prefer a 15-min window of thermalization
before the thermographic evaluation. It is possible that different settings, different lenses,
and different devices could be more suitable for such evaluations in clinical practice. The
standardization of thermography use for the evaluation of knee OA could improve its
potential for identifying different disease patterns both in research and in clinical practice.
In this regard, this study provides new input on how the thermographic findings can be
influenced by simple exercise testing, which could be useful for studying patients and
knees with different OA patterns so that they can be targeted by specific and more effective
treatment approaches in the future.

172



J. Clin. Med. 2023, 12, 3399

5. Conclusions

This study demonstrated that the temperature response to knee flexion–extension
exercise in symptomatic knee OA is affected by the demographic and clinical characteristics
of the assessed patients. Patients with a poor clinical knee status presented a lower response
to exercise, and women showed a greater temperature decrease compared to men. Not all
evaluated ROIs showed the same trend, which underlines the need to specifically study the
different joint subareas to identify the inflammatory component and joint response while
investigating knee OA patterns.
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