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Preface

In recent decades, knee arthroplasty has been one of the most evolving branches of orthopaedic

surgery. Very few historical surgical techniques, biomaterials, implantation philosophies, and

postoperative approaches are maintained; however, most have been fully implemented, and clinical

outcomes, such as patients’ postoperative perceptions, have been associated with new paradigms.

Nowadays, knee arthroplasty may be considered an “ultra-specialty on specialty” due to the many

brand-new aspects arising from its clinical and surgical issues.

Thus, this Special Issue on “Knee Arthroplasty: Therapeutic and Management Strategies”

includes several modern aspects representing a new vision of this simple but complex surgery.

The articles included in this Special Issue propose specific preoperative evaluations and risk

factor analyses, the adoption of peculiar surgical techniques or computerized/robotic devices, the

use of modern implants and biomaterials, the innovative management of postoperative infections,

postoperative strategies, and the evaluation of long-term results.

Well-known authors from various countries have contributed to this collection with their

expertise and leadership, sharing the highly technical capacity while also providing a clear exposition

of these modern aspects that have made and will continue to make knee arthroplasty a highly

dynamic sector of orthopaedic art.

We are sure that readers will find a treasure of information and technical sparks to improve their

clinical and surgical practice and even think about further implementations of knee arthroplasty; so

much has indeed been achieved, but improving the analysis of clinical cases and management is also

mandatory.

Christian Carulli

Editor
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Revision Total Knee Arthroplasty
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Abstract: Goal: The purpose of this review is to provide a systematic and comprehensive overview
of the available literature on the treatment of an early prosthetic joint infection (PJI) after revision
total knee arthroplasty (TKA) and provide treatment guidelines. Methods: This systematic review
was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines. The search was conducted using the electronic databases of PubMed,
Trip, Cochrane, Embase, LILACS and SciElo. After the inclusion of the relevant articles, we extracted
the data and results to compose a treatment algorithm for early and acute PJI after revision TKA.
Results: After applying the in- and exclusion criteria, seven articles were included in this systematic
review focusing on debridement, antibiotics and implant retention (DAIR) for PJI following revision
TKA, of which one was prospective and six were retrospective. All studies were qualified as level
IV evidence. Conclusions: The current literature suggests that DAIR is a valid treatment option for
early infections after revision TKA with success rates of 50–70%. Repeat DAIR shows success rates of
around 50%. Further research should be aimed at predicting successful (repeat/two-stage) DAIRs
in larger study populations, antibiotic regimes and the cost effectiveness of a second DAIR after
revision TKA.

Keywords: debridement; antibiotics and implant retention; revision knee arthroplasty; periprosthetic
joint infection

1. Introduction

The ongoing growth of the elderly population increases demand for joint arthroplasty.
In fact, the incidence of total knee arthroplasty (TKA) for osteoarthritis (OA) is estimated to
rise by 276% by 2030 [1]. This will inevitably lead to an increase in the number of revision
arthroplasties. One of the most feared complications after total knee arthroplasty is a
periprosthetic joint infection (PJI). With an incidence of 1–2%, this complication is relatively
uncommon after primary TKA. For revision TKA, however, the infection rate is higher, at
2 to 5% [2]. A recent systematic review showed a significantly higher incidence of PJIs after
revision TKA with a pooled reinfection rate (95% CI) of 12.7% (7.0–19.7%) after one-stage
revision TKA and 16.2% (13.7–19.0%) after two-stage revision (Goud et al.) [3]. Additionally,
a PJI after revision TKA has a significantly reduced percentage of successful eradication,
leading to even more reoperations, longer hospitalization and a higher prevalence of
multidrug-resistant organisms [4]. A PJI is one of the most significant and potentially lethal
complications following TKA and is physically and mentally disastrous for the patient.
In addition, it is a known burden to society due to the high costs. It is estimated that in
the US the projected cost of PJI treatment is USD 1.62 billion [5]. Parvizi et al. [6] found
significant differences in mortality rates in patients undergoing revision for a PJI compared

J. Clin. Med. 2023, 12, 5026. https://doi.org/10.3390/jcm12155026 https://www.mdpi.com/journal/jcm1
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to aseptic loosening at 30–90 days (3.7% vs. 0.8%) and 90 days to 1 year (10.6% vs. 2%),
respectively. The mortality rates for PJIs have been shown to be comparable to breast
cancer and higher than those for colorectal and lung cancer, again stressing their burden
on society [7]. There are different types of PJIs, with different treatment strategies for each
type. The most common types are classified by Tsukayama et al. as type IIb, early deep
postoperative infection (within 4 weeks after surgery), and type III, acute hematogenous
infection [8].

Historically, debridement, antibiotics and implant retention (DAIR) is considered a
reasonable treatment option for an early PJI (i.e., a PJI occurring in the first 3 months after
surgery) if the duration of clinical signs and symptoms is less than three weeks, the implant
is stable and the soft tissue is in good condition [9]. DAIR aims to eliminate the infection
and prevent recurrence. It is a well-established treatment for PJI after primary arthroplasty,
with an overall success rate of 60 to 80% [10–13]. While treating an early PJI after revision
TKA is more challenging, our group found an overall success rate of DAIR (with success
defined as retention of components and absence of infection) of 62% after two years [14].
Currently, a treatment algorithm for early PJIs after knee revision arthroplasty is lacking.
The purpose of this review is to provide a systematic and comprehensive overview of the
available literature on the treatment of early PJIs after revision TKA with DAIR and provide
early treatment guidelines.

2. Methods

2.1. Data Source and Search

We have not registered this systematic review in the public registry of Prospero, as
this is a UK-based registry. However, this systematic review was performed in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement [15]. The search was conducted in July 2023 using the following electronic
databases: PubMed, Cochrane Library, Embase, Trip Medical Database, SciElo and LILACS.
We used a combination and variation of the terms ‘revision arthroplasty’, ‘re-revision’,
‘aseptic revision’, ‘total knee arthroplasty’, ‘infection’, ‘periprosthetic joint infection’, ‘posi-
tive cultures’ and ‘debridement, antibiotics, implant retention’. For each database, a specific
search was generated and converted accordingly. The full search strategies can be found in
Supplementary Materials.

2.2. Study Selection

After the search was conducted, the articles were screened by title and abstract and
the following steps were selected as described in Figure 1. Articles on early and acute
PJI (Tsukayama type IIb and III) after revision TKA treated with DAIR were included in
this review. The exclusion criteria were defined as PJI after primary TKA, joints other
than the knee, articles not written in English and systematic reviews. After applying the
exclusion criteria, duplicate articles were removed. Finally, two more articles were removed
because they reported insufficient outcome data. The following data were extracted: patient
demographics (study population and mean age), reason of revision, type of infection that
occurred after revision, prophylactic antibiotic regime, postoperative antibiotic strategy,
mean follow-up period and rate of success.

2.3. Definitions of Infection

Different definitions of PJI were used in the included studies. Early PJI was defined
as a deep infection occurring within three months after surgery (Zimmerli et al. [9]) or
within four weeks after surgery (Tsykayama et al. type IIb [8]), and acute hematogenous
PJI was defined as occurring more than four weeks after surgery following a symptom-
free postoperative period, but with symptoms for three weeks or less (Tsukayama et al.
type III [8]). Based on clinical applicability, the classification system of Tsukayama was
primarily used in this review.
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Figure 1. Flowchart of study selection. DAIR: debridement, antibiotics and implant retention.
PJI: prosthetic joint infection.

3. Results

3.1. The DAIR Procedure

The DAIR procedures described in these articles are highly comparable regarding
the technique of incision, removement of modular components, collection of tissue
samples and debridement and irrigation. An overview is shown in Table 1. The study
of Faschingbauer et al. [16] specifically describes cleaning of the surgical field, new
instruments and new gloves for the surgeon following irrigation. If they were not able
to close the wound properly, a vacuum-assisted closure system (VAC) was used. Only
Veerman et al. [14] mention how many cultures were taken during the DAIR (n = 6) and
how they were processed afterwards. Salomons et al. [17] is the only study reporting the
use of a planned two-stage DAIR procedure for selected cases in their population.
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Table 1. DAIR procedure.

Surgical
Procedure

Chiu et al.
[18]

Faschingbauer et al.
[16]

Vahedi et al.
[19]

Bongers et al.
[20]

Cochrane et al.
[21]

Veerman et al.
[14]

Salomons et al.
[17]

Opening
via pre-
existing
incision

Yes Yes Did not
mention Yes Did not

mention Yes Did not mention

Synovectomy
(taking

cultures)
Yes Yes Did not

mention Yes Did not
mention Yes Did not mention

Debridement
of infected
soft tissue

(taking
cultures)

Yes Yes Yes Did not
mention

Did not
mention Yes Yes

Replacement
of modular

parts
Yes Yes Yes Yes Yes Yes Did not mention

Irrigation
of

implants

Antibiotic
solution

using pulsed
lavage

10 L of anti-infectious
irrigation

Did not
mention

3 L betadine
saline solution
and 3 L saline

Did not
mention

6 L of saline
using pulsed

lavage

6–9 L of saline, in
some cases along

with antibiotic
and/or betadine

solution

3.2. DAIR as Treatment for Early and Acute Infections after Revision Total Knee Arthroplasty

The literature search yielded 1133 titles that were screened for title and abstract. After
applying the in- and exclusion criteria, seven articles focusing on DAIR for early PJIs
following revision TKA were included in this systematic review, of which one was a
prospective study and six were retrospective studies. The extracted data is shown in Table 2.
All studies were qualified as level IV evidence.

Chiu et al. [18] analyzed 40 early and late PJIs after revision TKA. They defined failure
of DAIR as failure to control the infection after one DAIR and recurrence of infection during
the follow-up period which necessitated removal of the implant, arthrodesis, or above the
knee amputation. They used a culture-directed parenteral antibiotic therapy of at least
six weeks and no oral antibiotics were given after this period. Success was defined as
implant salvage with clinical eradication of the infection at the latest follow-up. The overall
success rate was 30%. However, the success rate between the different types of infection
differed. They used the classification system as proposed by Tsukayama et al. which was
previously mentioned [8]. For the type IIb infections (n = 10) DAIR was successful in 70% of
cases, while for the type IV (≤4 weeks) infections (n = 20) 0% of cases were successful. For
these failed DAIRs, the infection was managed after a two-stage revision (n = 9), arthrodesis
(n = 6), resection arthroplasty (n = 3) and above the knee amputation (n = 2). From the
patients with a type III infection (acute hematogenous) (n = 10), 50% were successful (n = 5)
and the infection was eradicated after two-stage revision (n = 3) and after arthrodesis (n = 2).
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In the study of Faschingbauer et al. [16], the incidence of re-infection after 440
two-stage septic revision total hip and knee arthroplasties was reported. The overall
re-infection-rate was 11.6% (n = 51). Of these 51 patients, 19 were subjected to DAIR ther-
apy. DAIR was performed when a re-infection occurred within 30 days after the two-stage
revision or in patients with an acute re-infection with symptoms occurring within less
than three weeks. A repeated DAIR, after three to six days, was performed if a persistent
micro-organism was found intra-operatively, persistent wound drainage occurred or no
decrease in C-reactive protein (CRP) with concomitant clinical signs was observed. This
was repeated up to 11 times. Culture-directed oral or parenteral antibiotic therapy was
continued for two weeks after the last surgery and no suppression therapy was used.
Failure of DAIR was defined as any additional surgery due to infection after discharge. The
success rate was 57.1% (n = 4) after revision TKA. The management of the six patients with
a persistent infection was not specified.

The study of Vahedi et al. [19] evaluated 24 patients undergoing DAIR for a PJI after
a two-stage revision total knee arthroplasty. The indication for DAIR was early infection
(defined in the study as symptoms less than three weeks before DAIR) without signs of
implant loosening or malposition. Antibiotic therapy was culture directed and involved
parenteral antibiotics for six weeks followed by oral antibiotics for six months. Success
(defined as no recurrence of infection and implant survival after two years of follow-up)
occurred in 71% of patients (n = 17). Three patients underwent a second DAIR, of which
two were successful. The one patient with a recurrent infection after the second DAIR and
four other patients underwent a second two-stage revision. The matched control group
(n = 48) that underwent two-stage revision for chronic PJIs after primary TKA and did not
receive DAIR showed a success rate of 73% (n = 35).

Bongers et al. [20] analyzed 113 two-stage revisions for infected TKA; 99 patients
completed the five-year follow-up. From these 99 patients, 23% (n = 23) had a reinfection,
of which 14% (n = 14) had new pathogens and 9% (n = 9) were relapses. The 14 new
infections were treated with a second revision (n = 5), DAIR (n = 8) or conservative treatment
(n = 1), and the 9 relapse infections were treated with a second revision (n = 6) and DAIR
(n = 3). DAIR was performed in recurrent early postoperative infections within 6 weeks
after revision surgery or within two weeks of onset of an acute hematogenous infection. In
50% (n = 11) of the patients with a reinfection, (repeated) DAIR eradicated the infection
and implant removal was not needed.

The study of Cochrane et al. [21] investigated the incidence of early infections after
one year of aseptic revision TKA. The reasons for revision were component loosening,
component malrotation, polyethylene wear, failed unicompartmental knee arthroplasty,
arthrofibrosis, extensor mechanism failure, periprosthetic fracture and anterior knee pain.
After the 157 aseptic TKA revisions were analyzed, an infection rate of 9% (n = 14) was
observed. Treatment of these 14 PJIs was a DAIR (or repeat DAIRs) procedure in 11 patients
and a two-stage re-revision in the other 3 patients. Seven patients treated with DAIR had a
successful outcome (infection free at most recent follow-up), two patients underwent an
above the knee amputation and two patients underwent a two-stage re-revision.

The team of Veerman et al. [14] analyzed the outcome of 88 DAIRs performed within
90 days after the revision arthroplasty (35 TKAs). Success was defined as no need for further
surgery of any kind (revision, explantation or amputation), no persistent or recurrent PJI, no
need for suppressive antibiotic therapy and patient survival after a follow-up of two years.
For the interval between the revision and the DAIR, a cut-off point was used: DAIRs
performed <30 days and DAIRs performed >30 days after the index revision. This cut-off
was based on the current recommendation of the 2018 Philadelphia consensus meeting to
perform DAIR within 30 days after the index revision when a PJI is suspected [22].

If needed, a second DAIR was performed to control the infection during the initial
antimicrobial treatment. Directly after the DAIR, empirical parenteral antibiotic therapy
was started and modified according to the culture results when they became available.
Antibiotic therapy was continued for three months after the last surgical procedure. The
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success rate of the DAIR after revision TKA was 62% (n = 22). In 10 cases, a second DAIR
was necessary, with a success rate of 50% (n = 5). An interval of >30 days between the
index revision and the first DAIR was associated with a reduced success rate (OR 0.24,
95% CI 0.08–0.72, p = 0.008). A second DAIR procedure within 90 days also reduced the
success rate significantly (OR 0.37, 95% CI 0.14–0.97, p = 0.040).

Finally, Salomons et al. [17] examined the results of DAIR combined with suppressive
antibiotic therapy (SAT) for acute infection after aseptic revision TKA. The PJIs after
revision TKA (n = 12) included in this study were classified as early postoperative and
acute hematogenous following the same definition as used by Tsukayama et al. In four
cases, antibiotic beats or an antibiotic impregnated spacer was placed on the spot of the
arthroplasty insert, followed by a second planned DAIR. Why these patients were selected
for a planned second DAIR is not mentioned. SAT started after 3–6 weeks of parenteral
antibiotic therapy, in some cases combined with oral antibiotics, for the life of the implant.
The outcomes were defined as survival of the implant free from reoperation for infection
or free from re-revision for infection. Reoperation for infections included revisions for
infection, unplanned additional DAIR procedures and debridement of superficial wound
infections. The survivorship free from reoperation and re-revision for infection after 5 years
is 67% (95% CI 37–100) and 92% (95% CI 72–100), respectively. A planned double DAIR
procedure as described above had a success rate of 75%. They also mentioned that a single
prior aseptic revision and acute hematogenous PJI performed better compared to multiple
revised joints and early postoperative PJI.

3.3. Proposed Treatment Algorithm

One could argue that the level IV data from several small retrospective cohorts is
insufficient to support a comprehensive treatment algorithm. Moreover, it remains difficult
to determine which success rate is acceptable to consider DAIR to be a reasonable treatment
option for early and acute infections after revision TKA. Nevertheless, according to the
literature reviewed in this article, a first treatment algorithm can be proposed, albeit with a
weak recommendation. A flowchart of this algorithm is shown in Figure 2.

The types of PJI are based on the classification system by Tsukayama et al. [8].
DAIR is a good treatment option for early (Tsukayama type IIb, within one month

after revision) and acute hematogenous (Tsukayama type III) PJIs following revision TKA.
At least five or six intraoperative periprosthetic tissue samples should be routinely obtained
with separate clean instruments from the synovium, capsule and interfaces. Subsequent
debridement, complete synovial resection (synovectomy) and exchange of the mobile parts
should be performed. The joint and wound should be thoroughly irrigated with six liters
of saline using pulsed lavage. One DAIR might not be enough to control the infection
and depending on the virulence of the micro-organism or relapse of the infection a second
DAIR might be necessary. It is important to stress that the success rate of a second DAIR
decreases significantly to less than 50%, which warrants adequate information to be given
to the patient.

 
Figure 2. Flowchart of treatment algorithm. PJI types based on the classification described by
Tsukayama et al. [8].
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Late (Tsukayama type IV) infections (more than one month after revision) are associated
with lower success rates after DAIR and warrant a two-stage revision. Reasons for DAIR
could be bacterial load reduction or patient and/or surgeon preference in selected cases.

Empiric antibiotic treatment should be started immediately after taking the tissue
cultures, followed by a 6-to-12-week course of culture-directed antibiotics.

Empiric intravenous antibiotic treatment should be started and given for at least
seven days. Adjustments should be made based on the culture results. The empiric
treatment is dependent on local etiology and resistance patterns and should be discussed
in a multidisciplinary approach.

4. Discussion

This is the first systematic review on DAIR after revision TKA. Despite the hetero-
geneous treatment approaches and relatively small study populations presented, pooled
together they provide tools to take the first step in composing treatment guidelines for
infections after knee revision arthroplasty. DAIR is a good treatment option for PJIs occur-
ring after revision TKA, with success rates up to 71%. However, a high variation in success
rates was seen in the included studies, ranging from 30–92%. One reason is the variation in
inclusion criteria in the study of Chiu et al. [18], as they also included late chronic PJIs and
therefore reported a low success rate. Moreover, there was variation in the definition of a
failure, as several studies considered repeat DAIR as a failure. There are relatively small
variations in surgical procedures and the antibiotic regimes used in the different studies
vary, possibly contributing to the alternating success rates. Notably, the high success rate
reported by the article of Salomons et al. [17] is remarkable. Unlike the other articles they
use SAT and, in some cases, a planned second DAIR procedure. Weston et al. [23] reported
a 5-year survival rate of 66% for a PJI after TKA treated with DAIR followed by SAT. The
study of Chung et al. [24] investigated the effect of a planned two-stage DAIR procedure
for a PJI after TKA and reported a success rate of 89%. Taking this into account, the high
success rate in the study of Salomons seems to be mainly attributed to the implementation
of a two-stage DAIR procedure.

The success rate of DAIR after revision TKA is comparable to that after primary TKA.
Gerritsen et al. [13] conducted a large systematic review including 3559 PJIs after primary
TKA treated with DAIR, reporting a success rate of 63%. In contrast with our findings,
Wouthuyzen-Bakker et al. [25] reported very good success rates (73%) of a second DAIR.
However, their report remains unclear as to whether the index surgery was a primary or
revision arthroplasty. Vilchez et al. [26] state that a second DAIR is associated with higher
rates of failure in PJIs after primary arthroplasty, especially those caused by staphylococcus
aureus. A cost-effectiveness analysis of Antonios et al. [27] states that a second DAIR for a
PJI after primary TKA improves health utility and saves costs. Determining whether the
same is applicable for a second DAIR after revision arthroplasty remains difficult based on
current literature.

Previously, guidelines for the treatment of PJIs as introduced by Osmon et al. [28]
recommend a DAIR for patients with an acute PJI, no implant loosening and without the
presence of a sinus tract. However, only Faschingbauer et al. [16] excluded patients with
the presence of a sinus tract. This is in contrast with the articles of Veerman et al. [14] and
Bongers et al. [20], who specifically mention a sinus tract as an indication for DAIR or its
resection as part of the DAIR procedure. Other more recent articles show that the presence
of a sinus tract is not associated with a significantly lower success rate after DAIR. [29,30].

A DAIR procedure is followed by antibiotic treatment. The duration of antibiotic
treatment differs between the studies included in this review, ranging from two weeks
to chronic suppressive treatment. The study of Putho et al. [31] reported no difference
between a total antibiotic course of three or six months after DAIR for a PJI following
primary TKA. Bernard et al. [32] suggested that antibiotic therapy for a primary PJI can
be limited to a 6-week course, with 1 week of intravenous administration. Another study
showed no association between the duration of intravenous antibiotics (median 42 days;
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IQR 38–42) and treatment failure [33]. Importantly, a recent review supports the use of oral
antibiotics after seven days of intravenous antibiotics for the treatment of a PJI. Although
these findings should be considered with care, this can have a considerable impact on
patient and caregiver burden with potentially fewer complications [34].

Another important issue is the increase in culture-negative PJIs seen after primary
TKA. In these cases, DAIR has shown similar or even slightly better outcomes compared
to culture-positive cases [35,36]. Indeed, a recent meta-analysis demonstrated a culture-
negative PJI to have similar or better survival rates when compared with a culture-positive
PJI group for patients who underwent DAIR, one-stage or two-stage revision. A negative
perioperative culture was not a worse prognostic factor for PJIs [37]. Given these results, it
is assumed that culture-negative PJIs after revision arthroplasty will not be contraindicated
when considering DAIR.

5. Conclusions

The current literature suggests that DAIR is a valid treatment option for early
(Tsukayama type IIb) and acute hematogenous (Tsukayama type III) PJIs after revision TKA
with success rates of 50–70%. A second DAIR shows success rates of around 50%. These
success rates may vary between hospitals due to varying DAIR techniques and antibiotic
regimes. The described standard treatment protocol for DAIR after revision TKA may be of
added value. Further research should be aimed at predicting successful (repeat/two-stage)
DAIRs in larger study populations, antibiotic regimes and the cost effectiveness of a second
DAIR after revision TKA.
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Abstract: The effectiveness of Floseal, a thrombin-based hemostatic matrix, in total knee arthroplasty
(TKA) in minimizing blood loss and transfusion requirements remains a topic of debate. This meta-
analysis aims to evaluate the up-to-date randomized controlled trials (RCTs) on the efficacy and
safety of Floseal in TKA. A comprehensive search was conducted in electronic databases to identify
relevant RCTs. The methodological quality of the included studies was assessed, and data extraction
was performed. The pooled effect sizes were calculated using standardized mean difference (SMD)
or odds ratios (OR) with 95% confidence intervals (CIs). Eight studies involving 904 patients were
included in the meta-analysis. The use of a thrombin-based hemostatic agent significantly reduced
hemoglobin decline (SMD = −0.49, 95% CI: −0.92 to −0.07) and the risk of allogenic transfusion
(OR = 0.45, 95% CI: 0.25 to 0.81) but showed no significant difference in the volume of drainage or total
blood loss. Funnel plots showed no evidence of publication bias. This meta-analysis provides robust
evidence supporting the effectiveness of Floseal in reducing hemoglobin decline and transfusion in
TKA. Further well-designed RCTs with longer follow-up periods are warranted to assess long-term
efficacy and safety.

Keywords: total knee arthroplasty; thrombin-based hemostatic agent; hemostatic matrix; blood loss;
transfusion; meta-analysis

1. Introduction

Total knee arthroplasty (TKA) is a satisfactory surgical option in elderly patients
with intractable symptoms and advanced osteoarthritis of the knee joint [1,2]. However,
TKA is usually associated with significant perioperative blood loss and an increased
need for allogenic blood transfusion because it requires soft tissue exposure, extensive
bony resection, and a lengthy operation time [3,4]. The acute anemia and the allogeneic
blood transfusion used to treat the anemia could lead to perioperative comorbidities and
increase medical costs [5,6]. Therefore, surgeons prioritize minimizing perioperative blood
loss and have employed various methods to achieve this goal and reduce the need for
blood transfusion following TKA. These methods include the use of erythropoietic agents,
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autologous blood transfusion from pre-donated blood, cell salvage, hemostatic agents, and
antifibrinolytic agents [7].

One of the widely used methods is the administration of Floseal (Baxter, Deerfield, IL,
USA), a hemostatic matrix composed of thrombin and bovine gelatin, which can promote
blood coagulation [8]. This thrombin-saturated gelatin plays a role in the initial hemostasis
process where the vessel injury due to surgery occurs. Aggregation of platelets and
activating the coagulation pathway leads to the conversion of prothrombin to thrombin and
the subsequent formation of insoluble fibrin composites [9]. When the thrombin-rich gelatin
is applied to the bleeding site, it affects the coagulation process by not only creating a fibrin
clot, activating and inducing the platelet aggregation but also triggering a tamponade effect
that mechanically stops the bleeding by swelling the gelatin granules by 10% to 20% [10].
The function of gelatin in this composite is the excellent absorbent feature, which enables it
to absorb and carry 200% of its volume in liquid [11]; this enhances the coagulation process
by maximizing the local platelet concentration in the bleeding site and the efficient release
of prothrombin kinase that is required in the coagulation cascade [12]. Thrombin-based
hemostatic agents have been traditionally adopted in various fields, including general,
cardiac, gynecologic, neurovascular, and orthopedic surgeries [8,13–16], and now are
expanding their indication to otorhinolaryngologic, dental, and urologic surgeries [17–21].

In the scope of TKA, some clinical studies have shown the prominent effect of Floseal
in terms of a decrease in perioperative bleeding or hemoglobin drop [22–28]. However,
these studies suffer from methodological flaws, such as poor study design, small sample
sizes, and inconsistent outcomes. Due to these flaws, the use of thrombin-based hemostatic
agents in TKA is still a topic of debate, and there is a need for more reliable and convincing
data to assess its efficacy and safety. There are two previous meta-analyses that incorporated
the outcomes of thrombin-based hemostatic matrix use in TKA [29,30]. However, these
studies were published in 2014 and 2017, and only four randomized clinical trials (RCTs)
were included. Therefore, the aim of this study was to evaluate up-to-date RCTs on the
effectiveness and safety of thrombin-based hemostatic agents in TKA.

2. Materials and Methods

2.1. Search Strategy

This study was conducted following the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines but not registered in the International
Prospective Register of Systematic Reviews (PROSPERO). Electronic databases, including
PubMed, Embase Cochrane Library, and Web of Science, were searched. The systematic
search was carried out in January 2023. There was no restriction on the publication date or
the language. The search process was conducted as illustrated in Figure 1.

Search terms were generated using the Boolean operators (AND or OR) and the
keywords “thrombin” OR “Floseal” OR “hemostatic matrix” and “knee replacement” in
combination. The search process was conducted by two reviewers separately, and in case of
any disagreement, a third reviewer was consulted. To assess the methodological quality of
the included literature, the risk of bias outlined in the Cochrane Handbook for Systematic
Reviews of Interventions version 6.3 was used [31].

2.2. Selection Criteria

The inclusion criteria were as follows: (1) the studies on patients who received TKA;
(2) the studies that used Floseal with comparison to the control group (control groups
could be treated with other intervention or no intervention); (3) the studies that included
outcomes relevant to patient blood management; and (4) the studies that were published
RCTs. The studies were excluded if hemostatic agents other than Floseal were used in the
experimental group.
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Figure 1. PRISMA flowchart of the systematic search. PRISMA, Preferred Reporting Items for
Systematic Reviews and Meta-Analyses.

2.3. Data Extraction

The data extraction process was conducted independently by two researchers. They
extracted various types of data from the included literature, such as the name of the first
author, publication year, details of the interventions, demographics, number of included
patients, and outcome measures. Additionally, other relevant parameters from individual
studies were also extracted.

2.4. Data Analysis and Statistical Methods

Effect sizes were calculated based on the type of data: the standardized mean difference
(SMD) was used for continuous data, calculated by dividing the mean difference (MD)
by the common standard deviation (SD). For binary data, odds ratios (OR) were used.
The pooled standard deviation (SD) was calculated by applying the following formula

SD =

√
(n1−1)×s1

2+(n2−1)×s2
2

(n1+n2−2) , where n1 and n2 represent the sample sizes of the treatment

and control groups, respectively, and s1 and s2 denote the standard deviations of the mean
difference before and after treatment in the treatment and control groups, respectively [32].

Heterogeneity was estimated depending on the value of p and I2 using the standard
chi-square test. When I2 > 50%, p < 0.1 was considered to be significant heterogeneity [33].
Therefore, a random-effect model was applied for data analysis. A fixed-effect model
was used when no significant heterogeneity was found. To evaluate biases related to
publication, we utilized funnel plots, which visually depict the characteristics and results of
individual studies. We conducted a meta-analysis using Excel, a Microsoft application, and
R (version 4.2.2). The data pooling process was performed in Excel, while the meta-analysis
was conducted in R using the ‘meta’ and ‘metafor’ packages.
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3. Results

3.1. Literature Search

A total of 1430 potential studies were identified with the first search strategy. Addi-
tionally, 452 duplicated articles were deleted, leaving 978 records. After screening, in total,
12 full-text articles were assessed for eligibility. Out of twelve, four reports were excluded
according to the eligibility criteria. No additional studies were obtained after the reference
review. Finally, eight independent comparison studies were eligible for data extraction
and meta-analysis, as indicated by the flowchart in Figure 1 [22,24–28,34,35]. These studies
involved a total of 485 patients in the Floseal group and 418 patients in the control group.

3.2. Study Characteristics

The main characteristics of the included studies are reported in Table 1. All the
studies evaluated primary TKA. Statistically similar baseline characteristics were observed
between the Floseal and control groups, including age, sex, body mass index, preoperative
hemoglobin, comorbidities, and anesthesia. In each study, thrombin-based hemostatic
matrix was administered intra-articularly before suturing, though the dosages varied
(5–10 mL).

Table 1. Demographic features of the included studies.

Author Year
Number

(F/C)
Age (Years)

(F/C)
Male (F/C)

BMI (kg/m2)
(F/C)

Antithrombotic
Agent

Transfusion Criteria
(g/dL)

Dosage (mL)

Kim HJ [27] 2012 97/99 72.7/70.1 N/S N/S Aspirin or warfarin N/S 10

Helito CP [26] 2013 10/10 67.8/66.6 N/S N/S Enoxaparin V/S change a 10

Di Francesco A [24] 2013 51/42 67.9/70.2 24/17 26.0/26.2 Enoxaparin Hb 8.5 10

Suarez JC [28] 2014 56/52 65.9/65.1 20/21 29.8/33.7 Enoxaparin Hb 8.0 5

Bae KC [22] 2014 50/50 68.8/69.0 4/8 26.4/24.8 N/S Hb 8.5 10

Velyvis JH [34] 2015 157/100 72.5/73.0 71/47 N/S N/S Hb 8 or 9 and
associated symptoms b 10 or 5

Helito CP [25] 2019 30/30 N/S N/S N/S Enoxaparin N/S 10

Yen SH [31] 2021 34/35 69.7/69.7 6/3 29.4/28.6 Enoxaparin N/S 10

F/C, Floseal group/control group; BMI, body mass index; N/S, not stated; Hb, hemoglobin; V/S, vital sign. V/S
change a: heart rate >120 with mean arterial blood pressure < 80 mmHg or blood pressure < 100 mmHg (systolic)
and 60 mmHg (diastolic), pulse oximetry < 90%, and tachypnea. Associated symptoms b: weakness, dizziness,
fainting, slow capillary refill, shortness of breath, or hypotension.

3.3. Risk of Bias Assessment

The included trials had small sample sizes, ranging from 10 to 157 patients; however,
they were relatively well-designed and well-implemented. The quality of the included
studies, according to the Cochrane Handbook for Systematic Reviews of Interventions, is
reported in Table 2.

Table 2. Risk of bias of the included studies.

Author Year D1 D2 D3 D4 D5 Overall

Kim HJ [27] 2012 Low risk Low risk Low risk Low risk Low risk Low risk

Helito CP [26] 2013 Low risk Low risk Low risk Low risk Low risk Low risk

Di Francesco A [24] 2013 Some concerns Low risk Low risk Some concerns Low risk Some concerns

Suarez JC [28] 2014 Low risk Low risk Low risk Low risk Some concerns Some concerns

Bae KC [22] 2014 Some concerns Low risk Low risk Low risk Some concerns Some concerns

Velyvis JH [34] 2015 Low risk Low risk Low risk Low risk Low risk Low risk

Helito CP [25] 2019 Some concerns Low risk Low risk Some concerns Some concerns Some concerns

Yen SH [35] 2021 Some concerns Low risk Low risk Low risk Low risk Some concerns

D1: Randomization process; D2: deviations from intended interventions; D3: missing outcome data; D4: measure-
ment of the outcome; D5: selection of the reported result.
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In four studies [24,27,28,35], random numbers generated by a computer and proper
concealment of allocation were used, and two studies [27,28] implemented a double-blind
approach involving blinding of participants and personnel.

All the included studies did not have an unclear bias due to incomplete outcome data
or selective outcome reporting.

3.4. Outcomes for Meta-Analysis
3.4.1. Hemoglobin Decline

Details regarding hemoglobin decline after TKA were available in all eight
studies [22,24–28,34,35]. Two studies demonstrated a significant difference between the
groups [24,25]. There was significant heterogeneity (I2 = 83%, p < 0.01); therefore, a
random-effect model was performed. The pooled results showed that hemoglobin decline
in the Floseal group was significantly lower than that in the control group (SMD = −0.49,
95% CI: −0.92 to −0.07) (Figure 2).

Figure 2. The forest plot of hemoglobin decline from the included studies [22,24–28,34,35].

3.4.2. Volume of Drainage

Details regarding the volume of drainage after TKA were available in all studies [22,24–28,34,35].
Five studies demonstrated a significant difference between the groups [22,24,25,28,34]. There was
significant heterogeneity (I2 = 99%, p < 0.01); therefore, a random effect model was performed. The
pooled results showed that there was no significant difference in drainage between the two groups
(SMD = −2.11, 95% CI: −4.77 to 0.54) (Figure 3).

Figure 3. The forest plot of the volume of drainage from the included studies [22,24–28,34,35].
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3.4.3. Total Blood Loss

Details regarding total blood loss after TKA were available in five studies [22,24,25,28,35].
Three studies demonstrated a significant difference between the groups [22,24,28]. There was
significant heterogeneity (I2 = 96%, p < 0.01); therefore, a random-effect model was performed.
There was no significant difference in total blood loss between the two groups (SMD = −0.90, 95%
CI: −2.17 to 0.38) (Figure 4).

Figure 4. The forest plot of total blood loss from the included studies [22,24,25,28,35].

3.4.4. Risk of Allogenic Transfusion

Details regarding transfusion rate after TKA were available in six
studies [22,24,25,28,34,35]. One study demonstrated a significant difference between the
groups [22]. There was no significant heterogeneity (I2 = 0%, p = 0.53); therefore, a common
effect model was performed. The pooled results showed that the transfusion rate in the
Floseal group was significantly lower than that in the control group (OR = 0.45, 95% CI: 0.25
to 0.81) (Figure 5).

Figure 5. The forest plot of allogenic blood transfusion from the included studies [22,24,25,28,34,35].

3.5. Publication Bias

Funnel plots showed that there was no publication bias (Figure 6).
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(A) 

(B) 

(C) 

(D) 

Figure 6. Funnel plots of the meta-analysis. Hemoglobin decline (A), volume of drainage (B), total
blood loss (C), allogenic blood transfusion (D).
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3.6. Complications

Complications, including superficial infection, deep infection, and venous thromboem-
bolism (VTE), were investigated in five studies. In Kim et al.’s study [27], two superficial
infections were reported in each of the Floseal and control groups. In Bae et al.’s study [22],
VTE occurred in seven and nine cases in groups of thrombin-based hemostatic matrix and
control, respectively. However, there was no case of deep infection that could be related to
the use of a thrombin-based hemostatic matrix in any of the studies.

4. Discussion

This meta-analysis aimed to evaluate the effectiveness and safety of a thrombin-based
hemostatic matrix in TKA based on up-to-date RCTs. The analysis focused on several key
outcomes, including hemoglobin decline, the volume of drainage, total blood loss, and the
risk of allogeneic transfusion. The results of the meta-analysis indicate that the use of a
thrombin-based hemostatic matrix in TKA has a significant impact on reducing hemoglobin
decline and the need for allogenic transfusion.

There has been a debate on the effectiveness of the application of topical hemostatic
agents in TKA. Two previous meta-analyses have shown promising results regarding the
effectiveness of thrombin-based hemostatic matrix in TKA. In 2014, Wang C. et al. reported
that there was a significant advantage in hemoglobin decline and calculated total blood
loss but no difference in postoperative drainage volume and rate of transfusion in TKA
when using a thrombin-based hemostatic matrix [30]. In contrast, Fu X. et al. found that
there was a significant difference in hemoglobin decline, total blood loss, drainage volume,
and transfusion rate in the Floseal group compared to the control group [29]. Although
there is no other previous meta-analysis on the use of Floseal in TKA, in two retrospective
studies, Schwab PE demonstrated that there were no differences in hemoglobin and trans-
fusion rate in patients who received minimal invasive TKA with or without aspirin [36,37].
Among the eight studies evaluated in this meta-analysis, RCTs by Yen SH et al. and
Kim HJ et al. showed no advantage of Floseal in terms of hemoglobin level, transfusion
rate, drainage volume, and total blood loss [27,35]. In contrast, studies by Bae KC et al. and
Di Francesco A. et al. favored the use of Floseal in TKA [24,34]. Through this meta-analysis,
we found advantages in using a thrombin-based hemostatic matrix in reducing hemoglobin
decline and allogenic transfusion. With current meta-analyses, we added to the collective
evidence in favor of the use of thrombin-based hemostatic matrix in TKA, along with other
studies that support its use as a part of patient blood management.

In this meta-analysis, three studies [22,24,28] reported the effectiveness of a thrombin-
based hemostatic matrix in reducing blood loss, while two other studies showed no sig-
nificant effect. The conflicting results can be explained by different surgical and blood
management protocols. In Yen et al.’s study, minimal invasive TKA that minimizes soft-
tissue injury and subsequent bleeding was performed, and it can be related to a reduced
difference between Floseal and control groups [35]. However, in other studies, conventional
TKAs were performed, or TKA types were not described. Different blood drainage proto-
cols also can affect the results of the study. Kim et al.’s study that placed a drain with low
pressure for 24 h [27], and Yen et al.’s study that maintained a vacuum bag for 12 h with no
full compression, followed by full compression until removal showed no difference between
thrombin-based hemostatic matrix and control groups [35]. However, Di Francesco et al.’s
study that placed a drain with high vacuum pressure for 24 h showed reduced blood
drainage and transfusion rate in the Floseal group [24]. The use of tranexamic acid (TXA)
also influences the postoperative bleeding and the study results. However, only two recent
studies reported that the Floseal group did not use TXA [25,35], and it is not clear whether
TXA was used perioperatively in the other six studies [22,24,26–28,34]. The amount of the
Floseal used can also affect the results. However, the amount of Floseal was almost similar
among studies (seven studies: 10 mL Floseal; one study: 5 ml Floseal), and therefore, its
effect is likely to be minimal. Also, funding may become an issue that affects study results.
However, among the three studies with funding [24,27,34], Kim et al.’s study showed no
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difference in hemoglobin drop between the thrombin-based hemostatic matrix and control
groups [27]. On the contrary, among the five studies without funding [22,25,26,28,35],
Bae et al.’s study [22] and Helito et al.’s study [25] reported reduced blood drainage and
hemoglobin drop in the thrombin-based hemostatic matrix group compared to the control
group. From these results, it is difficult to say that funding had an effect on the results of
this study.

Comparing our findings with previous studies, our meta-analysis provides more recent
and comprehensive evidence regarding the effectiveness of thrombin-based hemostatic
matrix in TKA. Previous meta-analyses by Smith et al. and Li et al. also explored the
outcomes of the use of a thrombin-based hemostatic matrix in TKA but included fewer
RCTs and were published in 2018 and 2017, respectively [22,29,30]. Our study incorporates
additional RCTs published since then, thereby strengthening the overall evidence base.

One of the reasons that the thrombin-based hemostatic matrix was effective in hemoglobin
decrease and transfusion but not in drainage and total blood loss might be because the latter
indices do not include hidden blood loss in the interstitial area. In contrast, hemoglobin
decreases, and the risk of allogeneic blood transfusion represents perioperative blood loss
from a more systemic point of view. Applying the thrombin-based hemostatic matrix in TKA
might not show a significant difference in the amount of drainage or measured total blood
loss, but it could be effective in occult bleeding [30].

Although our study demonstrates the potential benefits of the thrombin-based hemo-
static matrix in TKA, certain limitations should be acknowledged. First, the included
studies varied in terms of patient characteristics, surgical techniques, and outcome mea-
sures, which may introduce heterogeneity and affect the generalizability of the results.
Second, the follow-up durations in the included studies were relatively short, limiting the
assessment of long-term outcomes. Third, limited statistical significance was observed in a
few studies included in the meta-analysis: hemoglobin reduction was significant in two
studies, total weight loss in three studies, and transfusion rate in one study. Integrating the
findings from individual studies in a meta-analysis, especially when there are only a few
studies with statistically significant results, can lead to greater heterogeneity in the results
and exacerbate the influence of publication bias. We used a random-effect model rather
than a common-effect model when the I2 > 50%, indicating severe heterogeneity. Future
studies with larger sample sizes and standardized protocols are needed to further validate
the findings of this meta-analysis.

5. Conclusions

In conclusion, our meta-analysis suggests that thrombin-based hemostatic matrix
is an effective hemostatic agent in TKA, leading to reduced hemoglobin decline, lower
transfusion requirements, and improved postoperative outcomes. These findings provide
valuable insights for orthopedic surgeons and enhance the existing evidence base. Further
well-designed RCTs with longer follow-up periods are warranted to assess the long-term
efficacy and safety of thrombin-based hemostatic matrix in TKA.
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Abstract: Periprosthetic joint infection (PJI) is a major adverse event of primary total knee arthroplasty
(TKA) from the patient’s perspective, and it is also costly for health care systems. In 2010, the reported
incidence of PJI in the first 2 years after TKA was 1.55%, with an incidence of 0.46% between the
second and tenth year. In 2022, it has been published that 1.41% of individuals require revision TKA
for PJI. The following risk factors have been related to an increased risk of PJI: male sex, younger
age, type II diabetes, obesity class II, hypertension, hypoalbuminemia, preoperative nutritional status
as indicated by prognostic nutritional index (PNI) and body mass index, rheumatoid arthritis, post-
traumatic osteoarthritis, intra-articular injections prior to TKA, previous multi-ligament knee surgery,
previous steroid therapy, current tobacco use, procedure type (bilateral), length of stay over 35 days,
patellar resurfacing, prolonged operative time, use of blood transfusions, higher glucose variability in
the postoperative phase, and discharge to convalescent care. Other reported independent risk factors
for PJI (in diminishing order of importance) are congestive heart failure, chronic pulmonary illness,
preoperative anemia, depression, renal illness, pulmonary circulation disorders, psychoses, metastatic
tumor, peripheral vascular illness, and valvular illness. Preoperative intravenous tranexamic acid
has been reported to diminish the risk of delayed PJI. Knowing the risk factors for PJI after TKA,
especially those that are avoidable or controllable, is critical to minimizing (ideally preventing) this
complication. These risk factors are outlined in this article.

Keywords: periprosthetic joint infection; risk factors; total knee arthroplasty

1. Introduction

According to Carulli et al., total knee arthroplasty (TKA) is one of the most successful
surgical techniques in orthopedic surgery, with good clinical outcomes and a high survival
percentage of more than 90% of cases at long-term follow-up. The increasing mean popula-
tion age, worsening of joint degenerative disorders, and joint sequelae related to previous
fractures have caused a continuous rise in the number of TKAs in every country annually,
along with an expected increase in adverse events [1]. A frequent cause of revision TKA
following primary TKA is periprosthetic joint infection (PJI) [2–6]. PJI was published by
the Musculoskeletal Infection Society (MSIS) in 2011 [7] (Table 1).

Table 1. MSIS definition of PJI [7].

PJI Exists When

1 There is a sinus tract communicating with the implant; or

2
A bacterium is isolated by culture from 2 or more separate tissue or fluid samples attained
from the affected knee; or
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Table 1. Cont.

PJI Exists When

3

When 4 of the following 6 criteria exist:

a. Raised serum erythrocyte sedimentation rate and serum C-reactive protein
concentration

b. Raised synovial white blood cell count
c. Raised synovial polymorphonuclear percentage
d. Existence of purulence in the affected joint
e. Isolation of a microorganism in one culture of periprosthetic tissue or fluid
f. Greater than 5 neutrophils per high-power field in 5 high-power fields noticed from

histologic analysis of periprosthetic tissue at ×400 magnification

In 2018, Parvizi et al. reported an evidence-based definition for knee PJI that has
demonstrated very good performance on formal external validation [8]. Two positive
cultures or the existence of a sinus tract were deemed primary factors and diagnostic of PJI.
The estimated weights of increased serum C-reactive protein (CRP) (>1 mg/dL), D-dimer
(>860 ng/mL), and erythrocyte sedimentation rate (ESR) (>30 mm/h) were 2, 2, and 1 point,
respectively. Moreover, increased synovial fluid white blood cell count (>3000 cells/μL),
alpha-defensin (signal-to-cutoff ratio > 1), leukocyte esterase (++), polymorphonuclear
percentage (>80%), and synovial CRP (>6.9 mg/L) were given 3, 3, 3, 2, and 1 point,
respectively. Individuals with a total score of greater than or equal to 6 were deemed
infected, whereas a score between 2 and 5 needed the addition of intraoperative findings
for proving or disproving the diagnosis. Intraoperative findings of positive histology,
purulence, and single positive culture were given 3, 3, and 2 points, respectively. Put
together with the preoperative score, an aggregate of greater than or equal to 6 was deemed
infected, a score between 4 and 5 was uncertain, and a score of 3 or less was not infected.
These standards showed a greater sensitivity of 97.7% compared with the MSIS (79.3%)
and the International Consensus Meeting definition (86.9%), with an akin specificity of
99.5% [8].

In 2021, McNally et al. reported the result of a plan created by the European Bone
and Joint Infection Society (EBJIS) and endorsed by the MSIS and the European Society of
Clinical Microbiology and Infectious Diseases Study Group for Implant-Associated Infec-
tions (ESGIAI). McNally et al. defined PJI using a three-degree method to the diagnostic
sequence, leading to a definition set and guidance that was fully backed by the EBJIS, MSIS,
and ESGIAI [9]. There are three possibilities: infection unlikely, infection likely, and infec-
tion established based on the following data: clinical and blood workup (clinical features,
CRP); synovial fluid cytological analysis (leukocyte count (cells/μL); polymorphonuclear
percentage); synovial fluid biomarkers (alpha-defensin); microbiology (aspiration fluid,
intraoperative fluid and tissue, sonication (CFU/mL); and histology (high-power field,
400× magnification). This new EBJIS definition can now be used worldwide [9].

PJI is a severe complication of primary TKA from the patient’s perspective, and it is
also very costly for health care systems [10]. In fact, PJI is one of the most overwhelming
adverse events of TKA [11].

Although one-stage revision TKA is performed in certain situations and centers, a PJI
usually requires a two-stage revision TKA, which involves a double surgical intervention.
First, the removal of the infected implant (septic loosening) is required. Following this
procedure, a period of several weeks of antibiotic treatment is needed until the infection is
considered cured (normalization of the ESR and CRP and healing of the surgical wound).
The second intervention is the insertion of a new implant, using a model that is stable for
proper functioning of the knee [11]. Figure 1 shows a case of PJI (septic loosening) that was
solved by a two-stage revision TKA.
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Figure 1. Cont.
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Figure 1. Cont.
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Figure 1. (a–d). Periprosthetic joint infection of a primary total knee arthroplasty (TKA) that was
resolved by a two-stage revision TKA: (a) preoperative anteroposterior (AP) radiograph; (b) pre-
operative lateral image; (c) postoperative AP radiograph showing the prosthesis implanted in the
second-stage revision (rotational hinge design); (d) lateral image of the aforementioned prosthesis.
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It is important to emphasize that debridement, antibiotics, and implant retention
(DAIR) is today a frequently utilized procedure in early infections [12–16]. Toh et al.
reported that DAIR is the procedure of preference for individuals with acute postoperative
and acute hematogenous PJI [15]. They stated that DAIR failure was related to premature
mortality. Repeated DAIRs, increased ESR > 107.5, and S. aureus PJI were related to
treatment failure, and two-stage revision TKA was advised. It is also relevant to remark
that the likelihood of PJI after primary TKA can be reduced by decreasing the patient’s
weight, which will also minimize the risk of implant failure [17].

The aim of this narrative review is to present an overview of the risk factors for PJI after
primary TKA. To this end, we have outlined the most important points to facilitate further
investigation into specific aspects of the topic. This article seeks to explain the risk factors
for PJI after primary TKA, with the aim of controlling or preventing this complication
whenever possible.

A PubMed (MEDLINE), Cochrane Library, Web of Science, and Scopus search of
reports on PJI in TKA was conducted. The key words utilized were “PJI TKA risk factors”.
The inclusion criterion was reports focused on the risk factors for PJI in TKA. Studies not
focused on such risk factors were disregarded. The searches were dated from the creation
of the search engines until 30 September 2022. From the 13,304 articles (10,300 in the Web
of Science, 2860 in Scopus, 136 in PubMed, 8 in The Cochrane Library), we chose those that
seemed most directly related to the title of this article (66 articles).

2. Incidence of PJI after TKA

Several authors have reported infection rates of 2–5% after TKA [4–7,18,19]. However,
in a level 2 evidence study (prognostic study) published in 2010, among 69,663 patients
operated on for TKA, Kurtz et al. identified 1400 infections. The incidence of infection in
the first 2 years was 1.55%. The incidence between the second and tenth year was 0.46%.
PJI was observed to occur at a fairly elevated percentage in Medicare individuals, with
the highest risk in the first 2 years following TKA; roughly a quarter of PJIs occur after
2 years [20].

In 2022, the McMaster Arthroplasty Collaborative (MAC) found that 1.41% of individ-
uals experienced revision TKA for PJI [11]. Figure 2 shows a comparison between the rates
of PJI after TKA reported in 2010 and 2022.

Figure 2. Rates of periprosthetic joint infection (PJI) after primary total knee arthroplasty (TKA)
published in 2010 [20] and 2022 [11].
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3. Risk Factors for Periprosthetic Joint Infection following Primary TKA

3.1. Patient-Related Risk Factors
3.1.1. Male Gender, Procedure Type (bilateral), Length of Stay over 35 Days, and Usage of
Transfusions Have Been Shown to Be Risk Factors for Postoperative PJI

In 2021, Ko et al. found that male sex, low family earnings, surgical technique type
(bilateral), length of stay (LOS) ≥ 35 days, and transfusions were risk factors for postop-
erative adverse events after TKA in individuals with idiopathic knee osteoarthritis. The
aforementioned authors analyzed 560,954 individuals older than 50 years. The risk of PJI
was evaluated with 8 independent parameters: sex, age, place of residence, family earnings,
hospital bed size, type of surgical technique (unilateral or bilateral, primary or revision
TKA), LOS, and the use of transfusions [21].

3.1.2. Male Gender, Younger Age, Type II Diabetes, Posttraumatic Osteoarthritis, Patellar
Resurfacing, and Discharge to Nursing Home Were Related to an Increased Risk of PJI

In 2022, the MAC carried a population-based cohort investigation utilizing linked
administrative databases. The multivariable analysis showed that male gender, younger
age, type II diabetes, posttraumatic osteoarthritis, patellar resurfacing, and discharge to
convalescent care were related to an increased risk of PJI [11].

In an article with level 2 evidence (prognostic study), the independent risk factors for
PJI (in diminishing order of importance) were congestive heart failure, chronic pulmonary
illness, preoperative anemia, diabetes, depression, renal illness, pulmonary circulation
disorders, obesity, rheumatologic illness, psychoses, metastatic tumor, peripheral vascular
illness, and valvular illness [22].

In 2013, Chen et al. showed that the principal factors associated with PJI following
TKA were body mass index (BMI), diabetes mellitus, hypertension, steroid treatment, and
rheumatoid arthritis. The study had insufficient evidence to demonstrate that the male sex
was associated with PJI after TKA. A statistical analysis showed no correlations between
urinary tract infection, fixation technique, American Society of Anesthesiology (ASA) score,
bilateral procedure, age, transfusion, antibiotics, bone graft, and PJI [23].

A study with level 2 evidence (prognostic study) reported by Kurtz et al. in 2010
showed that women had a lower risk of PJI than men. Comorbidities also increased TKA
infection risk. Individuals receiving public assistance for Medicare premiums were at
increased risk for PJI. Hospital factors did not contribute to an increased risk of infection.
PJI occurred at a fairly elevated percentage in Medicare individuals, with the greatest risk
of PJI within the first 2 years following TKA; nonetheless, around 25% of all PJIs occurred
after 2 years [20].

Cordtz et al. observed that individuals with rheumatoid arthritis had a diminished
10-year risk of revision TKA, whereas the risk of PJI was increased compared with individ-
uals with osteoarthritis after TKA. Previous treatment with biological disease-modifying
antirheumatic drugs was not related to an increased risk of PJI [24].

In an investigation with level 3 evidence (therapeutic study), Pancio et al. found
that a higher proportion of individuals who had undergone multi-ligament knee surgery
experienced infections compared with matched controls (7% vs. 1%), respectively. Previous
multi-ligament surgery was associated with a greater risk of PJI [25].

3.1.3. Previous Septic Arthritis Has Been Shown to Be a Risk Factor for Postoperative PJI

Previous septic arthritis has also been recognized as a PJI risk factor [25]. Pooled data
from more than 1300 arthroplasties in published papers revealed a PJI rate of 5.96% when
a previous infection occurred in the same articulation. The risk of infection was lower
because the TKA surgery was delayed from the resolution of the previous infection.

3.1.4. Smoking Is related to Higher Percentages of PJI

In 2015, Singh et al. found that smoking was related to an elevated risk of PJI after
primary TKA. Tobacco use status was accessible for 7926 (95%) individuals and was not
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accessible for 446 (5%); 565 (7%) currently smoked tobacco. The hazard ratios for PJI were
higher in current tobacco users than in nonusers [26]. Cessation of smoking before TKA is
strongly recommended.

3.1.5. Hypoalbuminemia and Obesity Class II Are Dependable Predictors of PJI

According to Man et al., malnutrition is a relevant but changeable risk factor for
postoperative adverse events and unfavorable results in orthopedic surgery [27]. They
sought to detect biomarkers of malnutrition in individuals undergoing TKA that could be
predictive of adverse postoperative complications in the hospital, to identify patients at
risk and optimize their nutritional status prior to TKA. These authors analyzed 624 patients
in whom possible biomarkers of pre-operative malnutrition, including hypoalbuminemia
(serum albumin < 3.5 g/dL), total lymphocyte count (TLC) (<1500 cells/mm3), and BMI,
were evaluated for associations with in-hospital postoperative adverse events. The frequen-
cies of hypoalbuminemia, low TLC, overweight, obesity class I, and obesity class II were
2.72%, 33.4%, 14.8%, 44.5%, and 26.9%, respectively. There were significant relationships
between hypoalbuminemia and type II obesity (BMI ≥ 30.0 kg/m2) and PJI percentages
and no significant relationships between these adverse events and low TLC, overweight, or
type I obesity. It was also found that individuals with hypoalbuminemia or type II obesity
with gouty arthritis were more prone to experience PJI. The authors concluded that hy-
poalbuminemia and type II obesity together were dependable biomarkers of preoperative
malnutrition that could predict PJI following TKA; however, low TLC, overweight, and
type I obesity were not significantly related to an increased risk of PJI [27].

3.1.6. Intra-Articular Injections Prior to TKA Are Related to a Higher Risk of PJI

In a level 3 evidence study (therapeutic study) published in 2017, Bedard et al. ob-
served that intra-articular knee injections with corticosteroids, hyaluronic acid, or other
drugs prior to TKA were related to an increased risk of PJI, and this association appeared
to be time dependent: the shorter the delay between injection and TKA, the greater the
likelihood of PJI [28]. The proportion of patients undergoing TKAs who developed PJI
was greater in those who were given an injection prior to TKA than in those who were not
(4.4% vs. 3.6%). Similarly, the proportion of patients undergoing TKAs who developed PJI
requiring surgical reintervention was also greater among those who received an injection
prior to TKA than in those who did not (1.49% vs. 1.04%). An analysis of the months
between injection and TKA showed that the odds of PJI were greater for patients injected up
to 6 months between injection and TKA, as were the odds of surgical intervention for TKA
infection when the injection was within 7 months of TKA. When the time span between
injection and TKA was longer than 6–7 months, the ORs were no longer raised [28].

3.1.7. Greater Glucose Variability in the Postoperative Period Is Related to Higher
Percentages of PJI

In 2018, Shohat et al. investigated the relationship between glucose variability and
postoperative adverse events after TKA (level 4 of evidence study) [29]. They analyzed
data on 2698 individuals who had experienced TKA at a single center. Individuals with a
minimum of two postoperative glucose values per day or more than three values overall
were included in the research. Glucose variability was evaluated utilizing a coefficient of
variation. The MSIS criteria were utilized to establish PJI. Some 19.9% of the patients had
diabetes. Greater glycemic variability was related to increased LOS, 90-day mortality, PJI,
and SSI. Adjusted analyses showed that for every 10-percentage-point rise in the coefficient
of variation, the LOS increased by 6.1%, and the risks of PJI and SSI increased by 20% and
14%, respectively. These associations were independent of the year of the surgical procedure,
age, BMI, Elixhauser comorbidity index, diagnosis of diabetes, in-hospital utilization of
insulin or steroids, or mean glucose values throughout hospitalization. They concluded that
greater glucose variability in the postoperative period was related to increased percentages
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of SSI and PJI after TKA. According to Shohat et al., it is paramount to control glucose
variability in the early postoperative phase [29].

3.1.8. Reduction of Patient’s Weight Diminishes the Probability of PJI and Minimizes
Implant Failure

It has been published that the likelihood of PJI following primary TKA can be reduced
by decreasing the patient’s weight, which will also minimize the risk of implant failure [17].

4. Surgical Risk Factors

4.1. Prolonged Surgical Time Correlates with Increased Infection Risk

In 2006, Peersman et al. stated that the time span of the surgical procedure had a
definite impact on infection rates, especially regarding postoperative infection after TKA.
The study confirmed the significance of the time span of TKA as a risk factor for SSI and
subsequent PJI. Therefore, the time span of the surgical intervention can be a predictor of
PJI [30].

4.2. Unilateral versus Bilateral TKA

In 2021, Ko et al. reported that the procedure type (bilateral TKA versus unilateral
TKA), was a risk factor for postoperative adverse events following TKA [21]. Some reports
have shown that when bilateral TKA is carried out, the LOS, anesthesia duration and
rehabilitation period can be reduced and that there are advantages to individuals and
hospitals in terms of cost [31,32].

Despite these benefits, there were issues over the safety of bilateral TKA. According to
Odum et al., concurrent bilateral TKA had greater percentages of adverse events compared
with unilateral TKA [31]. Memtsoudis et al. stated that staging bilateral TKA had either
a greater or similar frequency of adverse events compared with simultaneous bilateral
TKA [33]. The study by Ko et al. proved the outcomes of those studies, given that
the complication hazard ratios for bilateral TKA were consistently higher than those for
unilateral TKA [21].

4.3. Patellar Resurfacing

A multivariable model reported by the MAC showed that patellar resurfacing was
related to an increased risk of PJI. However, patellar resurfacing was the weakest of all
significant predictors (p = 0.04) [11]. In contrast, a meta-analysis of randomized controlled
trials (RCTs) encountered no difference in infection percentages between patellar resur-
facing and non-resurfacing [34]. Clearly, future studies should examine the association
between patellar resurfacing and PJI after primary TKA.

4.4. Risk Factors in the Postoperative Phase

It has been reported that the use of blood transfusions [21], LOS over 35 days [20],
higher glucose variability [28], and discharge to convalescent care [11] are important risk
factors for PJI following TKA. Ko et al. found that the risk was increased in the longer LOS
cohort and in the transfusion cohort [21]. The Cox proportional hazards model reported
by the MAC showed that discharge to a nursing home was related to an increased risk of
developing PJI after primary TKA [10]. Table 2 summarizes the patient-related and surgical
risk factors for PJI after primary TKA as well as risk factors in the postoperative period.
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Table 2. Patient-related and surgical risk factors for PJI after primary TKA, as well as risk factors in
the postoperative period.

Risk Factors

Patient-related risk factors

• Male gender
• Younger age
• Type II diabetes
• Obesity class II
• Hypertension
• Hypoalbuminemia
• Poor preoperative nutritional status
• Rheumatoid arthritis
• Post-traumatic osteoarthritis
• Intraarticular injections before TKA
• Previous multi-ligament knee surgery
• Previous septic arthritis
• Previous steroid therapy
• Current tobacco use
• Congestive heart failure
• Chronic pulmonary disease
• Preoperative anemia
• Depression
• Renal illness
• Pulmonary circulation disorders
• Psychoses
• Metastatic tumor
• Peripheral vascular illness
• Valvular illness

Surgical risk factors
• Prolonged operative time
• Procedure type (bilateral)
• Patellar resurfacing

Risk factors in the postoperative period

• Use of blood transfusion
• Higher glucose variability
• Length of stay over 35 days
• Discharge to convalescent care

5. Other Topics of Interest Related to the Risk of PJI following TKA

5.1. Tranexamic Acid Diminishes the Risk of Revision TKA for Acute and Late PJI

In 2020, Lacko et al. analyzed the impact of intravenous usage of tranexamic acid
(TXA) on the risk of revision TKA for acute and late PJI following primary TKA [35]. This
study included 1529 TKAs (396 men, 1133 women; mean age 67.8 years). Lacko et al.
analyzed the revision percentage for acute and late PJI in a cohort of 787 TKAs with pre-
operative intravenously used TXA (TXA cohort) compared with a cohort of 742 TKAs
without TXA (non-TXA cohort). A multiple logistic regression analysis was conducted to
assess significant predictors of TKA revision for acute and late PJI. Revision TKA due to
PJI was observed in one individual in the TXA cohort and one individuals in the non-TXA
cohort. The cumulative revision percentage of TKA was significantly lower in the TXA
group (0.13% vs. 1.08%). A multivariate logistic regression analysis detected 2 predictors
of revision TKA: being older than 75 years at the time of primary TKA and male sex. The
utilization of TXA was demonstrated to be a significant protective factor. These authors
identified a lower cumulative revision percentage of TKA for acute and late PJI when TXA
was utilized. Lacko et al. concluded that the pre-operative intravenous utilization of TXA
could be an efficacious, safe, and inexpensive approach to preventing PJI [35].

In 2021, Hong et al. found that use of TXA on the day of surgery in TKA was associated
with significantly diminished odds of PJI in the first 3 months. Some 46% received TXA on
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the day of surgery, and 0.13% developed PJI within 3 months. After adjusting for individual
and hospital-related covariates, TXA administration was related to significantly lower odds
of PJI within 3 months of surgery. They concluded that TXA might play a significant role in
decreasing PJI after TKA [36]. Figure 3 summarizes the role of TXA for the prevention of
PJI following TKA. Table 2 summarizes patient-related and surgical risk factors for PJI after
primary TKA.

Figure 3. Intravenous administration of tranexamic acid appears to play an important role in the
prevention of periprosthetic joint infection (PJI) after primary total knee arthroplasty (TKA) [35,36].

5.2. Prognostic Nutritional Index as a Predictor of Postoperative PJI

According to Hanada et al., individuals with malnutrition have an elevated risk of
postoperative adverse events after TKA. In addition, serum albumin and total lymphocyte
count are deemed preoperative nutritional evaluation parameters. The prognostic nutri-
tional index (PNI) is estimated by combining serum albumin and total lymphocyte counts.
The objective of this investigation was to detect risk factors for postoperative adverse events
after TKA, including preoperative nutritional evaluation, and to evaluate preoperative PNI
as a predictor of postoperative adverse events [37]. A total of 160 individuals (234 knees)
undergoing primary TKA were analyzed. The serum albumin (g/dL) and total lymphocyte
count (/mm3) were studied within 90 days prior to TKA; then, the PNI was estimated. Post-
operative aseptic wound complications were studied, such as skin erosion and dehiscence
within 14 days and PJI following TKA. PJIs occurred in 14 (6%) knees. Postoperative aseptic
wound complications within 14 days were significant risk factors for PJI. No significant
dissimilarities in individual demographics, such as age, gender, BMI, or comorbidities were
observed between patients with and without PJI except for the percentage of aseptic surgi-
cal wound complications. In addition, postoperative aseptic wound problems were affected
by elevated BMI and low PNI. They concluded that pre-operative nutritional status, as
shown by PNI and BMI, was related to postoperative wound complications within 14 days.
PJI following TKA was related to early postoperative aseptic wound complications [37].

5.3. BMI Is a Superior Predictor of PJI Risk Than Local Quantities of Adipose Tissue

According to Shearer et al., both BMI and local quantities of adiposity at the surgical
area have been found to be independent risk factors for PJI after TKA [38]. They evaluated
previously utilized means of determining knee adiposity and found the best measure
for forecasting both surgical time span and PJI after TKA, reviewing 4745 individuals
who experienced primary TKA. Individual demographic data, surgical time span, and
postoperative infection status within 12 months were obtained. Preoperative weight-
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bearing anteroposterior (AP) and lateral X-rays were studied to detect the thickness of the
prepatellar adipose tissue, the width of the tibial plateau, and the total soft tissue knee
width. The knee adipose index (KAI) was estimated from the ratio of bone to total knee
width. They found considerable variability in both local parameters of adiposity compared
with BMI. Neither parameter of local knee adipose tissue demonstrated a substantial
correlation with PJI risk. By contrast, there was a significant correlation between PJI risk
and BMI > 35. The surgical time span correlated with both BMI and parameters of local
adipose tissue (KAI and prepatellar fat thickness). They concluded that BMI was a superior
predictor of PJI after TKA compared with local parameters of the adipose tissue of the knee
joint [38].

5.4. American College of Surgeons National Surgical Quality Improvement Program
SSI Calculator

In a study with level 3 evidence published in 2016, Wingert et al. assessed the reliability
of the American College of Surgeons National Surgical Quality Improvement Program
(ACS NSQIP) SSI Calculator in forecasting 30-day and 90-day postoperative infection. The
minimum follow-up was 90 days [10]. Individuals who experienced a repeat surgical
intervention within 90 days of the TKA and in whom at least 1 positive intraoperative
culture was obtained at the time of re-intervention were deemed to have PJI. Individual-
specific risk possibilities for PJI based on demographics and comorbidities were obtained
from the ACS NSQIP Surgical Risk Calculator website. The ACS NSQIP Surgical Risk
Calculator demonstrated only moderate reliability in forecasting 30-day PJI. For 90-day
PJI, the risk calculator was also only moderate in reliability. They concluded that the
ACS NSQIP Surgical Risk Calculator was only a moderate predictor of acute PJI at the
30- and 90-day intervals following primary TKA. Therefore, orthopedic surgeons should
be cautious when employing this instrument as a predictive tool for PJI [10].

6. Discussion

A recent study confirmed a relevant agreement among European orthopedic surgeons
regarding prevention of PJI after TKA, and Table 3 shows the measures recommended by
these authors to decrease the risk of PJI. However, the authors also noted that there is still
room for improvement [39].

Table 3. Measures recommended to minimize the risk of periprosthetic joint infection (PJI) following
TKA [38].

Measures

Changeable Risk Factors Should Be Optimized before TKA
Patient education should involve skin cleaning methods with a remnant antiseptic solution

Alcoholic chlorhexidine provides better protection than alcoholic povidone-iodine against PJI
Alcohol-based solutions should be utilized in surgical hand preparation

A standardized method to the utilize of antiseptics should be in place, with special attention to the
incision area

Antibiotic prophylaxis should be given before surgery and not routinely prolonged
Traffic and number of personnel in the operating room should be maintained to a minimum

Tranexamic acid and hemostatic drug utilization should be optimized to diminish the need for a
surgical drain

Structured monitoring and reporting protocols for PJI should be in place
Specific instructions for PJI should be created and executed; these should be tailored to individual

patient risk factors
Instructions based on level 1 or 2 of evidence should be deemed compulsory

Infections that appear 30 days after surgery can still be deemed to be PJI

Even though a number of deterrent actions during surgeries including prophylactic IV
utilization of antibiotics; preoperative disinfection of the skin; and intrawound lavage with
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a great quantity of saline have been carried out pre-, intra- and postoperatively, the risk of
infection persists [11].

Given the high individual and societal influence of PJI and revision TKA, it is encour-
aging to note that the percentages of PJI are decreasing over time. However, with increasing
percentages of osteoarthritis and TKA worldwide, it is likely that the absolute burden of PJI
will continue to grow. Therefore, there is still a need to diminish the percentages of PJI after
TKA. One approach is the use of antibiotic cement, although there are still conflicting data
in the literature [40–43]. An RCT showed an 87% relative risk decrease in PJI after revision
TKA utilizing a dilute povidone-iodine lavage compared with saline [44]. Both procedures
deserve further analysis in the context of primary TKA through large RCTs, given that they
are low-cost and potentially effective interventions. Preoperative risk factors for PJI must
be addressed; for example, reducing body weight [45], controlling diabetes mellitus [46],
improving malnutrition [47], and stopping smoking [48]. Individuals with malnutrition
have an elevated risk of postoperative infection [47,49,50], and the frequency of malnutri-
tion in individuals experiencing TKA has been revealed to be as high as 40% [51]. Therefore,
it is important to assess nutritional status among preoperative patients.

PNI has been employed to assess nutrition in individuals with heart failure [52] and
who experienced gastrointestinal surgery [53]. PNI can be easily estimated with serum
albumin and total lymphocyte counts and is helpful for the nutritional assessment of
individuals prior to TKA [50]. In fact, PNI has been shown as a predictor of 5-year overall
survival following colorectal cancer surgical procedures and postoperative delirium [54,55].

It is important to mention the Swedish nationwide plan called Prosthesis Related
Infections Shall be Stopped (PRISS), which was recently reported by Thompson et al. [18].
They calculated the incidence percentage of PJI after primary TKA prior to and after PRISS.
These authors observed a 2-year incidence rate of 1.45%. The incidence rate was 1.44%
prior to PRISS and 1.46% after. Diagnoses were confirmed within 30 days of primary TKA
in 52%, and within 90 days in 73% of cases. A similar incidence prior to and after the PRISS
plan was found. In addition, the time span to diagnosis was similar throughout both time
intervals [19]. The likelihood of PJI after primary TKA can also be reduced by decreasing
the patient’s weight, which will likewise minimize the risk of implant failure [17].

Kirschbaum et al. observed that the likelihood of survival of primary TKA is substan-
tially diminished with each consecutive revision and also that PJI is the principal source of
multiple revisions [56]. Muwanis et al. found that dilute povidone-iodine (Betadine, Avrio
Health L.P, Stamford, CT, USA) compared with normal saline irrigation is an economical
and simple technique to reduce PJI and more specifically SSI in TKA [57]. According to
Buchalter et al., in spite of the utilization of topical irrigation solutions and addition of local
antimicrobial agents, the use of a non-cephalosporin perioperative antibiotic (either van-
comycin or clindamycin) is related to a higher risk of TKA PJI compared with cefazolin [58].
An increased frequency of PJI in individuals experiencing mobilization under anesthesia
(MUA) was reported by Parkulo et al. [59].

Kurz et al. determined that intra-articular injections of hyaluronic acid or corticosteroid
given within the 4-month period before TKA were not related to a high PJI risk within the
elderly Medicare patient population [60]. According to Avila et al., individuals receiving
intra-articular injections should wait at least 3 months prior to experiencing TKA to lessen
infection risk [61]. Yang et al. reported that intra-articular injections of corticosteroid or
hyaluronic acid prior to TKA increased the risk of postoperative infection. Injections given
more than 3 months prior to TKA did not substantially augment the risk of infection [62].

Colonoscopy has been related to an increased PJI risk in TKA recipients [63]. The
utilization of the Surgical Helmet Systems was related to a lower percentage of PJI following
primary TKA than with conventional surgical gowning [64]. According to Blanchard
et al., individuals with preoperative urinary tract infection within 1 week of TKA have an
increased risk of postoperative PJI. Moreover, antibiotics do not seem to lessen the risk [65].
Individuals with a higher number of reported allergies could be at a higher risk of PJI after
TKA [66].
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The main limitation of this article is that the selection of studies that were finally
analyzed was subjective, i.e., those that we considered most directly related to the title
of the article were chosen. Therefore, it is possible that some important articles were not
included. This article is not a systematic review of the literature, but a narrative review of
the articles we found most interesting.

7. Conclusions

PJI is a serious adverse event following primary TKA. It has been found that 1.41%
of patients experience revision TKA for PJI. The reported cumulative frequency for PJI is
0.51% at 1 year, 1.12% at 5 years, 1.49% at 10 years, and 1.65% at 15 years. The infection
frequency within 2 years is 1.55%, and the frequency between 2 and up to 10 years is 0.46%.

Male gender, younger age, type II diabetes, posttraumatic arthritis, patellar resurfacing,
discharge to a nursing home, obesity class II, hypertension, prior steroid therapy, rheuma-
toid arthritis, procedure type (bilateral), LOS longer than 35 days, prolonged operative
time, current tobacco use, intra-articular injections before TKA, previous knee infections,
previous multi-ligament knee surgery and utilization of blood transfusions have all been
related to an increased risk of PJI. Other independent risk factors for PJI (in diminishing
order of importance) are congestive heart failure, chronic pulmonary illness, pre-operative
anemia, depression, renal illness, pulmonary circulation disorders, psychoses, metastatic
tumor, peripheral vascular illness, and valvular illness.

Greater glucose variability in the postoperative phase has also been related to higher
percentages of PJI, with hypoalbuminemia a reliable predictor. Preoperative nutritional
status, as shown by PNI and BMI, is related to postoperative wound complications within
14 days. PJI following TKA has been related to early postoperative aseptic wound compli-
cations. Pre-operatively intravenously administered tranexamic acid decreases the risk of
delayed PJI.

The likelihood of PJI after primary TKA can be reduced by decreasing the patient’s
weight, which will also minimize the risk of implant failure. The likelihood of survival
of primary TKA is substantially diminished with each consecutive revision, and PJI is
the principal source of multiple revisions. Dilute povidone-iodine compared with normal
saline irrigation is an economical and easy technique to reduce any PJI and more especially
SSI. The utilization of a non-cephalosporin perioperative antibiotic (either vancomycin or
clindamycin) is related to a higher risk of TKA PJI compared with cefazolin. An increased
frequency of PJI in individuals experiencing MUA has been reported.

Intra-articular injections of hyaluronic acid or corticosteroid given within the 4-month
period before TKA are not associated with higher PJI risk within the elderly Medicare
patient population. Individuals receiving intra-articular injections should wait at least
3 months prior to undergoing TKA to mitigate the infection risk. Intra-articular injections of
corticosteroid or hyaluronic acid prior to TKA augment the risk of postoperative infection.
Injections given more than 3 months prior to TKA do not significantly augment the risk of
infection.

Colonoscopy has been associated with an increased PJI risk in TKA recipients. The
utilization of the Surgical Helmet Systems has been associated with an inferior percentage
of PJI following primary TKA than conventional surgical gowning. Individuals with
pre-operative urinary tract infection within 1 week of TKA have an increased risk of
postoperative PJI. Moreover, antibiotics do not appear to mitigate this risk. Individuals
with a higher number of reported allergies might be at increased risk of PJI after TKA.

The main limitation of this article is that the selection of articles that were ultimately
analyzed was subjective, i.e., those that we considered most directly related to the title of
the article. Therefore, it is possible that some important articles were not included in the
end. This article is not a systematic review of the literature but a narrative review of the
articles we found most relevant.

Of all the aforementioned risk factors, some are modifiable, and others are not. To
minimize the risk of PJI, modifiable factors must be reversed or controlled (Table 4). The
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risk of PJI after TKA has diminished in small but uniform amounts over the past 15 years.
The majority of PJIs are diagnosed within the first 2 years postoperatively, although a slight
percentage continues to happen after a decade. The frequency of PJI has diminished barely
over the past 15 years, it endures as one of the most disturbing adverse events of TKA, and
continuous research to reduce its occurrence is needed. It is essential to be conscious of the
risk factors for PJI after primary TKA, as discussed in this article, and to manage them as
well as possible before surgery. It is also important for patients undergoing TKA to know
to some extent their risk of developing PJI.

Table 4. Main modifiable risk factors of periprosthetic joint infection (PJI) before surgery.

Risk Factor Control Needed

Hyperglycemia Control preoperatively
Obesity Try to control

Hypertension Control preoperatively
Previous intra-articular injections Avoid 6 months before

Hypoalbuminemia Unknown if control decreases risk
Tobacco use Cessation of smoking at least 1 month before

Previous infection Wait at least 3 months after infection is resolved
Nutritional status Unknown if control decreases risk

Preoperative anemia Correct preoperatively
Steroid therapy Avoid for 1 month before, if possible
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Abstract: Total knee arthroplasty (TKA) is a commonly used option in advanced stages of knee
arthropathy in people with hemophilia (PWH). The objective of this article is to determine what
the complication rates and implant survival rates in PWH are in the literature. A literature search
was carried out in PubMed (MEDLINE), Cochrane Library, Web of Science, Embase and Google
Scholar utilizing the keywords “hemophilia TKA complications” on 20 October 2022. It was found
that the rate of complications after TKA in PWH is high (range 7% to 30%), although it has improved
during the last two decades, possibly due to better perioperative hematologic treatment. However,
prosthetic survival at 10 years has not changed substantially, being in the last 30 years approximately
80% to 90% taking as endpoint the revision for any reason. Survival at 20 years taking as endpoint the
revision for any reason is 60%. It is possible that with a precise perioperative control of hemostasis in
PWH, the percentage of complications after TKA can be diminished.

Keywords: hemophilia; knee; total knee arthroplasty; complications; implant survival

1. Introduction

Total knee arthroplasty (TKA) is a surgical intervention that frequently has to be
performed in people with hemophilia (PWH) when they suffer from very painful advanced
arthropathy whose pain does not subside with conservative treatment (hematologic pro-
phylaxis, analgesics, anti-inflammatory drugs, Physical Medicine and Rehabilitation (PMR),
and intra-articular injections of hyaluronic acid or platelet-rich plasma (PRP). In addition,
TKA usually works well in PWH in terms of pain and improved quality of life (QoL) [1,2].

It is essential that TKA is always performed with adequate control of hemostasis
by the hematologists in charge of the patient, which is accomplished by intravenous
administration of clotting factor deficiency factor (F) VIII or FIX at doses deemed necessary
by the hematologists and for as long as they deem appropriate [3–6].

According to Escobar et al. planning and carrying out TKA in PWH is most effec-
tive with the implication of a specialist and expert multidisciplinary team (MDT) at a
hemophilia hospital. Rehabilitation after surgery must start soon, with focus on manage-
ment of hemostasis and pain. Surgery in PWH and inhibitors needs even more cautious
planning [7]. However, despite carrying out this kind of surgery with the support of an
MDT, complications after TKA in PWH are frequent. Logically, such complications are
even more frequent if TKA is performed in a center not specialized in the treatment of
hemophilia [1,2].

In osteoarthritis (OA), the survival rate of 10 years for revision published in 2022 by
Ueyama et al. was 98% [8]. In OA, the reported survival of 20 years for revision was 96% [9].
The reported complication rate in OA was 7% [10].
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The hypothesis of this article is that PWH have a higher rate of complications and
lower implant survival than people without hemophilia. The research questions were
the following: Do PWH have more complications when implanted with a TKA than
people without hemophilia? Is implant survival different in PWH than in people without
hemophilia? The aim of the study is to determine whether PWH have more complications
than people without hemophilia when implanted with a TKA and whether prosthetic
survival is lower in PWH than in people without hemophilia.

2. Methods

A PubMed (MEDLINE), Cochrane Library, Web of Science, Embase and Google Scholar
search of reports on complications after TKA in PWH was conducted. The key words
utilized were “hemophilia TKA complications”. The main inclusion criteria were reports
focused on the complications after TKA in PWH. Studies not focused on such risk factors
were disregarded. The searches were dated from the creation of the search engines until 20
October 2022. From the 5138 articles (2870 in the Web of Science, 2030 in Google Scholar,
159 in Embase, 77 in PubMed (MEDLINE), 2 in The Cochrane Library), we chose those that
seemed most directly related to the title of this article (53 articles).

Medical subject headings (MeSH) terms were “hemophilia”, “TKA” and “compli-
cations” and the strig was the following: “hemophilia” OR TKA OR “complications”;
“hemophilia” AND (TKA OR “complications”); (“hemophilia” AND TKA) OR “complica-
tions”. Inclusion and exclusion criteria: The articles that were most directly related to the
title of the article were subjectively included; the rest were excluded. Duplicate references
were highlighted. To delete duplicate citations we right-clicked on any highlighted refer-
ence. Then, we selected “move references to trash”. To achieve data extraction we used the
three steps of the ETL process (extraction, transformation, and loading).

This article is not a systematic literature review, but a narrative review of the literature
of the articles found in the various existing databases that, according to our criteria, were
considered to be closely related to the title of the article.

3. Results

3.1. Published Series

In 1989, Figgie et al. analyzed 19 TKAs carried out in PWH. The average follow-up
was of 9.5 years [11]. A total of 13 knees had good or excellent outcomes, and 6 knees had
poor results. Those subjects with excellent outcomes had sustained good function and pain
alleviation. Four of the six poor results were found in the first seven TKAs carried out,
when only 80% FVIII coverage was utilized in the perioperative phase. Since the utilization
of 100% FVIII coverage began, the rate of poor results diminished. A total of 10 of the
19 knees experienced adverse events: 1 periprosthetic joint infection (PJI), 6 superficial skin
necroses, 3 nerve paralyses, 7 postoperative hemorrhages, and 1 transfusion reaction. Six
of the seven knees that experienced TKA under 80% factor VIII coverage suffered adverse
events. Once 100% FVIII coverage was initiated, the only adverse events were one skin
necrosis and three postoperative hemorrhages. The percentage of radiographic failure was
high, with progressive radiolucent lines in 13 of 19 tibial components, associated with tibial
component displacement in 3 knees. The aforementioned radiographic findings did not
correlate with clinical outcomes. However, pain alleviation and ameliorated function were
preserved at longer follow-up periods. The best outcomes were attained under 100% FVIII
coverage utilizing a posterior stabilized (PS) design and patellar resurfacing [11].

In 1990, Kjaersgaard-Andersen et al. analyzed 13 semiconstrained TKAs carried out in
9 males with hemophilia A with a mean age of 38 years [12]. The average FVIII amount
during hospital stay was 84,222 units, and the average hospitalization period was 33 days.
Four patients (44%) died during the study period, three from acquired immunodeficiency
syndrome (AIDS) and one from sudden cardiac arrest. At the time of TKA, one of the
subjects who died from AIDS had a positive test for human immunodeficiency virus (HIV).
He died 3 months after surgery. The other two patients acquired AIDS 1 year and 4 years
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after surgery. The average follow-up period was 43 months. Utilizing the Hospital for
Special Surgery (HSS) knee rating scale, the results were excellent in nine knees and good
in three knees. All subjects were fully alleviated of pain. TKA in hemophiliacs seemed to
be an efficacious treatment for hemophilic arthropathy [12].

In 2003, Legroux-Gérot et al. assessed the outcomes of 17 TKAs (12 patients) and
its influence on both QoL and clotting factor utilization [13]. The TKAs were carried out
between 1986 and 1996, and the mean follow-up was 54 months. Mean age at the time
of TKS was 39 years. QoL was assessed utilizing the Short Form 36 (SF-36). In 94% of
the subjects the outcomes were good or excellent. The amelioration was greatest for pain.
Recurrent joint hemorrhages in six subjects and development of an inhibitor in two subjects
were the only adverse events during the postoperative period. Clotting factor utilization
did not diminish substantially after TKA. Legroux-Gérot et al. expressed that TKA for
hemophilic arthropathy provided good outcomes that translated into QoL gains [13].

In 2004, Sheth et al. reported the outcomes of 14 TKAs in 9 PWH utilizing posterior
cruciate ligament (PCL)-sacrificing designs [14]. The mean follow-up in surviving subjects
(13 knees) was 77 months. Pain, functional score, flexion deformity, and flexion range
improved significantly. Nine adverse events happened in 6 knees. One subject died
from HIV-related adverse events. No subject seroconverted to HIV during the follow-up
time [14].

The outcomes of 24 modular Genesis II (Smith & Nephew, Memphis, TN, USA)
TKAs, carried out in 20 subjects (mean age, 36 years) with hemophilia, were prospectively
reviewed in 2007 by Innocenti et al. [15]. The mean follow-up was 4.4 years. Knee score, the
mean knee flexion contracture and the mean total flexion arc ameliorated. The outcomes of
this report showed that the use of modular design improved the functional outcomes of
TKA in hemophilic arthropathy, which led to a better range of motion (ROM) and lower
flexion contracture [15].

In 2008, Chiang et al. assessed the clinical and functional results of TKA and reasons
of prosthetic failure in 26 PWH (35 TKAs) [16]. The mean age was 34.2 years and the mean
follow-up was 82.2 months. Three subjects required manipulation under anesthesia (MUA)
because of an inadequate ROM. Three infections were managed with debridement and one
of them experienced knee fusion after removal of prosthesis. Two subjects experienced
revision TKA. One of them was due to loosening of the femoral component. The other
one experienced revision TKA due to wear of the insert. Chiang et al. stated that TKA
seemed to be an effective procedure to accomplish pain alleviation and to improve function
in PWH [16].

In 2009, Massin et al. published the outcomes of 128 TKAs from 5 specialized centers.
Only knees with preoperative flexion less than 90◦ were included [17]. Adverse events
were 3 skin necroses, 2 infections, 2 femoral fractures, and 1 sciatic nerve paralysis. TKA
rendered substantial flexion improvement. It frequently needed tibial tuberosity osteotomy
to ameliorate exposure and preclude injury to the extensor mechanism [17].

In 2012, Feng et al. assessed the results of 25 TKAs (19 subjects) [18]. Average patella
thickness was 16.3 mm and all patellas were managed by patelloplasty. The subjects
were followed for an average postoperative period of 41 months. The preoperative HSS
(Hospital for Special Surgery) score was 51 on average. The postoperative HSS score was
91. ROM was modified to 82◦, compared with 55◦ preoperatively. A total of 13 subjects
with flexion contracture were corrected from 19◦ to 2.7◦. Four subjects complained of mild
but sustainable pain in the anterior part of the knee joint [18].

In 2014, Westberg et al. studied clinical results and adverse events of 107 TKAs
in 74 hemophilic subjects with special focus on prosthetic survival and PJI [19]. Mean
follow-up was 11.2 years. Percentages of survival at 5 years and 10 years, with component
removal for any cause as the end point, were 92% and 88%, respectively. A total of 28 TKAs
were removed after 10 years on average. The most common reason of failure was aseptic
loosening (14 knees) and PJI (seven knees). The infection rate was 6.5%. A painless
knee was found in 93% of the TKAs at the final follow-up. The medium and long-run
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outcomes of primary TKA showed good prosthetic survival at 5 and 10 years with an
excellent alleviation of pain. PJI was still a primary concern compared to patients without
hemophilia [19].

In 2015, Strauss et al. assessed the clinical results of 23 TKAs carried out in 21 hemophilic
subjects with preoperative ROM of 50◦ or less [20]. Mean follow-up was 8.3 years. There
were one late PJI, and one aseptic implant loosening (8.7% complication rate). Nine subjects
who required VY-quadricepsplasty for knee exposure suffered a mean postoperative exten-
sor lag of 7◦. Strauss et al. affirmed that although the clinical result was inferior compared
to nonstiff knees previously published, TKA can be successfully carried out in PWH [20].

In 2015, Rodriguez-Merchan analyzed 74 PWH treated with TKA (N = 88) over a
period of 13 years [21]. The same kind of design was utilized in all cases. A total of
14 subjects had 2-stage bilateral TKAs. The mean subject age was 38.2 years. A total of 14
subjects were positive for HIV and 32 for hepatitis C virus (HCV). The mean follow-up was
8 years. The percentage of prosthetic survival with implant removal for any cause regarded
as final endpoint was 92%. Reasons of TKA failure were PJI (6.8%) and aseptic loosening
(2.2%). Clinical outcomes of the primary TKAs in this report showed good prosthetic
survival and excellent pain alleviation [21].

In 2017, Ernstbrunner et al. provided clinical and radiological long-run outcomes
of 43 TKAs implanted in 30 PWH (study with level 4 of evidence) [22]. After a mean of
18 years, 15 subjects (21 knees) with a mean age of 58 years were accessible for follow-up. In
13 (30%) of the 43 knees, revision arthroplasty was required due to PJI or aseptic loosening
among which 8 (19%) were due to aseptic loosening and 5 (12%) were due to hematogenous
infection. The estimated survival percentages of 20 years, with revision for any cause
or infection as the end points, were 59 and 82%, respectively. A total of 86% rated their
outcome as either good or excellent. TKA in hemophilic subjects was associated with high
revision, loosening and infection percentages after 18 years [22].

In 2017, Szmyd et al. analyzed 40 TKAs in 35 subjects. The mean follow-up was
19.4 months. The mean age of subjects was 36.7 years. The pain intensity was considerably
diminished 12 months after the surgery. A significant improvement in patients’ function-
ing was recorded. TKA seemed to be a very good therapy for subjects with advanced
hemophilic arthropathy. TKA considerably diminished pain intensity. TKA markedly
improved subjects’ functioning in daily life. Subjects were very satisfied with the results of
TKA [23].

In 2018, Song et al. assessed mid-run results and adverse events of TKA in hemophilic
arthropathy [24]. They retrospectively reviewed 131 primary TKAs. The mean age was
41 years, and the mean follow-up was 6.8 years. Adverse events happened in 17 knees
(13%): 7 articular hemorrhages, 4 periprosthetic fractures, 3 PJIs, 2 stiffness, and 1 medial
collateral ligament injury. The mid-run outcomes of TKA in PWH were satisfactory in pain
alleviation, ameliorated function and diminished flexion contracture [24].

A total of 18 TKAs carried out in 15 subjects with hemophilia during a period of
24 years were analyzed in 2019 by Santos Silva et al. Mean follow-up was 11.3 years.
The survival percentage of 10 years with TKA removal as end point was 94.3%. Only
two subjects needed perioperative transfusion. The rate of postoperative adverse events
was 27.8% (two PJIs, two knee stiffness, and one case of recurrent articular hemorrhage) [25].

In 2022, Oyarzun et al. analyzed 41 TKAs (19 cases were bilateral) [26]. Six patients
needed revision (6.66%) due to PJI. The percentage of TKA survival at 5 years was 92%
(range 82–96%) [26].

In 2020, Bae et al. analyzed a series of 78 TKAs in 56 PWH [27]. The mean age
was 38.7 years old and the mean follow up was 10.2 years. Postoperative adverse events
happened in 12 knees (15.4%). The percentage of hospital readmission in the 30 days after
discharge was 6.4%. Revision TKA was carried out in 3 knees for PJI and in 1 knee for
loosening of the tibial component loosening. The prosthesis survival rates at 10 years and
13 years were 97.1% and 93.2%, respectively [27].
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In 2022, Kleiboer et al. analyzed 98 TKAs in PWH of which 25% were complicated
by major bleeding [28]. The risk of major bleeding was augmented by the presence of an
inhibitor, increased body mass index (BMI), and non-use of an antifibrinolytic medication.
Neither continuous clotting factor infusion (versus bolus infusion) nor pharmacologic
thromboprophylaxis were associated with bleeding risk. Use of antifibrinolytic medications
was associated with diminished risk [28].

In 2022, Wang et al. assessed the mid-run results of 32 TKAs (28 patients) for end-stage
hemophilic arthropathy [29]. The follow-up was 69.1 months. Significant differences
between the preoperative and final follow-up values of flexion contracture, ROM, clinical
KSS (Knee Society Score), functional KSS, and VAS (Visual Analog score) were found. The
incidence of adverse events was 15.6% and the rate of satisfaction was 100% [29].

In a population-based study published in 2022, Chen et al. analyzed 103 primary
TKAs (75 subjects). Unilateral TKA was carried out on 47 subjects and bilateral TKAs on
the remaining 28 subjects, including 12 simultaneous and 16 staged surgeries. The mean
age of patients was 32.3 years, and the mean follow-up was 77.9 months. Failure occurred
in eight subjects (8.5%) at mean 32.8 months after surgery. Four subjects suffered aseptic
loosening and four experienced PJI. The prosthesis survivorship of 10 years was 88.6%.
For subjects experiencing unilateral TKA, the mean length of stay (LOS) was 14 days. The
prosthesis survivorship of 10 years was 88.6%. [30].

Table 1 summarizes the main series reported on TKA in PWH. Figure 1 shows the rate
of complications reported between 1989 and 2022. Figure 2 depicts the rates of postoperative
bleeding after TKA in PWH. Figure 3 shows the rates of PJI after TKA in PWH. Figure 4
depicts the survival rates of TKA in PWH.

Table 1. Series of total knee arthroplasty (TKA) in people with hemophilia (PWH) published in
the literature.

Authors
[Reference]

Year
Number of

TKAs/Patients
Average Age

(Years)
Average

Follow-Up
Complications

TKA
Survival Rate

Figgie et al. [11] 1989 19/NA NA 9.5 years

RATE OF
COMPLICATIONS: 52,6%
(10/19: 1 PJI, 6 superficial

skin necroses, 3 nerve
palsies, 7 postoperative

bleedings,
1 transfusion reaction).

NA

Kjaersgaard-
Andersen et al.

[12]
1990 13/19 38 3.6 years NA NA

Legroux-Gérot
et al. [13] 2003 17/12 39 4.5 years

RATE OF
COMPLICATIONS: 47%

(recurrent hemarthrosis in
6 patients and

development of an
anticoagulant in

2 patients).

NA

Sheth et al. [14] 2004 14/9 NA 6.4 years
RATE OF

COMPLICATIONS: 64.3%
(9/14).

NA

Innocenti et al.
[15] 2007 24/20 36 4.4 years NA NA

Chiang et al. [16] 2008 35/26 34.2 6.8 years

RATE OF
COMPLICATIONS: 7%
(3 patients underwent

MUA because of an
inadequate ROM; 3 PJIs).

NA
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Table 1. Cont.

Authors
[Reference]

Year
Number of

TKAs/Patients
Average Age

(Years)
Average

Follow-Up
Complications

TKA
Survival Rate

Massin et al. [17] 2009 128/NA NA NA

RATE OF
COMPLICATIONS: 7%

(3 skin necroses, 2 PJIs, 2
femoral fractures, 1

rupture of patellar tendon,
1 sciatic nerve palsy).

NA

Feng et al. [18] 2012 25/19 NA 3.4 years

RATE OF
COMPLICATIONS: 16%
(4 patients complained

mild but endurable
anterior knee pain).

NA

Westberg et al.
[19] 2014 107/74 NA 11.2 years

RATE OF
COMPLICATIONS: 6.5%

(PJI in 7 knees).

FIVE-YEAR: 92%.
TEN-YEAR: 88%.
With component
removal for any

reason as the
end point.

Strauss et al. [20] 2015 23/21 NA 8.3 years

RATE OF
COMPLICATIONS: 8.7%
(1 late PJI, and 1 aseptic

implant loosening; 9
patients who required

VY-quadricepsplasty for
knee exposure developed

a mean postoperative
extensor lag of 7◦).

NA

Rodriguez-
Merchan

[21]
2015 88/74 38.2 8 years

RATE OF
COMPLICATIONS: 10%

(PJI 6.8%; aseptic
loosening 2.2%).

92% (with
implant removal

for any reason
regarded as

final endpoint).

Ernstbrunner
et al. [22] 2017 43/30 58 18 years

RATE OF
COMPLICATIONS: 12%
(5 hematogenous PJIs).

20-YEAR: 59%
(with revision for
any reason as the

endpoint).
20-YEAR: 82%

(with infection as
the endpoint).

Szmyd et al. [23] 2017 40/35 36.7 1.6 years NA NA

Song et al. [24] 2018 131/NA 41 6.8 years

RATE OF
COMPLICATIONS: 13%

(7 hemarthroses, 1 medial
collateral ligament injury,

2 stiffness, 3 PJIs,
4 periprosthetic fractures).

NA

Santos Silva et al.
[25] 2019 18/15 NA 11.3 years

RATE OF
COMPLICATIONS: 27.8%

(2 PJIs, 2 prosthesis
stiffness, 1 recurrent

hemarthrosis).

10-YEAR: 94.3%
(with prosthesis

removal as
end point).

Oyarzun et al.
[26] 2020 41/22 NA NS

RATE OF
COMPLICATIONS: 6.6%

(6 PJIs).
5-YEAR: 92%

Bae et al. [27] 2020 78/56 38.7 10.2 years
RATE OF

COMPLICATIONS:
15.4%.

10-YEAR: 97.1%.
13-YEAR: 93.2%.

Kleiboer et al.
[28] 2022 98/NA NA NA

RATE OF
COMPLICATIONS: 25%

(major bleeding).
NA
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Table 1. Cont.

Authors
[Reference]

Year
Number of

TKAs/Patients
Average Age

(Years)
Average

Follow-Up
Complications

TKA
Survival Rate

Wang et al. [29] 2022 32/28 NA 5.1 years
RATE OF

COMPLICATIONS:
15.6%.

NA

Chen et al. [30] 2022 103/75 32.3 6.5 years
RATE OF

COMPLICATIONS:
3.9% (PJI).

10-YEAR: 88.6%.

NA = Not available; PJI = Periprosthetic joint infection; MUA = Mobilization under anesthesia; ROM = Range
of motion.

Figure 1. Rates of complications of total knee arthroplasty (TKA) in people with hemophilia (PWH)
from 1989 to 2022. In 2015 there were two articles ((1) and (2)), while in 2022 there were three articles
((1)–(3)).

Figure 2. Rates of postoperative bleeding after total knee arthroplasty (TKA) in people with
hemophilia (PWH) from 1989 to 2022.
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Figure 3. Rates of periprosthetic joint infection (PJI) after total knee arthroplasty (TKA) in people
with hemophilia (PWH) from 1989 to 2022. In 2015 there were two articles [(1) and (2)].

Figure 4. 10-year-, 13-year- and 20-year-rates of implant survival of total knee arthroplasty (TKA) in
people with hemophilia (PWH) from 2014 to 2022.

3.2. Venous Thromboembolism (VTE)

In 2019, Peng et al. reported a 1.5% prevalence of clinically significant VTE in PWH
experiencing TKA without chemoprophylaxis and a modified coagulation factor substitu-
tion [31]. They affirmed that given the low incidence of clinically significant VTE in their
study, routine chemoprophylaxis in PWH experiencing TKA might not be required [31].

3.3. Arterial Pseudoaneurysms

An arterial pseudoaneurysm must be suspected when after the surgical procedure
there is severe bleeding that does not cease with adequate management with intravenous
injection of the deficient coagulation factor [32,33]. The diagnosis and treatment of a
pseudoaneurysm have to be done quickly to prevent complications. The diagnosis must be
confirmed by duplex ultrasonography (US), standard angiogram, computed tomography

48



J. Clin. Med. 2022, 11, 6244

(CT) angiogram or magnetic resonance angiography. There are several options for the
treatment of pseudoaneurysms. Small pseudoaneurysms can be solved with conservative
noninterventional treatment. It includes outside pressing, US probe pressing or US-guided
thrombin injections. In bigger pseudoaneurysms, endovascular techniques, such as coil
embolization, are now favored. If the aforementioned techniques are futile, standard surgical
treatment with simple ligation or arterial reconstruction have to be performed [32,33].

3.4. Case Reports
3.4.1. Intraoperative Popliteal Artery Injury

In 2017, Feng et al. reported the case of a 48-year-old male subject with severe
hemophilia A and stiff knees that experienced bilateral TKAs [34]. Left popliteal artery
injury was detected at the end of the left TKA. Urgent angiography confirmed the diagnosis
of the left popliteal artery transection. With clotting FVIII replacement treatment, open
repair was carried out by end-to-end vascular bypass with the autograft of the large
saphenous vein. Left lower limb was reperfused 4 h after the beginning of the ischemia.
The subject recovered uneventfully. Postoperative Doppler examination demonstrated the
left popliteal artery remained patent [34].

3.4.2. Brucella Infection

In 2017, Mortazavi et al. reported a 28-year-old man with Brucella infection of TKA,
who at first experienced conservative management but then required a two-stage revision
TKA [35].

3.4.3. Postoperative Flexion Contracture

In 2021, Liawrungrueang et al. reported the successful treatment of flexion contracture
after primary TKA in a 20-year-old-man with hemophilia A by open soft tissue contracture
releasing and serial casting [36]. Table 2 summarizes the complications of TKA in PWH.

Table 2. Complications of total knee arthroplasty (TKA) in people with hemophilia (PWH).

Complications

Postoperative bleeding

Early hematoma

Arterial pseudoaneurysm

Periprosthetic joint infection (PJI)

Superficial skin necrosis

Inadequate range of motion (ROM): postoperative extensor lag, stiffness, postoperative flexion contracture

Periprosthetic fracture

Nerve palsy

Popliteal artery injury

Rupture of the patellar tendon

Medial collateral ligament (MCL) injury

Heterotopic ossification

Deep vein thrombosis (DVT)

Pulmonary embolism

Transfusion reaction

Acquired immunodeficiency syndrome (AIDS)

Development of an inhibitor

Mild but endurable anterior knee pain

Aseptic loosening
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3.5. Is Drain after TKA Necessary?

In a prospective study, Haghpanah et al. compared the outcomes of drain protocol
(42 TKAs in 39 subjects, mean age 35.5 years) with no-drain-protocol (38 TKAs in 27 subjects,
mean age 35.7 years) [37]. Patients were followed for at least 1 year. There was no statistical
difference between the two groups in terms of knee scores, blood loss, postoperative pain,
fever, time to regain the ROM and infection. Two subjects in the drain group and one
subject in the no drain group were reoperated due to PJI. No subjects required blood
transfusion in each group [37]. In a prospective randomized clinical trial, 176 subjects
with hemophilia who experienced TKA were analyzed by Mortazavi et al. [38]. The study
group consisted of 88 subjects (108 knees) in which we did not insert suction drain and the
control group included 88 subjects (106 knees) in which drain was inserted at the end of
the surgery. No differences in the mean VAS value between both groups were observed.
Mortazavi et al. concluded that there was no basis for the utilization of drain after primary
TKA in PWH [38].

3.6. Special Scenarios
3.6.1. Computer-Navigated TKA

In 2013, Cho et al. assessed the outcomes of 27 computer-navigated TKAs in 25 patients
with hemophilic arthropathy [39]. The clinical results were substantially ameliorated after
the surgery. There were no adverse events specific to the computer-navigated TKA [39].

3.6.2. Robot-Assisted TKA

In 2016, Kim et al. assessed 32 robot-assisted TKAs in 29 hemophilia subjects [40]. The
mean follow-up period was 5 years. Adverse events included early hematoma in three
knees, heterotopic ossification in three knees, and PJI in two knees [40].

3.6.3. TKA in Patients with Inhibitors

In 2021 Carulli et al. assessed the results of 18 hemophilic patients with inhibitors
(26 TKAs) [41]. Subjects were divided in two groups: group A (primary total TKA): 13 sub-
jects underwent 19 TKAs; and B (revision): 5 subjects underwent 3 revision TKAs. All
subjects received the same hematological prophylaxis (recombinant factor VII activated-
rFVIIa). The median follow-up was 12.2 years for group A, 8.6 years for group B. Few
adverse events were found; the survival rate was 94.7% at 15 years. All patients reported
satisfaction, pain alleviation and ameliorated functional ability. The use of continuous
infusion of rFVIIa showed an appropriate hemostatic effect and low percentage of com-
plications. Revision TKAs were more susceptible to complications compared to primary
TKA [41].

3.6.4. Simultaneous Bilateral TKA

A study showed that bilateral TKA was a safe and cost-effective procedure for
hemophilic arthropathy with similar medium-run outcomes compared to unilateral TKA [42].

3.6.5. Medicare Beneficiaries with a Diagnosis of Hemophilia

A study found that adverse medical events were more common among PWH: postoper-
ative bleeding, deep vein thrombosis (DVT), pulmonary embolism and blood transfusions.
PWH showed higher odds of PJI (1.78 versus 0.98%). Reimbursements of 90 days were
higher for subjects with hemophilia (mean: $22,249 versus $13,017) [43].

3.6.6. TKA for a Stiff Knee of PWH

In a study, 67 primary TKAs for PWH (mean age, 48 years) were carried out, and
incisional approaches to joint were standard (58 cases) and V-Y quadricepsplasty (V-Y)
(9 cases). Preoperative ROM and flexion were significantly associated with V-Y. Ono et al.
affirmed that primary TKA for PWH utilizing a standard approach might be carried out
before the phase preoperative flexion < 45◦ and ROM < 35◦ [44].
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3.7. Comparative Studies
3.7.1. Continuous Infusion versus Bolus Injection

In 2017 Park et al. assessed the efficacy of continuous infusion (CI) of coagulation factor
concentrates during the perioperative period compared to bolus infusion (BI) [45]. A total of
42 TKAs were carried out in 31 subjects with severe hemophilia A. Although good control
of hemostasis was accomplished utilizing either method during the perioperative period of
TKA, CI appeared to be more tolerable and effective than BI to provide perioperative blood
management in PWH experiencing TKA [45].

3.7.2. Hemophilia versus Non-Hemophilia

In 2011 Sikkema et al. compared the outcomes of TKA in subjects with and without
hemophilia retrospectively [46]. The adverse events and long-run outcomes of 21 TKAs car-
ried out in 22 hemophilia subjects were compared with those of 42 TKAs in subjects without
hemophilia. Subjects were matched for gender, year of surgery and age. Hemarthrosis
happened in 52% of the TKAs carried out in the hemophilia subjects, while hemarthrosis
occurred in 7% of the TKAs of the control group. In the hemophilia group, the rate of PJI
was 7%, while it was 13% in the control group. Subjective function was good in 76% of
TKAs in hemophilia subjects versus 71% in TKAs in controls [46].

In 2019 Wang et al. assessed the risk of complications of PWH who experienced TKA
utilizing information from the National Health Insurance Research Database [47]. PWH had
longer LOS and greater total hospital expenses compared to people without hemophilia.
There were no differences between the rates of adverse events of 30 days and 90 days, a PJI
of 1 year, reoperation and mortality between PWH and people without hemophilia [47].

3.7.3. Hemophilia versus Osteoarthritis and Rheumatoid Arthritis

In 2020 Li et al. analyzed the adverse events of 2083 TKA in 1515 PWH compared with
osteoarthritis (OA) and rheumatoid arthritis (RA) [10]. The overall rate of adverse events
in the hemophilic arthropathy group was 21.79%, which was much greater than the OA or
RA group (7.08% and 8.70%, respectively). The main adverse events were loosening of the
implant and wound dehiscence. For PWH, more adverse events happened in the period
more than 1 year after TKA, when compared with OA (33.33% vs. 11.43%). Among the
potential risk factors, subjects with hemophilia B and severe hemophilia had substantially
greater percentages of adverse events [10].

3.8. Meta-Analysis

In 2016 Moore et al. published a meta-analysis of 20 studies (336 TKAs in 254 PWH).
The mean follow-up was 6.3 years. Statistically significant ROM improvements were
encountered. Knee scores showed statistically significant improvements. A 31.5% rate of
adverse events was found [48].

4. Discussion

TKA is contemplated as the management of choice for end stage arthropathy in PWH.
Compared to other subjects experiencing TKA, PWH have specific characteristics, such as a
bleeding trend, younger age, preoperative limited ROM, altered anatomy, and increased
adverse events [1]. The use of a multimodal blood loss prevention approach that includes
intra-articular tranexamic acid (TXA) (MBLPM-TXA) in PWH who experience TKA is
effective in reducing the percentages of transfusion [49].

Perioperative treatment with expert orthopedic and hematological counsel is advised
to optimize results in PWH [50]. TKA (both primary and revision) should be carried out
in hospitals specialized in orthopedic surgery, physical and rehabilitation medicine, and
hematology [2].

A coagulation factor level <93.5% or hematocrit level of <38.2% might be a substantial
risk factor for increasing perioperative blood loss [51]. Adequate intra- and postoperative
care to avert postoperative residual contracture is needed in PWH [52]. In the last 30 years,
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there has been a decrease in the rate of TKA, probably indicating the impact of extensive
utilization of tertiary hematological prophylaxis [53].

It seems logical to think that inadequate hemostasis at the time of surgery will not
only cause the patient to bleed more in the postoperative period but will also increase the
risk of prosthetic infection (since blood is an excellent breeding ground for bacteria). Such
infection can appear more or less early, often leading to septic loosening of the implant. In
fact, it is well known that the average infection rate after TKA in PWH is 7% (compared to
1–2% in people without hemophilia). This would suggest that the percentage of prostheses
still in situ in the long term is probably lower in PWH than in persons without hemophilia,
since an average of 7 out of 100 prostheses in PWH can loosen due to infection versus 1–2
out of 100 in persons without hemophilia. In other words, although there is no irrefutable
evidence that inadequate hemostasis during surgery is the cause of late loosening of the
implant, in our opinion it seems a logical assumption that will undoubtedly have to be
confirmed in the future with clinical evidence.

The main limitations of this article are that although the major databases (PubMed,
Cochrane Library, Embase, Web of Science, and Google Scholar) have been used, it is not a
systematic review of the literature but a narrative review of the literature. Furthermore,
the selection of articles was carried out subjectively, considering only those closely related
to the title of the article. Therefore, it is possible that some important articles on the topic
were not included.

5. Conclusions

The rate of adverse events after TKA in PWH remains high (range 7% to 30%), al-
though it has improved during the last two decades, possibly due to better perioperative
hematologic treatment. However, prosthetic survival at 10 years has not changed sub-
stantially, being in the last 30 years approximately 80% to 90% taking as an endpoint the
revision for any reason. Survival at 20 years taking as an endpoint the revision for any
reason is 60%. It is possible that with an exquisite perioperative control of hemostasis in
PWH, the percentage of complications after TKA can be reduced.
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Abstract: Background: Considering the increasing number of young and active patients needing TKA,
orthopedic surgeons are looking for a long-lasting and physiological bond for the prosthetic implant.
Multiple advantages have been associated with cementless fixation including higher preservation of
the native bone stock, avoidance of cement debris with subsequent potential third-body wear, and
the achievement of a natural bond and osseointegration between the implant and the bone that will
provide a durable and stable fixation. Discussion: Innovations in technology and design have helped
modern cementless TKA implants to improve dramatically. Better coefficient of friction and reduced
Young’s modulus mismatch between the implant and host bone have been related to the use of porous
metal surfaces. Moreover, biologically active coatings have been used on modern implants such as
periapatite and hydroxyapatite. These factors have increased the potential for ingrowth by reducing
micromotion and increasing osteoconductive properties. New materials with better biocompatibility,
porosity, and roughness have been introduced to increase implant stability. Conclusions: Innovations
in technology and design have helped modern cementless TKA implants improve primary stability
in both the femur and tibia. This means that short-term follow-up are comparable to cemented. These
positive prognostic factors may lead to a future in which cementless fixation may be considered the
gold-standard technique in young and active patients.

Keywords: cementless; total knee arthroplasty; survivorship; biomaterials

1. Introduction

Total Knee Arthroplasty (TKA) has been widely recognized as the gold standard
treatment for end-stage knee osteoarthritis [1]. This procedure is performed in more
than 600,000 patients per year in the United States (US) and the number is projected to
remarkably grow by 2030 [2].

The current literature is debatable regarding the efficacy and results of cementless
TKA when compared to conventional cemented TKA. It has been often stated that press-fit
fixation performs similarly or worse than cemented fixation depending on the selection
criteria of patients [3,4]. Moreover, despite several cohort studies detecting comparable
outcomes between the two types of fixations, higher costs have limited the widespread dif-
fusion of cementless implants, leaving the conventional technique as the widely recognized
gold standard [5,6].

One of the greatest concerns regarding cementless fixation was the increased risk of
tibial component early aseptic loosening [7–10]. However, the development of new implant
designs and materials has turned cementless fixation into an interesting and reliable option,
especially in younger patients with good bone quality [11]. In addition, radiostereometric
analysis (RSA) showed promising results that will be thoroughly analyzed in the following
sections [12,13].

Despite the excellent reported outcomes of conventional cemented fixation, young
and active patients have been frequently associated with a higher risk for implant revision,
refs. [14–16] leading to a growing interest in a more durable fixation method.
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1.1. Mechanical Characteristics of Cementless TKA

Considering the increasing number of young and active patients needing TKA [17],
orthopedic surgeons are looking for a long-lasting and physiological bond for the prosthetic
implant.

Multiple advantages have been associated with cementless fixation including higher
preservation of the native bone stock, avoidance of cement debris with subsequent potential
third-body wear, and the achievement of a natural bond and osseointegration between
the implant and the bone that will provide a durable and stable fixation. This fixation is
based on the migration of osteoblasts and mesenchymal cells towards the implant and the
osseointegration through the roughened surface of the implant [18,19]. It has been reported
that the minimum requirement for pore size is considered to be approximately 100 μm
due to cell size, migration requirements, and transport. However, pore sizes >300 μm
are recommended, due to enhanced new bone formation and the formation of capillaries.
Moreover, considering that it has been shown that adequate primary stability is a pre-
requisite for a successful long-term fixation of uncemented implants [20], a rough surface
has a double effect: firstly, on primary stability by increasing the shear-load bearing capacity
at the bone-implant interface in the direct post-operative period [21,22], and secondly,
on secondary fixation providing a mechanical interlock between bone and implant [22].
However, careful attention must be taken when using a highly rough surface because of
potential complications related to the surgical procedure such as required higher insertion
forces that may lead to periprosthetic fracture [23] and malseating of the implant [24,25].
Indeed, primary fixation remains crucial in both influencing long-term fixation [26] and in
achieving osseointegration by limiting the amount of micromotions [27,28].

1.2. First Generation of Cementless TKA

First, the generation of cementless TKA has been associated with numerous design
flaws that led to early failure. When evaluating the prosthetic components, the femoral
component reached better outcomes than the tibial and patellar counterparts. Femoral
component failures were mainly associated with fatigue fractures of the thin areas [29].
Moreover, other pitfalls included the use of sintered beads or mesh coating, non-continuous
fixation surfaces, short pegs, poor polyethylene locking mechanisms, and sterilization meth-
ods, and the use of metal-backed patellar components that showed poor survivorship [9].

1.3. New Materials

Innovations in technology and design have helped modern cementless TKA implants
improve dramatically. The better coefficient of friction and reduced Young’s modulus
mismatch between the implant and host bone have been related to the use of porous metal
surfaces. Moreover, biologically active coatings have been used on modern implants such
as periapatite and hydroxyapatite. These factors have increased the potential for ingrowth
by reducing micromotion and increasing osteoconductive properties. New materials with
better biocompatibility, porosity, and roughness have been introduced to increase implant
stability.

1.3.1. Hydroxyapatite

Hydroxyapatite (HA) represented a promising material with the potential to achieve
biological fixation of implants. HA coating, in comparison to press fit fixation or porous
coating, is an osteoconductive calcium phosphate molecule that can encourage the biologi-
cal growth of the bone even in the presence of gaps or partially unstable conditions [30].
Moreover, similar micromotions at one to two years have been reported between HA-
augmented and cemented implants [31]. In addition, several clinical studies have shown
reliable fixation of HA-coated implants in TKA [32,33]. Nelissen et al. [33] compared
HA-coated cementless implants with non-coated and cemented TKA reporting better per-
formance in terms of micromotion in the HA and cemented groups in the longitudinal,
transverse, and sagittal axes. Similarly, Cross et al. [32], reported on 1000 HA-coated
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cementless TKA with a cumulative survivorship at ten years of 99% (95% confidence in-
terval [CI] 92.5 to 99.8), supporting the reliability of HA in cementless TKA. Finally, Voigt
et al. [34], after evaluating 14 randomized controlled trials (RCT), stated that in patients
< 70 years of age, an HA-coated tibial implant may provide better durability than other
forms of tibial fixation.

1.3.2. Trabecular Metal

More recently, Trabecular Metal™ (Zimmer Inc., Warsaw, IN, USA) (Figure 1), a
newer biomaterial made of tantalum, has been introduced as being similar in porosity to
cancellous bone. It has been extensively associated with excellent mechanical and biological
properties, including predictable ingrowth and osseointegration, primary stability, and
maintenance of bone mineral density (BMD). However, clinical results at the mid-to-long-
term follow-up with tibial monoblock components have been controversial [35–38]. In a
recent meta-analysis by Hu et al. [11] on six studies involving 977 patients, the authors
stated that the use of cementless porous tantalum monoblock tibial component achieved no
substantial superiority over conventional cemented modular tibia at the 5-year follow-up.
However, excellent mid-term outcomes have been reported by Niemeläinen et al. [39] on
1143 primary cementless TKAs based on the Finnish Arthroplasty Registry at a mean of
7 years follow-up. The authors reported a survivorship of 100% (95% CI 99–100) at 1, 5,
and 7 years postoperatively using revision for aseptic loosening of the tibial component as
an endpoint in a population-based setting.

Figure 1. Persona Posterior Stabilized and Medially Congruent cementless with tantalum coating
(Zimmer Biomet Inc., Warsaw, IN, USA).

To the best of the author’s knowledge, only a few RCTs have been performed at
different follow-ups. Dunbar et al. [40] compared the outcomes of porous monoblock and
cemented tibial components in 70 randomized patients at a 24-month follow-up. A subset
of the TM components migrated extensively in the postoperative period, but all stabilized
by one year with 0.0 implants (95% confidence interval, 0.0 to 0.12) considered to be at risk
for early aseptic loosening, whilst four cemented components were considered to be at risk
(proportion at risk, 0.19; 95% confidence interval, 0.08 to 0.4). The same cohort of patients
was then re-evaluated at a 5-year follow-up [12], reporting similar tibial motions between
the 2 groups (p = 0.9) and a similar proportion of implants “at risk” (2 of 18 in the cemented
group and 0 of 27 in the TM group; p = 0.2), suggesting that the TM implants provide
solid fixation at mid-term follow-up despite high levels of initial migration. Moreover,
Fernandez-Fairen et al. [41], randomized 145 patients into two groups receiving either a TM
cementless tibial component or a cemented conventional one reporting similar outcomes
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at a 5-year follow-up in terms of clinical scores, complication rate, and survivorship from
aseptic loosening. Similarly, Pulido et al. [42] randomized 397 patients and evaluated the
outcomes at a 5-year follow-up reporting that no highly porous metal tibial components
were revised for aseptic loosening and that they provided similar durable fixation and
reliable pain relief and restoration of function when compared with a traditional cemented
modular tibia in TKA. Finally, Hampton et al. [43] randomized 90 patients into receiving
either cementless TKA with TM monoblock tibial component or hybrid fixation TKA at
an up-to-15-year follow-up and reported better clinical outcomes (p = 0.001) and better
radiological analysis compared with the cemented group (p < 0.001) despite both groups
having excellent survivorship at the final follow-up.

Recently, modular trabecular metal tibial components have become available for
clinical use. Fricka et al. [44] randomized 100 patients to receive either the cementless or
cemented version (50 patients each) and evaluated survivorship and clinical outcomes at a
2-year follow-up. Despite comparable results, one implant in the cementless group was
revised due to implant-related failure; moreover, four other implants experienced a mean
3◦ varus subsidence and further stabilized with clear signs of osseointegration, while 15%
of the cementless implants (7 out of 47) reported some radiolucencies (RLL). The authors
assumed that the higher rate of RLL with respect to the non-modular design was probably
related to the stiffer titanium baseplate and inflexibility as compared to the flexibility of the
metaphyseal bone, suggesting further evaluation to determine their long-term stability.

1.3.3. BIOFOAM

BIOFOAM (Microport Orthopedics, Inc., Arlington, TN, USA) is a cancellous titanium
foam that can be manufactured to reach a porosity of up to 80% to increase mechanical
properties. Cancellous titanium is a porous reticulated titanium material developed for
load-bearing orthopedic implants with a compressive modulus similar to bone and it
shows improved material properties with increased porosity and friction coefficient which
enhances early stability and osseointegration [45]. Promising short-term outcomes have
been reported by Waddell et al. [46] in a retrospective cohort of patients with no cases of
implant-related failures and no progressive radiolucencies at 24-month follow-up. Further
analysis has been described by Karachalios et al. [45], who retrospectively evaluated two
groups of 54 patients treated with cemented and titanium cancellous-foam cementless
implants and reported comparable results at a 9-year follow-up, with no cases of implant-
related failures in the cementless group and satisfactory radiological outcomes.

1.3.4. Tritanium

A novel modular cementless tibial component (Triathlon® Tritanium®, Stryker Ortho-
pedics, Mahwah, NJ, USA) has been introduced. It is made up of a highly porous titanium
coating applied by 3-dimensional printing to create a biological fixation surface with a
triangular keel and 4 cruciform 9-mm-long pegs coated solely at the base of each peg. This
device has been compared in a cadaveric study with a two-peg TM monoblock baseplate
reporting reduced rocking motions and liftoff, supporting higher potentials for biological
fixation [47]. Clinical results on the same prosthetic implant have been retrospectively
reported by Miller et al. [6] on 400 patients with a revision rate due to aseptic loosening
of 0.5% at a minimum 2-year follow-up (comparable to the cemented control group) with
areas of increased bone density at the pegs of the tibial baseplate. In addition, the same
Tritanium implant has been tested in a consecutive series of 406 primary cementless TKA
in obese patients and matched 1:1 with a group of the same cemented implant, reporting a
high 7-year survivorship free from aseptic revision (99.0% vs. 99.5%, p = 0.665) [48]. Nam
et al. [29], prospectively randomized 147 patients (67 cemented and 80 cementless) and
evaluated the outcomes at a mean 2-year follow-up. The authors reported comparable
early outcomes in terms of clinical scores and survivorship with no signs of progressive
radiolucencies or component subsidence in either group.
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1.4. Implant Migration and RSA Analysis

Radiostereometric analysis (RSA) represents a valid method to evaluate implant
fixation to bone and early migration, especially within the first two postoperative years,
providing a prediction to long-term outcomes. Cementless fixation has shown a pattern
of high initial migration called “settling”, followed by stabilization after approximately
one year, compared with lower initial migration for cemented components [49]. However,
cemented fixation can be affected by late degenerative processes to the cement mantle
such as delamination that can compromise implant fixation [5]. Moreover, Pijls et al. [49]
reported a clinically relevant association between early migration, as measured with RSA,
and long-term clinical failure resulting in revision for aseptic loosening, stating that each
mm of migration was associated with an increase in the 5-year revision rate of 8%.

Laende et al. [50] compared the long-term migration of 79 patients with cemented
(58 TKA) and cementless (21 TKA) tibial components at a mean of 12 years postopera-
tively. The authors reported a significant correlation between one-year and long-term
migration, especially for cementless components. In addition, the long-term migration was
comparable but the inducible displacement (single-leg stance weight bearing) at 10 years
was significantly higher for the cemented components (0.2 [range, 0.2–0.4] vs. 0.1 [range,
0.1–0.2]; p < 0.001), suggesting at least equivalent, if not superior, long-term fixation of
the press-fit technique. Similar findings were detected by Henricson et al. [51] in their
RSA analysis at 10 years postoperatively between 26 TM tibial monoblock implants and
21 cemented counterparts. The authors reported that TM implants continued to be firmly
fixed to bone at the final follow-up, with stabilization from 3 months onwards after the
early initial migration, suggesting that the pattern of migration represents a more reliable
factor for analysis of the implant fixation than the magnitude of fixation itself. Therefore,
stabilization after the initial settling should be considered as a positive sign for long-lasting
fixation, conversely to continuous migration which represents an unfavorable sign. The
magnitude of migration at 1 year postoperatively should not be considered as an indicator
of potential future loosening of cementless implants. Similarly, Hasan et al. [52] evaluated
the RSA analysis of the novel 3D-printed highly porous Tritanium implants, randomizing
72 patients to receive either a cementless (35 patients) or cemented (34 patients) TKA. One
71-year-old female had to be revised for migration of the tibial component 20 months
postoperatively in the cementless group, however, despite a higher migration in the first
three months, all the press-fit implants resulted well stabilized at a two-year evaluation.
Conversely, three cemented implants were initially stable but showed continuous migration
between one and two years of follow-up. In addition, the authors reported that the novel
3D-printed cementless TKA showed promising results as the initial migration seemed to
be lower than other cementless designs, probably due to the additional four pegs of the
baseplate design.

1.5. Implant Loosening in Obese and Young Patients

The increasing interest in cementless TKA is additionally related to the higher failure
rate of cemented implants in particular subcategories of patients such as young, obese,
and active. The mechanisms of failure in obese patients are believed to be related with
increased sheer forces and stress at the bone–cement interface, leading to micromotion
and aseptic loosening or osteolysis [53]. Whiteside and Viganò [54], reported on a first
cementless generation implant comparing the outcomes at a mean of 7 years follow-up of
122 young and heavy patients (<55 years, >90 kg) with 122 older and lighter ones (>65 years,
<80 kg), showing no cases of implant loosening and no difference of implant survivorship,
suggesting that press-fit fixation is safe in young, overweight patients. In addition, Bagsby
et al. [53] retrospectively compared the outcomes in 292 morbidly obese patients (BMI > 40),
154 cemented TKA and 245 cementless. When evaluating aseptic revisions, the authors
reported a statistically significant higher incidence of aseptic loosening in the cemented
cohort (5.8%) compared with the cementless cohort (9 vs. 0 TKAs, p 1/4 0.005) at a mean
follow-up of 6.1 years in the former and 3.6 in the latter. Therefore, the authors suggested
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that cementless fixation may provide biologic bony ingrowth and a subsequent more
durable implant–bone interface, which may better tolerate the added mechanical stress
generated in this population. Similarly, Sinicrope et al. [55] retrospectively compared
108 cementless TKA with 85 cemented, all in morbidly obese patients (BMI > 40). The
authors noted survivorship with aseptic loosening as the endpoint of 99.1% (1 failure) in the
former and 88.2% (16 failures) in the latter at a 8-year follow-up (p = 0.02), suggesting that
cementless fixation may represent a promising alternative to mechanical cement fixation in
this category of patients.

Regarding the outcomes in young patients (<55 years), Kim et al. [56] compared, in a
prospective high-quality RCT, cemented and cementless implants in bilateral, sequential,
and simultaneous TKAs in 80 patients at a mean follow-up of 16.6 years using a first
generation cementless device. The authors noted comparable results in terms of clinical
outcomes and implant survivorship with one (1.3%) reported case of early mechanical
failure (within the first year) in the cementless group. However, the difference was not
significant, suggesting a reliable survivorship in young patients in the long-term for both
investigated implants. Furthermore, the same group of authors [57] reported a mean follow-
up of 23.8 years of 261 patients (522 knees) which randomly underwent simultaneous
bilateral TKA with cementless and cemented implants and reported comparable outcomes
with 97% and 98% survivorship, respectively. The prevalence of aseptic loosening and
osteolysis were similar in both groups, suggesting no substantial differences between the
two fixation techniques.

1.6. Best Biology for Secondary Fixation

It has been reported that thermal injury to bone is time and temperature dependent,
with temperatures below 44◦ not being associated with osseous injury but with tempera-
tures between 47◦ and 50◦ that are maintained for more than 60 s being associated with
bone reabsorption and osteonecrosis, increasing the risk of early migration and subsequent
failure [49]. A cadaveric study by Vertullo et al. [58] showed that the modern tibial cement-
ing technique has been associated with temperatures below the safety cutoff, despite the
narrow thermal safety margin for osseous injury of 4.95◦ (95% CI ± 4.31) and that cement
penetration depth did not correlate with the maximum cement temperature. Moreover,
besides the thermal damage potentially generated by cement polymerization, thermal
osteonecrosis could be induced by the heat generated by cutting tools such as a saw or
burr. Tawy et al. [59] reported in a cadaveric study that mean bone temperatures above
47◦ were maintained for more than 60 s in non-irrigated bone as well as in bone burred
with room temperature irrigation, while uncooled irrigation was effective in reducing the
mean temperature of sawed bone to <47◦ (p < 0.05) and the usage of cooled irrigation
would prevent the bone from reaching temperatures beyond 47◦, either in burred or sawed.
Therefore, the authors suggested that irrigation with saline solution at room temperature is
effective in reducing the likelihood of thermal osteonecrosis in sawed bone.

1.7. Our Surgical Technique Tips

We start with tibia resection, using a 1.27 mm saw blade and we irrigate it with saline
water at room temperature, while also trying not to spend so much time on the resection
in order to not warm up the bone. In our opinion, reducing the time for cutting, blade
thickness, irrigation with saline water, and bone pre-cooling are very good tips to not
overheat the bone. Minimizing heat shock is important because thermal necrosis at 60◦ can
cause an immediate cellular depletion and a slow cell recovery [60]. After the resection,
the tibia plane should be symmetric and flat. Distal femur resection is performed with the
same irrigation and sawing technique. Once again, the flatness of the surface is primary to
avoid no contact areas with the implant. After appropriate femoral sizing, different from
the original technique, we start from chamfer resections and AP are made later on. We
believe the “chamfer first” technique is crucial to avoid imperfect femur resection, which
can be the reason why the implant does not seat very well into the bone.
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AP resections are parallel cuts and they are less sensitive to small micro-movements
of the jig. After that, we complete the posterior condylar resection, changing the saw with
a thinner one for the posterolateral bone resection in order to save the popliteus ligament.

The next step is the research of the optimal fit of the baseplate in tibial sizing, close
to the cortical ream. After tibial sizing, we complete the tibia by reverse drilling where
the bone is softer and normal drilling where the bone is harder. At the end, the impaction
of the tibia baseplate should be symmetric: medial and lateral, anterior, and posterior.
During the femur implantation, the surgeon must raise the hand while pushing the femoral
component. The aim is to achieve no space area around the corner of the femoral component
prosthesis, even if less than 2 mm of gap is accepted. Knee stability is tested throughout a
complete ROM. At last, we use the intraoperative “pull-out lift-off” (POLO) test to check
the appropriate tension of PCL.

1.8. Short Term Follow Up of a Novel 3D Printed Cementless TKA

Among the 370 primary total knee replacements performed in the period 2021 to 2022
at our institution, 127 received GKS prosthesis and they were included in a perspective
study, 60 patients received a 3D-printed cementless TKA (Figure 2). All the patients were
evaluated at 3, 6, and 12 months by recording the VAS score, the Oxford Knee Score, the
Knee Society Score, and the Forgotten Knee Score. No significant differences between the
two groups were reported. The mean time to reach a VAS score < 3 was 6 months in 70%
of the patients. The mean FJS was 67 at 3 months, 76 at 6 months, and 79 at 12 months
post-operatively.

Figure 2. GKS Prime Flex Traser (Permedica, Merate, Italy).

1.9. Cost Analysis

Cementless implants are surely more expensive than their cemented counterparts, po-
tentially creating an obstacle to their diffusion in a cost-sensitive health system. Moreover,
considering that prosthetic implants account for the single largest expense in the 90-day
episode of care for TKA, making up about 25% of the total cost, the use of higher-cost
implants may be limited or restricted [61]. However, Laurie et al. [62] compared 80 cement-
less and 67 cemented single-design TKA and showed that although the general cost of
cemented TKA implants is lower than the cementless, the actual cost of the procedure is
less for the press-fit technique when considering the costs of operating theatre time, cement,
and cementing accessories. Indeed, despite the increased charge of USD 366 between the
two implants, the authors reported longer operative time for cemented TKA (11.6 min at
USD 35 per minute; p = 0.001) with cement and accessories costs ranging from USD 170
to USD 625 reaching an additional cost related to the cementation of USD 588 to USD
1043. Similar findings were reported by Yayac et al. [63] among 2426 TKA, with higher
cementless implant costs (USD 3047.80 vs. USD 2808.73, p < 0.0001) but lower supply
costs (USD 639.49 vs. USD 815.57, p < 0.0001) and lower operating room personnel costs
(USD 982.01 vs. USD 1238.26, p < 0.0001) outlined that, at their institution, cementless TKA
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did not significantly increase total procedural costs when compared to traditional cemented
TKA. Conversely, Gwam et al. [64] reported on a National Inpatient Sample (NIS) analysis
of 167,930 TKAs that cementless TKA (4870) was associated with higher inpatient hospital
costs (USD 17,357 vs. USD 16,888) and charges (USD 67,366 vs. USD 64,190; p < 0.001),
despite its association with a lower mean length of stay (2.63 vs. 2.71 days; p < 0.001), and
higher odds of being discharged to home (OR = 1.99; p = 0.002).

2. Conclusions

There are large amounts of proof that innovations in technology and design have
helped modern cementless TKA implants improve primary stability in both the femur and
tibia. This means that short-term and mid-term revision rates are comparable to cemented
implants [65]. All of these positive prognostic factors may lead orthopedic surgeons into a
future where cementless fixation may be considered the gold-standard technique in TKA
in young and active patients.
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Abstract: Background: Joint replacement surgeries have been known to be some of the most painful
surgical procedures. Therefore, the options for postoperative pain management are of great im-
portance for patients undergoing total knee arthroplasty (TKA). Despite successful surgery, up to
30% of the patients are not satisfied after the operation. The aim of this study is to assess pain
development within the first 4 weeks after TKA in order to gain a better understanding and detect
possible influencing factors. Methods: A total of 103 patients were included in this prospective
cohort study. Postoperative pain was indicated using a numeric rating scale (NRS). Furthermore,
demographic data and perioperative parameters were correlated with the reported postoperative
pain. Results: The evaluation of postoperative pain scores showed a constant decrease in the first
postoperative week (mean NRS score of 5.8 on day 1 to a mean NRS score of 4.6 on day 8). On
day 9, the pain increased again. Thereafter, a continuous decrease in pain intensity from day 10 on
was noted (continuous to a mean NRS score of 3.0 on day 29). A significant association was found
between postoperative pain intensity and gender, body mass index (BMI), and preoperative leg axis.
Conclusions: The increasing pain score after the first postoperative week is most likely due to more
intensive mobilization and physiotherapy in the rehabilitation department. Patients that were female,
had a low BMI, and a preoperative valgus leg axis showed a significantly higher postoperative pain
scores. Pain management should consider these results in the future to improve patient satisfaction
in the postoperative course after TKA.

Keywords: total knee arthroplasty; postoperative pain; numeric rating scale; influencing factors

1. Introduction

Knee osteoarthritis causes pain and limited mobility. Hence, it is the main indication
for total knee arthroplasty (TKA). TKA relieves pain, improves mobility, and thus increases
quality of life. In Germany, primary TKA is one of the most frequently performed surgical
procedures [1]. The total number of TKA procedures in Germany is expected to increase
by 45%, from 168,772 procedures in 2016 to 244,714 procedures in 2040 [2]. As a result,
it is all the more important that this stressful surgical procedure is successful for the
patients. Surgical procedures are influenced by many factors, including patient and surgeon
preferences. Pain is the most important factor in patient satisfaction [3]. Most patients
achieve postoperative pain reduction with a good clinical outcome [1]. 10–20% of patients
are dissatisfied with the surgical outcome and report persistent chronic pain postoperatively
(CPSP) [4]. This can lead to delayed mobilization, a longer duration of hospitalization, and
thus higher costs for the health care system. Therefore, multidisciplinary pain management
is of high significance. It is crucial to have a better understanding of this dissatisfaction
and the factors that influence it. Patients with early postoperative persistent pain had a
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lower chance of being pain-free after one year than patients who reported no or only little
pain. [5]. A detailed assessment of the postoperative pain course with a pain curve has not
been performed up to now. The early postoperative phase and the rehabilitation phase
both represent a particular challenge for patients and their reintegration.

Prolonged postoperative pain leads to increased consumption of analgesics and a
longer rehabilitation stay. Therefore, the aim of this study is to evaluate postoperative pain
development and detect possible factors influencing postoperative pain after TKA.

2. Material and Methods

This work is a prospective study of a single center of orthopedic surgery at a university
hospital, including patients undergoing primary TKA between October 2020 and July 2021.
The patients were enrolled on the day of preoperative preparation, which in our department
usually takes place a few days before the surgical performance.

Patients received cemented PFC Sigma (Depuy Synthes, Warsaw, IN, USA) or ce-
mented nickel-free NexGen® knee prostheses (Zimmer Biomet Inc., Warsaw, IN, USA).
Patellar resection arthroplasty with circumpatellar electrocautery and osteophyte removal
was performed on all of the patients. Patellar resurfacing was not performed. Patients
who received primary TKA, anesthesia via peripheral nerve block, sedation with propofol,
and inpatient rehabilitation in our department were included in the study. The follow-
up for patients became easier as the rehabilitation treatment was standardized. Patients
with chronic pain syndromes preoperatively and/or an intraoperative change to general
anesthesia were excluded.

A standardized pain management regimen was given to all patients: Preoperatively,
patients were given 7.5 mg of midazolam orally one hour before surgery. The psoas
compartment block was performed with 20 mL of ropivacaine 0.75% and the ischiatic nerve
proximal dorsal block (transgluteal) with 20 mL of prilocaine 1%. The peripheral nerve
block was placed using neurostimulation, and the feedback was expected to be a twitch of
the leg. During surgery, patients were sedated with propofol. In the intermediate care unit,
10 mL of ropivacaine 0.75% were administered to the patients via the psoas block at regular
intervals during the first 12 h after surgery. Furthermore, patients use the pain catheter at
45 min intervals with 10 mL of ropivacaine 0.75% if needed. In cases of severe pain, the
ischiatic nerve block was maintained with ropivacaine 0.2 6 mL/hr.

The standard oral analgesic medication, which was also given during the analgesic
therapy via catheter, was metamizole 500 mg four times daily and ibuprofen 600 mg three
times daily. In case of pain exacerbation, tramadol 100 mg (40 gtt) was provided, which
could be repeated after 30 min when the NRS was 3–6. Also, oxycodone 20 mg could be
given and repeated after 1 h in the case of an NRS of 7–10. If the patient used all therapy
options, the standard analgesic medication was adjusted. Cold packs were also provided
for the knee. Full weight bearing with crutches was allowed directly after surgery.

The preoperative clinical status and the results one week and four weeks postopera-
tively were evaluated according to the Knee Society Score and Function Score (KSS and FS) [6].

A whole-leg radiograph was performed preoperatively and a few days after surgery.
The measured radiographic parameters included the anatomical axis of the leg. It connects
the anatomical femoral axis with the anatomical tibial axis and forms a physiological angle
of 5◦ to 10◦ valgus. A positive degree value corresponds to a valgus position, a negative
one to a varus position.

All patients documented their postoperative pain four times a day (morning, lunchtime,
evening, and nighttime) and the maximum pain of the day using the numerous rating scale
(NRS 0 = no pain; 10 = worst imaginable pain). In our department, the patients received
physiotherapy once a day, including continuous passive motion (CPM) therapy. They got
an intense rehabilitation program during the following stationary rehabilitation.

The study was approved by the local ethics committee (16-101-0204). Information was
supplied to all potential patients, and participation was voluntary. A written informed
consent was received from every subject.
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IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA) was used for analysis. De-
mographics and clinical characteristics were presented as means and standard deviations.
Predictors of postoperative pain were analyzed using linear regression models. Leg axis
and function scores were evaluated using paired t-tests. A p-value < 0.05 was considered
as statistically significant.

3. Results

Initially, 139 patients were included in the study. 15% of the initial data could not be
used because of incomplete/missing pain sheets (n = 7), discontinuation of rehabilitation
treatment due to SARS-CoV-2 infection/contact (n = 8), or a second surgical procedure on
account of a complication (n = 3). The complications that led to a revision surgery included
wound healing disorder (n = 1), early infection (n = 1), and arthrofibrosis (n = 1). Finally, a
participation rate of 85% (n = 103) was achieved.

The mean age of patients was 66.5 ± 8.7 years. Most of the patients were female (n = 56,
54.4%). According to the classification of the World Health Organization (WHO), 8.7% of
the patients were of normal weight, 34% were pre-obese, and 57.3% were obese. Indications
for performing TKA were osteoarthritis (88.3%) and post-traumatic osteoarthritis (11.7%).
In general, 29.1% underwent a knee arthroscopy preoperatively and 32% had already a total
hip or contralateral knee arthroplasty before. One third of the patients (35%) took painkillers
daily, 35.9% casually, and 29.1% of the patients did not take any painkillers preoperatively.
Most patients (68%) had an ASA score (American Society of Anesthesiologists) of 2, 22.4%
had an ASA score of 3, and 9.7% had an ASA score of 1.

The mean duration of surgery was 82.7 ± 18.6 min (minimum 47, maximum 150).
84.5% received a cemented PFC Sigma total knee arthroplasty, and 15.5% received a ce-
mented nickel-free NexGen implant. 61.2% of the operations were computer-assisted, and
38.8% were conventional TKAs.

The pain catheter was removed at day 2.7 + 0.71 (min 1, max 5 days) on average.
The mean anatomical axis of the leg showed a significant difference from 4.3 ± 7.2◦

(min −1◦, max 25◦) preoperatively to 7.2 ± 3.4◦ (min −2◦, max 16◦) postoperatively
(p = 0.001).

The clinical outcome showed a preoperative KSS of 46 ± 15 points and FS of 56 ± 16 points,
1 week postoperatively 61 ± 16 (p = 0.001) and 41 ± 17 (p = 0.001), and after 4 weeks 69 ± 17
(p = 0.001) and 55 ± 11 (p = 0.735). Accordingly, the improvement was significant even
without the last FS.

In the following postoperative period, the mean pain score was measured on days
1 to 29 (Table 1; Figure 1). The maximum and minimum pain of the day, documented by
the patients, were then evaluated (Figure 2). In general, influencing factors were sex, BMI,
and anatomical axis. Female gender (Figure 3), low BMI, and valgus leg axis showed a
significant correlation with more severe postoperative pain scores. In contrast, age, ASA
score, surgical duration, KS score, and FS score did not influence the pain score (Table 1).

Table 1. Linear regression of pain after TKA, based on mean pain levels of the first postoperative week
in the acute hospital (T1), the second week until the fourth postoperative week in the rehabilitation
unit (T2), and the total analyzed postoperative time (T3); KSS1: knee society score preoperative; FS1:
functional score preoperative; KSS2 and FS2 after one week in the acute hospital; and KSS3 and FS2
after four weeks in a rehabilitation unit.

Predictor B (95% CI) p-Value R2 Value

Sex

T1 −0.999 (−1.84, −0.16) 0.020 −0.257

T2 −1.548 (−2.41, −0.69) 0.001 −0.375

T3 −1.417 (−2.23, −0.61) 0.001 −0.362
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Table 1. Cont.

Predictor B (95% CI) p-Value R2 Value

Age

T1 −0.026 (−0.08,0.02) 0.280 −0.118

T2 −0.026 (−0.08, 0.02) 0.290 −0.112

T3 −0.027 (−0.07, 0.02) 0.250 −0.121

BMI

T1 −0.105 (−0.19, −0.03) 0.010 −0.309

T2 −0.124 (−0.21, −0.04) 0.003 −0.343

T3 −0.120 (−0.20, −0.04) 0.003 −0.349

ASA Score

T1 0.311 (−0.44,1.06) 0.409 0.089

T2 0.669 (−0.09,1.43) 0.085 0.180

T3 0.589 (−0.13,1.31) 0.110 0.166

Surgical duration

T1 0.004 (−0.02,0.03) 0.768 0.035

T2 0.017 (−0.01,0.04) 0.166 0.158

T3 0.014 (−0.01,0.04) 0.236 0.134

Paincatheter duration

T1 0.026 (−0.50, 0.56) 0.922 0.010

T2 0.251 (−0.29, 0.79) 0.359 0.087

T3 0.203 (−0.31,0.71) 0.432 0.075

Previous surgery

T1 0.037 (−0.85, 0.92) 0.935 0.009

T2 −0.413 (−1.31, 0.49) 0.366 −0.091

T3 −0.303 (−1.16, 0.55) 0.483 −0.071

Operation type

T1 0.387 (−0.39, 1.17) 0.328 0.097

T2 0.377 (−0.45, 1.21) 0.369 0.089

T3 0.380 (−0.41, 1.17) 0.340 0.095

Anatomical axis 1

T1 0.065 (0.01, 0.12) 0.020 0.240

T2 0.062 (0.01, 0.12) 0.030 0.215

T3 0.061 (0.01,0.11) 0.022 0.226

Anatomical axis 2

T1 0.026 (−0.09, 0.14) 0.648 0.044

T2 0.008 (−0.11, 0.12) 0.888 0.013

T3 0.014 (−0.09, 0.12) 0.794 0.024

KSS 1

T1 0.011 (−0.01,0.04) 0.378 0.086

T2 −0.004 (−0.03, 0.02) 0.733 −0.032

T3 −0.001 (−0.03,0.02) 0.961 −0.005
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Table 1. Cont.

Predictor B (95% CI) p-Value R2 Value

FS 1

T1 −0.002 (−0.03, 0.02) 0.897 −0.014

T2 −0.006 (−0.03, 0.02) 0.666 −0.046

T3 −0.005 (−0.03, 0.02) 0.694 −0.042

KSS 2

T1 −0.027 (−0.06, 0.00) 0.055 −0.231

T2 −0.027 (−0.06, 0.00) 0.064 −0.214

T3 −0.027 (−0.05, 0.00) 0.051 −0.225

FS 2

T1 −0.012 (−0.05, 0.02) 0.476 −0.073

T2 −0.018 (−0.05, 0.02) 0.292 −0.104

T3 −0.016 (−0.05, 0.02) 0.319 −0.098

KSS 3

T1 −0.007 (−0.03, 0.02) 0.612 −0.060

T2 −0.008 (−0.04, 0.02) 0.577 −0.064

T3 −0.008 (−0.03, 0.02) 0.549 −0.068

FS 3

T1 0.009 (−0.03, 0.05) 0.655 0.052

T2 0.022 (−0.02, 0.06) 0.276 0.122

T3 0.019 (−0.02, 0.06) 0.326 0.109

Figure 1. Graph represents the mean pain and maximum pain on days 1–29 on an NRS scale. The
mean pain calculation is based on morning, lunchtime, evening, and nighttime pain values.
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Figure 2. Graph represents the morning, lunchtime, evening, and nighttime pain on days 1–29 on an
NRS scale.

Figure 3. Boxplot over the total analyzed postoperative time and gender (w = women; m = men).

4. Discussion

4.1. Postoperative Pain Course

Overall, postoperative pain decreases significantly after TKA. In the first postoperative
week, the lowest pain scores were on day 8 with an NRS of 4.6. This increased to 4.8 on
day 9. The reason for the increase in pain progression may be related to the start of the
intensive rehabilitation program. Subsequently, there was a constant decrease in the pain
level from day 10 to day 29. Another study showed a comparable mean maximum pain
of 5.44 ± 1.83 on the first postoperative day [7]. Here, the NSR was 5.8 ± 2.8. An increase
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from the middle of the first postoperative week to the end of the week had already been
observed in another study [8].

An identical study design has already been published for primary total hip arthroplasty.
They described the postoperative pain over a course of four weeks as well as possible factors
influencing pain intensity after primary total hip arthroplasty [9]. Comparable to our study,
the pain intensity was lowest on day 8, with an NSR of 2.3, and increased to 2.6 on day 9,
when they were transferred from the acute hospital to the rehabilitation unit.

There are numerous studies that have compared preoperative pain with postoperative
pain outcomes. High preoperative knee pain, anxiety, and anticipated pain were the
most important predictive factors and had the most influence on satisfaction one year
postoperatively [10]. None of the studies found a correlation between preoperative KSS/FS
and postoperative pain intensity.

In the future, special attention should be paid to the timing of increasing pain, as
the high rate of chronic postoperative pain (CPSP) is alarming. High postoperative pain
scores are associated with a higher likelihood of developing CSPS 3 months to a year after
the operation [3]. If the pain curve increases by more than 2.8 points, the probability is
33.3% 1 year postoperatively [11]. This study shows the greatest increase in pain on the
first day of rehabilitation. However, it confirms that the first few weeks after surgery are
the most critical.

4.2. Gender of the Patient

When analyzing gender as a possible predictor of postoperative pain intensity, women
reported significantly higher pain scores at each surveyed level. This difference is in line
with other studies [12,13]. Furthermore, women demonstrated poorer clinical outcomes
and lower satisfaction after surgery [14,15]. The gender difference has also been analyzed
in other reviews, concluding that women are at increased risk for developing more severe
postoperative pain conditions and subsequent CSPS [16]. One reason for this could be
because women have more sensory pain fibers [17]. Women report having higher levels
of general anxiety as well as factors that capture pain-related stress [16]. Another aspect
is that women generally undergo surgery later compared to men and often have greater
movement limitations preoperatively [18]. This suggests that earlier treatment in women
would improve postoperative outcomes. All in all, several psychosocial, biological, and so-
ciocultural mechanisms may play an important role in the emergence of gender differences
in pain.

4.3. BMI at Surgery

Another known risk factor for the development of knee osteoarthritis is a high
BMI [19,20]. This study population has a total of 91.3% overweight patients (BMI > 30 kg/m2).
In Germany, 67.1% of men and 53.0% of women are overweight [21]. Therefore, our pa-
tients are well above the German average. In the present study, BMI was investigated as
a possible influencing factor on the postoperative pain course after TKA. Normal-weight
patients reported significantly more severe pain in the postoperative period up to four
weeks compared to overweight patients. Here, there was no correlation between gender
and BMI. One explanation could be the increased motivation to move and the associated
more severe postoperative pain in normal-weight patients. This theory cannot be substanti-
ated in this work. The literature on the effects of BMI on pain and functional outcomes after
TKA is somewhat inconsistent. Several studies have shown that the risk of revision after
TKA is higher in obese patients than in nonobese patients [22,23]. Chen et al. [23] reported
similar clinical outcomes after TKA. Compared with normal-weight patients, obese patients
showed significantly higher improvement in the Oxford Knee Score (OKS) and KSS two
years after surgery. Another study that evaluated preoperative and 12-month postoperative
clinical scores demonstrated greater improvement in overweight patients [24]. High BMI,
as well as female gender, Indian/Malay race, and use of general anesthesia compared
with regional anesthesia, are identified as influencing factors of “severe pain” [25]. It is
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important to note that this study did not consider the increased complication rate in obese
patients. All in all, a clear benefit of surgery can be obtained regardless of weight.

4.4. Age at Surgery

The predictor age was analyzed, and no association was found in this study. Previous
work, however, showed partly different results. For example, a patient aged over 70 years
showed statistically significantly worse EQ-5D and WOMAC scores [15].

4.5. Operation Type

In our evaluation, the type of operation was not a risk factor for more severe pain
progression. Preexisting studies also found no clinically important differences between
computer-assisted and conventionally performed TKR [26–28]. Kim et al. [28] prospectively
compared patients who received a computer-navigated knee arthroplasty in one knee and
a knee arthroplasty without computer navigation in the other knee. Both groups had
similar clinical function, position, and component survival. In contrast, a randomized,
double-blind responder analysis showed that more patients with computer-assisted TKR
were pain free and had better function after two years than in the conventional group [29].

4.6. Perioperative Factors

Surgical time as a possible cause for increased pain intensity was also analyzed, as
the duration of the operation may reflect the complexity of the implantation. The repeated
resection of bone or the more frequent placement of trial implants during the procedure
may influence postoperative pain development. Nevertheless, this hypothesis found no
support in the present study report. The same conclusion was also reached in another
prospective study [30].

Perioperative blood loss and postoperative pain after TKA could also be issues pre-
venting early mobilization of patients [31]. The effect of tranexamic acid in reducing
perioperative blood loss has been described extensively in the past. Several studies have
shown a significant reduction in blood loss when using tranexamic acid [32,33].

In the evaluation of the possible influence of the ASA score on the postoperative pain
level, no correlation was found.

The duration of the pain catheter was not found to be a possible cause of increased
pain intensity. Another study [34] showed that continuous femoral nerve block for at least
72 h resulted in good control of acute postoperative pain as well as early joint mobilization.
In the first 24 h after surgery, the 243 patients included reported a VAS of 0-1. All patients
achieved 90 degrees of flexion by postoperative day 7. The proximal peripheral nerve block
is a commonly used method in pain control after TKA because of its excellent analgesic
effect and is considered the gold standard for postoperative analgesia after TKA. However,
it may decrease quadriceps strength, which is essential for early mobilization. The adductor
canal block might be a reasonable alternative, providing a predominantly sensory block
with greater quadriceps strength. [35,36]

The influence of mental health on physical well-being and pain was not investigated
in this study, but it also has a major role in postoperative outcome. Anxiety symptoms
and depression are likely risk factors for poor outcomes [37]. Similarly, preoperative sleep
quality correlates with clinical outcomes (i.e., pain, ROM, function, and length of hospital
stay) after total joint arthroplasty [38]. Patients living alone also have a longer hospital
stay [39].

4.7. Radiological Parameters

About 10% of all TKA patients had a valgus deformity [40]. Valgus of the knee is
one of the main reasons for knee joint disease and bears many complications. With this
type of deformity, the surgeon must achieve proper alignment, stability, and balance to
achieve successful clinical outcomes. The study showed a significant correlation between
a valgus leg axis and higher postoperative pain scores. Similar trends could be found in
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the literature. A study that looked at the factors influencing the prolonged postoperative
hospital length of stay noted that preoperative valgus deformity of the knee was a risk
factor [41]. Another study compared the postoperative outcomes of valgus and varus leg
axes. This showed that patients with a valgus deformity had a WOMAC stiffness score that
was significantly worse than the valgus one year postoperatively [42]. Thus, patients with
increasing valgus deformity should not wait too long to receive surgical care.

4.8. Limitations

The main limitation of the study is the single center setting. Possible important
predictors such as psychosocial factors or the radiological severity of knee osteoarthritis
were not recorded. The standardized rehabilitation treatment in our rehabilitation facility
could be considered a possible selection bias. Also, further information on pain progression,
such as pain severity, was not collected at the 3-month follow-up visits. Another limitation
is the inclusion of patients during the COVID-19 pandemic. Patients with SARS-CoV-2
infection or contact had to be excluded because they had to stop stationary therapy earlier,
both in the acute hospital and in the rehabilitation clinic.

5. Conclusions

In this study, the course of pain after total knee arthroplasty showed another peak
after nine days. Female gender, low BMI, and preoperative valgus deformity as risk factors
resulted in significantly higher postoperative pain scores. This knowledge should be taken
into account by surgeons in the future to reduce patient dissatisfaction and prevent chronic
pain after primary total knee arthroplasty informing the patient and by counteracting the
risk factors at an early stage.

Hereafter, studies should also consider psychological factors, as the perception of pain
is individual.
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Abstract: Background: Bilateral osteoarthritis of the knee is an indication for a bilateral total knee
replacement (TKR) procedure. The goal of our study was to assess the sizes of the implants used
during the first and second stages of TKR procedures in order to compare their size and identify the
prognostic factors for the second procedure. Methods: We evaluated 44 patients who underwent
staged bilateral TKR procedures. We assess the following prognostic factors from the first and second
surgery: duration of anesthesia, femoral component size, tibial component size, duration of hospital
stay, tibial polyethylene insert size, and the number of complications. Results: All assessed prognostic
factors did not differ statistically between the first and second TKR. A strong correlation was found
between the size of femoral components and the size of tibial components used during the first and
second total knee arthroplasty. The mean duration of the hospital stay associated with the first TKR
surgery was 6.43 days, whereas the mean duration of the second hospital stay was 5.5 days (p = 0.211).
The mean sizes of the femoral components used during the first and second procedures were 5.43 and
5.2, respectively (p = 0.54). The mean sizes of the tibial components used during the first and second
TKR procedures were 5.36 and 5.25, respectively (p = 0.382). The mean sizes of the tibial polyethylene
inserts used during the first and second procedures were 9.45 and 9.34 (p = 0.422), respectively. The
mean duration of anesthesia during the first and second knee arthroplasty was 117.04 min and
118.06 min, respectively (p = 0.457). The mean rates of recorded complications associated with the
first and second TKR procedures were 0.13 and 0.06 per patient (p = 0.371). Conclusions: We observed
no differences between the two stages of treatment in terms of all analyzed parameters. We observed a
strong correlation between the size of femoral components used during the first and second total knee
arthroplasty. We noted a strong correlation between the size of tibial components used during the
first and second procedure. Slightly weaker prognostic factors include the number of complications,
duration of anesthesia and tibial polyethylene insert size.

Keywords: total knee replacement; two-stage; prognostic factors; bilateral; predictive factors

1. Introduction

Total knee replacement (TKR) procedures are an important proportion of all ortho-
pedic surgeries worldwide [1,2], with approximately 1.5–2 million total hip replacement
(THR) and TKR procedures in the United States being performed annually [1–3]. An
estimated 2.34% to 4.55% of individuals aged 50 or more have undergone a total hip or
knee replacement surgery [2].

Bilateral osteoarthritis of the knee is an indication for a bilateral TKR procedure [4–21].
Approximately 19–30% of patients with degenerative joint disease of the knee require
bilateral total knee arthroplasty [8,11,17].

There are two management strategies available for patients diagnosed with bilat-
eral knee osteoarthritis: simultaneous bilateral TKR or a staged treatment involving two
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consecutive TKR procedures performed one at a time [7–21]. Many orthopedic surgeons
consider either treatment strategy to be beneficial [8–10,19]. However, most authors choose
the staged approach, which reduces loss of blood, the rate of complications, the extent
of the procedure, and the required rehabilitation period and enables the patient to more
rapidly resume physical activity [8–11,16,17,20]. Another potential advantage of the staged
approach over simultaneous TKR is the opportunity to determine the prognostic factors for
the second procedure [7,11,17,22].

Neither the postoperative symmetry of endoprosthetic parameter assessment follow-
ing bilateral TKR procedures, nor the assessment of associated prognostic factors, has
been extensively investigated, and literature data on these subjects are sparse [7,9,11,17].
To date, authors have compared the staged and simultaneous TKR procedures only in
terms of the main complications and treatment outcomes [8–11,14,15,20,21]. Approximately
20% of patients following a unilateral TKR procedure are dissatisfied with the treatment
and decide to forego the procedure in the other knee [17]. Therefore, it is imperative to
identify the prognostic factors and assess the risk of complications for the second procedure.
There have been no studies in which the data from the first TKR procedure were used
to analyze the prognostic factors that could affect the subsequent procedure in the con-
tralateral knee. A thorough understanding of the various factors involved in and resulting
from single knee arthroplasty may considerably facilitate the course of the subsequent
procedure in the other knee [7,11,22]. Knowing the parameters of the components already
implanted during the first procedure (femoral component size, tibial component size, and
tibial polyethylene insert size) may considerably facilitate the planning of the surgery for
the other knee joint. This would also prepare the orthopedists for potential difficulties and
complications, which would greatly improve the course of the procedure and the planning
of rehabilitation [7,11,22].

In our study, we set two objectives: first, assess the sizes of the implants used during
the first and second stages of TKR procedures; second, identify the prognostic factors for
the second procedure in two-staged bilateral TKR procedures.

We hypothesized that the size of the implants used during the first and second stages
of TKR procedures will be the same and that there will be a correlation between the
parameters we evaluate during the first and second operations.

2. Materials and Methods

2.1. Study Design

This study was a retrospective case series analysis of TKR surgeries performed at a
teaching healthcare facility that deals with comprehensive diagnostics, surgical treatment,
postoperative follow-up, and rehabilitation.

2.2. Patients

In the period between 2017 and 2021, 50 patients underwent staged bilateral TKR
procedures. All 50 patients were operated on due to advanced bilateral osteoarthritis of
the knee and the associated severe pain, in the absence of improvement after the use of
rehabilitation, analgesics, symptomatic slow-acting drugs for osteoarthritis (SySADOA)
and lifestyle modification. Study inclusion criteria were a staged bilateral TKR procedure
due to knee osteoarthritis, complete medical records, and complete radiographic data. The
exclusion criteria were a unilateral TKR procedure, unicompartmental knee arthroplasty,
distal femoral osteotomy or proximal tibial osteotomy, incomplete radiographic records, or
incomplete medical records. The study was conducted in accordance with the Declaration
of Helsinki, and the study protocol had been approved by the local ethics committee.

Six patients were excluded from the study due to the lack of complete radiological
documentation. Once the inclusion and exclusion criteria were applied, a total of 44 patients
(24 women, 20 men) were found to be eligible for our retrospective analysis. The mean age
of those patients was 67 years (range 53–77 years). The TKR procedures in all patients were
performed by one out of three experienced orthopedic surgeons. The staged procedure
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was performed by the same surgeon in the 1st and second surgery. The surgical technique
(implant insertion and placement) was identical in all cases, and all patients had identical
rehabilitation regimens.

2.3. Methods

We reviewed all medical and radiographic records in order to assess duration of anes-
thesia and hospital stay, femoral component size, tibial component size, tibial polyethylene
insert size, and the number of complications (infection, prosthetic dislocation, delayed sur-
gical wound healing, periprosthetic fracture, deep vein thrombosis, pulmonary embolism,
hematoma, cardiac complications, respiratory complications).

We compared the first and second stage of TKR procedures in terms of all the evaluated
prognostic factors. To identify the prognostic factors for the second surgery, we analyzed the
correlation between the following parameters from the first- and second-stage procedure:
femur implant size, tibia implant size, tibial polyethylene insert size, the duration of
anesthesia, the duration of hospital stay, and the number of complications.

2.4. Statistical Analysis

Data were statistically analyzed using Statistica 13.1. The Shapiro–Wilk test was used
to check for normality of distribution. The Wilcoxon signed-rank test was used to compare
quantitative variables. A Spearman’s rank correlation coefficient was used to test the
correlation between the variables. The level of statistical significance was set at p < 0.05.

3. Results

We analyzed the outcomes of staged bilateral TKR surgeries in 44 patients. In 29 cases,
the knee endoprosthesis was implanted first on the right side. In 15 patients, the left knee
was operated on first. The outcomes have been presented in Tables 1–3.

Table 1. Characteristics of data from the first and second surgery.

Variable Mean ± Standard Deviation First Operation Second Operation p-Value

Duration of hospital stay [days] 6.43 ± 1.98 5.5 ± 1.69 0.211 *
Time of anesthesia during surgery

[minutes] 117.04 ± 9.23 118.06 ± 8.29 0.457 *

Femur implant size 5.43 ± 1.46 5.2 ± 1.28 0.54 *
Tibia implant size 5.36 ± 1.55 5.25 ± 1.52 0.382 *

Tibial polyethylene insert size 9.45 ± 0.66 9.34 ± 0.61 0.422 *
Number of complications per patient 0.13 ± 0.34 0.06 ± 0.25 0.371 *

* Wilcoxon signed-rank test; Data are medians and 5th–95th percentiles.

Table 2. Correlation between data from the first and second surgery.

Variable Correlation Coefficient p-Value *

Duration of hospital stay [days] 0.281 0.0640
Time of anesthesia during surgery [minutes] 0.464 0.0014
Femur implant size 0.790 p < 0.0001
Tibia implant size 0.820 p < 0.0001
Tibial polyethylene insert size 0.379 0.0109
Number of complications per patient 0.418 0.0047

* Spearman’s rank correlation.

All assessed prognostic factors did not differ statistically between the first and second
TKR. A strong correlation was found between the size of femoral components and the
size of tibial components used during the first and second total knee arthroplasty. The
mean duration of the hospital stay associated with the first TKR surgery was 6.43 days,
whereas the mean duration of the second hospital stay was 5.5 days. This difference was
not statistically significant (p = 0.211)—Table 1.

79



J. Clin. Med. 2023, 12, 3547

Table 3. Details data of all patients.

Patient
Number

Duration of
Hospital Stay

[Days]

Femur Implant
Size

Tibia Implant
Size

Tibial
Polyethylene

Insert Size

Time of
Anesthesia

during Surgery
[Minutes]

Complications
Order of
Surgery

First
Surgery

Second
Surgery

First
Surgery

Second
Surgery

First
Surgery

Second
Surgery

First
Surgery

Second
Surgery

First
Surgery

Second
Surgery

First
Surgery

Second
Surgery

First Second

1 10 7 7 6 7 6 11 9 135 140 1 0 R L
2 10 10 10 6 7 7 10 9 155 130 1 1 R L
3 7 4 6 6 7 7 9 9 120 115 0 0 R L
4 6 5 6 6 7 7 9 9 115 110 0 0 R L
5 5 4 6 7 6 7 9 9 115 120 0 0 R L
6 7 4 3 4 2 4 10 9 105 130 0 0 R L
7 12 10 6 7 4 6 10 10 130 130 1 1 R L
8 5 6 5 4 5 4 9 9 110 110 0 0 R L
9 6 7 8 7 8 7 9 10 110 110 0 0 R L

10 4 4 3 4 4 4 9 9 100 110 0 0 R L
11 4 5 6 6 6 6 9 9 120 120 0 0 R L
12 7 4 6 6 6 5 9 9 110 110 0 0 R L
13 10 7 6 4 3 3 10 9 120 125 1 0 R L
14 9 7 5 4 5 5 9 9 110 115 1 0 R L
15 5 6 4 3 4 4 10 9 115 110 0 0 R L
16 6 7 6 5 6 5 10 11 110 120 0 0 R L
17 5 6 7 7 6 6 9 9 115 120 0 0 R L
18 8 4 4 4 4 4 10 10 110 115 0 0 R L
19 6 4 6 6 7 7 9 9 115 120 0 0 R L
20 4 5 6 6 6 5 9 9 110 110 0 0 R L
21 5 6 4 4 4 3 9 9 110 120 0 0 R L
22 8 6 3 4 4 3 9 9 115 110 0 0 R L
23 7 5 7 7 8 8 10 9 110 120 0 0 R L
24 6 7 6 5 6 5 11 10 115 120 0 0 R L
25 5 6 7 7 6 6 9 9 120 120 0 0 R L
26 8 4 4 4 6 6 9 9 115 115 0 0 R L
27 6 4 6 6 7 7 10 10 120 120 0 0 R L
28 4 5 6 6 7 7 9 9 115 115 0 0 R L
29 7 6 3 4 3 4 9 9 110 110 0 0 R L
30 8 4 4 4 3 4 9 11 120 120 0 0 L R
31 7 8 7 8 8 8 11 9 120 140 0 0 L R
32 5 5 4 4 4 4 11 11 120 140 0 0 L R
33 7 9 5 6 5 5 9 9 110 115 0 1 L R
34 4 6 3 3 4 2 9 9 130 110 0 0 L R
35 3 5 7 5 7 7 9 10 110 110 0 0 L R
36 9 4 6 6 6 6 9 9 130 120 1 0 L R
37 6 4 6 4 7 4 10 9 120 110 0 0 L R
38 7 4 6 6 5 5 9 9 130 120 0 0 L R
39 5 4 4 4 3 4 10 10 110 110 0 0 L R
40 8 6 5 4 4 6 9 10 120 115 0 0 L R
41 8 7 5 6 6 6 10 10 115 120 0 0 L R
42 4 5 5 6 5 6 9 9 115 110 0 0 L R
43 5 3 5 4 4 3 9 9 120 115 0 0 L R
44 5 3 5 4 4 3 9 9 120 120 0 0 L R

The mean sizes of the femoral components used during the first and second procedures
were 5.43 and 5.2, respectively. This difference was not significant (p = 0.54)—Table 1.

We observed a strong correlation between the femoral component size used during
the first and second TKR procedure (correlation coefficient = 0.790)—Figure 1, Table 2.

The mean sizes of the tibial components used during the first and second TKR proce-
dures were 5.36 and 5.25, respectively. There were no significant differences between the
two procedures in terms of the tibial component size (p = 0.382)—Table 1. We observed
a strong correlation between the tibial component size used during the first and second
procedures (correlation coefficient = 0.820)—Figure 2, Table 2.

80



J. Clin. Med. 2023, 12, 3547

Figure 1. Correlation between femur implant sizes used during the first and second surgery.

Figure 2. Correlation between tibia implant sizes used during the first and second surgery.

The mean sizes of the tibial polyethylene inserts used during the first and second pro-
cedures were 9.45 and 9.34, respectively. These differences were not statistically significant
(p = 0.422)—Table 1.

The mean duration of anesthesia during the first and second knee arthroplasty was
117.04 min and 118.06 min, respectively. The two procedures showed no significant differ-
ences in terms of anesthesia duration (p = 0.457)—Table 1.
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The mean rates of recorded complications associated with the first and second TKR
procedures were 0.13 and 0.06 per patient. This difference was not statistically significant
(p = 0.371)—Table 1. The first and second procedures combined were associated with
nine cases of delayed surgical wound healing (due to hematoma reabsorption). In each of
these cases the wound swab cultures done during the hospitalization were negative, and
C-reactive protein (CRP) and procalcitonin levels were within normal limits. There were no
cases of surgical wound infection, prosthetic dislocation, deep vein thrombosis, peripros-
thetic fracture, pulmonary embolism, hematoma, cardiac complications, or respiratory
complications, either during the first or during the second hospital stay.

4. Discussion

In our study, we found no statistically significant differences between the two stages
of TKR in terms of the duration of anesthesia, duration of hospital stay, femur implant
size, tibia implant size, tibial polyethylene insert size, or the number of complications. We
observed a strong correlation between the size of femoral components and the size of tibial
components used during the first and second total knee arthroplasty.

The main purpose of TKR procedures is to improve the range of motion and pain in
the knee joint, and consequently improve the motor function of the lower limb [1,4–6,12,18].
TKR procedures often help the patients become more physically active and improve their
quality of life. According to the available data, 19%–30% of patients require bilateral total
knee arthroplasty due to bilateral knee osteoarthritis [8,11,17]. The opinions on the surgical
approach to patients with bilateral knee osteoarthritis are divided [7–13,15,17,20]. Some
authors prefer simultaneous bilateral TKR procedures [12,13,15], whereas others choose
the staged treatment for bilateral knee osteoarthritis [8–11,17,20].

The staged approach to knee osteoarthritis treatment may be better than simultaneous
bilateral knee arthroplasty due to the possibility of identifying prognostic factors for the
second procedure [7,11,17,22]. It may be important to identify and predict the risk factors
for the second surgery in patients undergoing bilateral TKR procedures. Bilateral TKR
procedures have not been extensively evaluated, particularly in terms of assessing the
symmetry of implant size in both limbs and identifying the prognostic factors for the
second surgery [7,11]. Most authors have focused on comparing simultaneous and staged
TKR procedures in terms of complication rates and treatment outcomes [8–11,14,15,20,21].
Assessing the patients who undergo staged bilateral TKR procedures will help better
prepare for the second stage, identify risk factors, and plan further stages of patient
treatment and rehabilitation. Moreover, it will help the surgeon prepare for possible
intraoperative difficulties and complications, which will considerably improve the course
of treatment.

Scott observed no correlation in the level of patient satisfaction associated with the
first and second TKR procedure [17]. Wang et al. compared 12 patients who underwent
unicompartmental knee arthroplasty during the first stage and total knee arthroplasty
during the second stage and 12 patients who underwent staged total knee arthroplasty [7].
Those authors observed no clinical, radiographic, or functional differences between the eval-
uated groups [7]. Warren et al. analyzed the complications of simultaneous bilateral TKR
procedures and staged treatment [9]. The authors observed a lower risk of complications
in the staged surgery group [9]. Another study analyzed 39 patients following unilateral
total knee arthroplasty and 36 patients following simultaneous bilateral total knee arthro-
plasty [10]. Those authors reported higher rates of complications and blood transfusions in
the simultaneous bilateral total knee arthroplasty group [10]. In their systematic review
and meta-analysis, Liu et al. evaluated 73,617 patients following simultaneous bilateral
total knee arthroplasty and 61,838 patients following staged total knee arthroplasty [8].
Their analysis of various complications showed neither of the two strategies to be superior
in terms of safety [8]. Grace et al. analyzed 36,278 patients who had undergone staged
bilateral total knee arthroplasty [11]. These authors reported that all types of complications
observed during the first procedure significantly increased the risk of complications during
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the second procedure [11]. Our study showed a moderate correlation between the rates of
complications associated with the first and the second procedure. Ahd observed complica-
tions in 13.5% of total knee arthroplasty patients [18], which was a higher proportion than
that observed in our study (10.2%).

It seems important to assess the possibility of predicting the length of stay during
the second TKR operation, knowing the length of stay during the first TKR operation.
The period of hospital stay after surgery is important for patients, doctors and hospital
administration. When planning surgery and admission to the hospital, patients want
to know how long the hospitalization will last, how long they will be away from home,
how much stuff (e.g., clothes, food) they should bring to the hospital, etc. The doctor,
knowing the estimated duration of stay, is able to better manage the movement of patients
and the occupancy of beds in the ward, and can better calculate the costs of treatment.
The hospital administration, knowing the estimated duration of stay, can more accurately
predict the cost of treatment and the staffing of doctors and nurses in the ward. The period
of hospital stay in the population evaluated by Wang was 7.9 days [7] and in that evaluated
by Ahd—12.7 days [18]. In a group of patients after TKR from Italy, the average period of
hospitalization was 8.1 ± 2.4 days [23]. The average length of hospital stay in the group of
patients after TKR from Pakistan was 7 days [24]. Halawi reported an average hospitaliza-
tion period of 3 days among a group of patients from the United States after TKR [25]. In a
group of Chinese patients after TKR, the average hospital stay was 8.3 days [26]. The pe-
riod of hospitalization after TKR reported by other researchers [7,18,23–26] from different
countries was similar to our results. Our study showed no significant differences between
the first and second surgery of staged bilateral TKR procedures in terms of the duration of
hospital stay. The correlation between the duration of the first and second hospitalization
was weak.

In our study we observed no significant differences between the duration of anesthesia
during the first and second procedure. There was a moderate correlation between the
duration of anesthesia during the first and second TKR procedure.

We observed a strong correlation between the femoral component size during the
first and second TKR surgery. Moreover, we noted a strong correlation between the tibial
component size during the first and second procedure.

In our study, 29 patients had their right knee operated on first, and 15 patients had
their left knee operated on first. The fact that 65% of patients first underwent right knee
arthroplasty suggests a higher rate of degenerative changes in the right knee. Most of the
evaluated patients had a dominant right lower limb, did physical labor, and were retired.
It is possible that right lower limb dominance may have accelerated the development of
degenerative chances in the right knee joint, in a similar way as that observed in the right
hip joint [22]. However, the small sample size prevents us from drawing such conclusions
and necessitates caution in data interpretation.

The limitations of our study were the relatively small sample size (44 patients), ex-
clusive analysis of medical and radiographic records, and the retrospective nature of the
study. Nonetheless, some other studies were also retrospective in nature [10,11,18,20,22]
and involved populations of similar size [7,10,12,19,22].

The strengths of our study were the fact that the procedures were performed by one
out of only three orthopedic surgeons with the use of the same surgical technique and had
the same rehabilitation regimen. In the future, we are planning to conduct studies to assess
the insertion and placement of the implant in detail and studies involving a larger patient
population, for more accurate determination of prognostic factors following two-staged
bilateral TKR procedures.

In this study we evaluated the inter-procedure similarity of sizes of the implants
used during staged surgical treatment for bilateral knee osteoarthritis and identified the
prognostic factors involved. This may help better plan surgeries and reduce the risk of
complications during the second procedure, which would help achieve improve treatment
outcomes and patient satisfaction after the second stage of bilateral knee arthroplasty.
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This work will be useful for future researchers as it allows for the identification of
prognostic factors when planning and executing a two-staged bilateral TKR. Orthopedists,
analyzing the available medical and radiological documentation after the first TKR opera-
tion, will be able to predict the number of complications, duration of anesthesia, femoral
component size, tibial component size and tibial polyethylene insert size.

5. Conclusions

We observed no differences between the two stages of treatment in terms of the
duration of anesthesia, duration of hospital stay, femur implant size, tibia implant size,
tibial polyethylene insert size, nor the number of complications.

We observed a strong correlation between the size of femoral components used during
the first and second total knee arthroplasty. Moreover, we noted a strong correlation
between the size of tibial components used during the first and second procedure.

Slightly weaker prognostic factors include the number of complications, duration of
anesthesia and tibial polyethylene insert size.
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comparison of clinical and functional results in two-year follow-up. Rozhl. Chir. 2022, 101, 278–283. [CrossRef]

20. Fabi, D.W.; Mohan, V.; Goldstein, W.M.; Dunn, J.H.; Murphy, B.P. Unilateral vs. bilateral total knee arthroplasty risk factors
increasing morbidity. J. Arthroplast. 2011, 26, 668–673. [CrossRef]

21. Gill, S.D.; Hatton, A.; de Steiger, R.; Page, R.S. One-Surgeon vs. Two-Surgeon Single-Anesthetic Bilateral Total Knee Arthro-plasty:
Revision and Mortality Rates From the Australian Orthopedic Association National Joint Replacement Regis-try. J. Arthroplast.
2020, 35, 1852–1856. [CrossRef] [PubMed]

22. Kazubski, K.; Tomczyk, Ł.; Ciszewski, M.; Witkowski, J.; Reichert, P.; Morasiewicz, P. The Symmetry and Predictive Factors in
Two-Stage Bilateral Hip Replacement Procedures. Symmetry 2021, 13, 1472. [CrossRef]

23. De Luca, M.L.; Ciccarello, M.; Martorana, M.; Infantino, D.; Letizia Mauro, G.; Bonarelli, S.; Benedetti, M.G. Pain monitoring and
management in a rehabilitation setting after total joint replacement. Medicine 2018, 97, e12484. [CrossRef] [PubMed]

24. Malik, A.T.; Mufarrih, S.H.; Ali, A.; Noordin, S. Predictors of an increased length of stay following Total Knee Arthroplasty-Survey
Report. J. Pak. Med. Assoc. 2019, 69, 1159–1163. [PubMed]

25. Halawi, M.J.; Vovos, T.J.; Green, C.L.; Wellman, S.S.; Attarian, D.E.; Bolognesi, M.P. Preoperative predictors of extended hospital
length of stay following total knee arthroplasty. J. Arthroplast. 2015, 30, 361–364. [CrossRef] [PubMed]

26. Song, X.; Xia, C.; Li, Q.; Yao, C.; Yao, Y.; Chen, D.; Jiang, Q. Perioperative predictors of prolonged length of hospital stay following
total knee arthroplasty: A retrospective study from a single center in China. BMC Musculoskelet. Disord. 2020, 21, 62. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

85



Citation: Carulli, C.; Innocenti, M.;

Tambasco, R.; Perrone, A.; Civinini, R.

Total Knee Arthroplasty in

Haemophilia: Long-Term Results and

Survival Rate of a Modern Knee

Implant with an Oxidized Zirconium

Femoral Component. J. Clin. Med.

2023, 12, 4356. https://doi.org/

10.3390/jcm12134356

Academic Editor: Hiroshi Horiuchi

Received: 30 March 2023

Revised: 17 June 2023

Accepted: 27 June 2023

Published: 28 June 2023

Copyright: © 2023 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

Article

Total Knee Arthroplasty in Haemophilia: Long-Term Results
and Survival Rate of a Modern Knee Implant with an Oxidized
Zirconium Femoral Component

Christian Carulli, Matteo Innocenti *, Rinaldo Tambasco, Alessandro Perrone and Roberto Civinini

Orthopaedic Clinic, University of Florence, 50139 Florence, Italy; christian.carulli@unifi.it (C.C.)
* Correspondence: matteo.innocenti@unifi.it; Tel.: +39-3389-361-528

Abstract: (1) Background: Total Knee Arthroplasty (TKA) in patient with haemophilia (PWH) has
usually been performed with the use of cobalt-chrome femoral and titanium tibial components,
coupled with standard polyethylene (PE) inserts. The aim of this retrospective study was to evaluate
the long-term outcomes and survival rates of TKA in a series of consecutive PWH affected by severe
knee arthropathy at a single institution. (2) Methods: We followed 65 patients undergoing 91 TKA,
implanted using the same implant, characterized by an oxidized zirconium femoral component,
coupled with a titanium tibial component, and a highly crosslinked PE. At 1, 6, and 12 months;
then every year for 5 years; and finally, every other 3 years, all patients were scored for pain (VAS),
function (HJHS; KSS), ROM, and radiographic changes. Kaplan–Meier survivorship curves were
used to calculate the implant survival rates. (3) Results: The mean follow-up was 12.3 years (4.2–20.6).
All clinical and functional scores improved significantly from preoperatively to the latest follow-up
(VAS: from 6.9 to 1.3; HJHS: from 13.4 to 1.9; KSS: from 19.4 to 79; ROM: from 42.4◦ to 83.6◦). The
overall survivorship of the implants was 97.5% at the latest follow-up. (4) Conclusions: The present
series showed a high survival rate of specific implants potentially linked to the choice of an oxidized
zirconium coupled with a highly crosslinked PE. We promote the use of modern implants in these
patients in order to ensure long-lasting positive outcomes.

Keywords: haemophilia; knee arthroplasty; inhibitors; loosening; oxidized zirconium; long-term results

1. Introduction

Haemophilia is one of the most frequent rare diseases, consisting of a congenital lack of
specific coagulative factors VIII (FVIII, haemophilia A) or IX (FIX, haemophilia B) through
an inherited X-linked recessive condition. Each of these clotting factors plays a role in the
intrinsic pathway of blood coagulation [1,2]. The prevalence of haemophilia is commonly
reported as 1 in 5000 in the male population and 1 in 10,000 overall [3]. The prevalence
of haemophilia A is approximately 1 in 5000 male live births, and that of haemophilia
B is about 1 in 30,000 male live births [2,4]. Patients with haemophilia can have mild,
moderate, or severe types of the condition, defined by plasma factor levels of 6–40%, 1–5%,
or less than 1%, respectively [5]. Subjects with factor plasma levels less than 1 IU/dL are
classified as severe haemophiliacs, whereas those with factor levels between 1 and 5 IU/dL
and more than 5 IU/dL are affected by moderate and mild haemophilia [4]. However,
the bleeding phenotype may be rather heterogeneous [6,7]. Patients with haemophilia
(PWH), almost exclusively males, suffer from frequent haemorrhages and hemarthroses
from childhood [8]. In the past, this rare disease was associated with high rates of mortality
in the case of “noble” organ bleedings, but in modern times and thanks to early preventive
haematological management (periodic administration of recombinant coagulative factors),
PWH mostly complain of joint pain and impairment in the so-called “target joints” (TJ).
TJ are generally synovial joints (knees, elbows, ankles; less frequently hips and shoulders)
that develop synovitis and progressive deterioration on the basis of blood persistency in
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the articular space [9]. The cartilage is progressively damaged by iron deposition, lyso-
somal enzymes, and pro-inflammatory cytokines produced by the inflamed synovium,
which eventually leads to subarticular bone cyst formation. Repeated hemarthroses are
responsible for the development of synovial hyperplasia and angiogenesis, with further
bleeding occurring in the friable and thickened synovium. Joint bleeding stretches the joint
capsule and ligaments and leads to joint instability, which is worsened because reduced
joint motility from pain causes peri-articular muscle weakness. In more advanced stages,
the joint is grossly damaged by cartilage loss and subchondral bone sclerosis, which further
limits movement and leads to crepitus and deformity. Soft-tissue swelling and effusions are
rare, and joint contracture occurs from muscle retraction and bone ankylosis, particularly if
the muscles are weak. The level of pain varies and fluctuates but may be severe [10]. Blood,
in fact, induces a direct degenerative action on synovium and cartilage and, consequently,
an indirect involvement of all intra-articular structures (capsule, ligaments, meniscus,
labrum). The result is an early and severe specific arthritis, named “haemophilic arthropa-
thy,” that alters the physiological development of young subjects: the more the number of
involved joints, the worst the quality of life of PWH from childhood. The haematological
prophylaxis alone is not enough to prevent this joint disease, even if it is considered the
most important strategy [11]. Association with other approaches is mandatory. Several
conservative treatments have been reported during recent years with high rates of clinical
success when indicated for early stages of arthropathy, namely muscle maintenance, braces,
anti-inflammatory drugs (paracetamol, cox-1 inhibitors), intra-articular injections, and
physical therapy [11–16]. For persistent synovitis, an arthroscopic treatment is often neces-
sary, while for severe arthropathy, joint replacement is the gold standard [17–20]. However,
even if joint replacement with total knee arthroplasty in PWH is an effective treatment,
it is also a different procedure than TKA in patients with primary arthritis because the
pathophysiology of both conditions is substantially different. The arthropathy in PWH is
usually characterized by repeated intra-articular bleedings with intra-articular deposits of
hemosiderin and iron, which leads to the upregulation of pro-inflammatory cytokines and,
consequently, synovial hypertrophy. This process also happens after the implantation of a
TKA, potentially leading to early aseptic loosening of the prosthesis components. Conse-
quently, in patients with bleeding disorders, the results of TKA are expected to be inferior
to those in patients without bleeding disorders [18,21–23]. Patients with haemophilia are
at risk for complications following orthopaedic surgery for a number of reasons. The risk
of bleeding may be increased because of inadequate coagulation factor replacement, the
presence of coagulation factor inhibitors, and/or structural articular damage. A higher
prevalence of comorbidities, such as human immunodeficiency virus (HIV) and hepatitis C
virus (HCV) infection, may predispose patients with haemophilia to postoperative infection
and delayed wound-healing. Indeed, previous studies have reported that patients with
haemophilia who underwent orthopaedic surgery had high rates of postoperative bleeding
(39%), infection (7%), and delayed wound-healing (2.2%) [24]. Historically, the results of
this surgery in haemophilic patients have shown good rates of success despite the high risk
of complications mostly related to intra- or postoperative bleedings (causing early septic or
aseptic loosening) and coinfections (hepatitis, HIV) [18,21–23]. Indeed, the key to success in
such complex patients is not just the surgery itself but also and foremost a multidisciplinary
approach. It has already been reported in the literature that through a multidisciplinary
approach, with appropriate pre-and postoperative management of bleeding, good clinical
results and lower complication rates can be obtained. In particular, to achieve satisfactory
mid/long-term clinical results, it is detrimental to treat PWH in dedicated haemophilia
comprehensive care centres where modern haematological management can be employed.
Nevertheless, in the majority of the dedicated haemophilia centres, joint replacements
with total knee arthroplasty (TKA) have been performed using old-generation cemented
or standard implants. Specifically, in most series reported in the literature, TKA in PWH
has been performed using cobalt-chrome femoral and titanium tibial components, coupled
with standard polyethylene (PE) inserts [25–34]. We believe that the use of more modern
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implants could enhance the already described beneficial action of modern haematological
agents in order to obtain long-term implant survivorship in PWH.

The aim of this retrospective study is the evaluation of the long-term clinical out-
comes and survival rate of TKA in a series of consecutive PWH affected by severe knee
arthropathy at a single institution, performed using a single modern knee implant, which
is characterized by an oxidized zirconium femoral component, coupled with a titanium
tibial component, and a highly crosslinked PE.

2. Materials and Methods

The medical records of all PWH undergoing a TKA at the authors’ institution in the
period between 2001 and 2022 were evaluated, and a total of 124 procedures were found.
The cohort flow diagram for patient selection (inclusion and exclusion) is shown in Figure 1.
Inclusion criteria were subjects with Haemophilia A or B, having undergone a primary
knee arthroplasty with a femoral component in oxidized zirconium, with a minimum
follow-up of 4 years. Exclusion criteria were patients operated by a cobalt/chrome femoral
component or other implants, patients operated by unicompartmental or revision surgery,
patients with a follow-up of less than 4 years. The final study population consisted of
65 patients, undergoing a total of 91 TKA (52 right knees, 39 left knees; 13 bilateral TKA:
12 staged, 1 simultaneous), with a mean age at the time of surgery of 39.3 years (range:
23–64) and a mean BMI of 24.1 (range 21–29). All patients were male and were affected by
Haemophilia A (52 patients) and B (13 patients). Overall, 20 patients had inhibitors (anti-
bodies against recombinant factors). Four of them had a chronic human immunodeficiency
virus (HIV) infection without related clinical issues, and 49 reported a previous hepatitis
infection without complications. The Institutional Review Board of Azienda Ospedaliero
Universitaria Careggi accepted the proposal of this retrospective study, and all selected
patients were properly informed before surgery about the treatment and follow-up visits
after discharge (cod. DCMT/ort12-m2-y01; date 12 February 2001).

ALL PATIENTS

124 procedures - 95  patients

EXCLUSION CRITERIA

• A Cobalt/Chrome femoral component or other implants (n=10)
• Unicompartmental (n=3) or revision surgery (n=7)
• Follow-up of less than 4 years (n=13)

EXCLUDED PATIENTS

33 procedures – 30 patients

INCLUDED PATIENTS

91 procedures – 65 patients

Figure 1. Cohort flow diagram of patient selection.

2.1. Surigical Technique

All patients were operated on by two surgeons over the years, with the same surgi-
cal technique, the same implant (Genesis II®, Smith & Nephew, Indianapolis, IN, USA),
general anaesthesia, short-term antibiotic prophylaxis (preoperatively: 1 g of endovenus
vancomycin and 2 g of endovenous cefazolin; postoperatively 1 g of ev vancomycin every
12 h and 1 g of ev cefazolin every 8 h for 24 h. In the case of B-lattamic allergy, only the van-
comycin was administered; in the case of tailored haematological prophylaxis, depending
on the type of haemophilia affecting the patients, infusive boli was provided 30 min before
anaesthesia. A pneumatic tourniquet applied at the level of the upper thigh and inflated to
about 250 mm Hg was used in all cases. The tourniquet was released after the cement had
set, allowing haemostasis before wound closure.
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A standard longitudinal midline incision with a medial parapatellar approach was
used in all patients with no previous surgery. When present, previous scars were utilized
with the normal rules adopted for total knee revision arthroplasties. An extensive removal
of the anterior, posterior, lateral, and medial synovial membrane was performed. Anterior
and posterior bone surfaces were left untouched in order to maintain stability in flexion.
The Genesis II (Smith & Nephew, Indianapolis, IN, USA) total knee arthroplasty used is
a modular implant whose main features are the presence of an asymmetrical tibial base
plate to match the cut surface of the tibia and a femoral component to ensure flexion space
filling without external rotation. The femoral component was specifically designed with a
thicker postero-lateral femoral condyle compared to the postero-medial femoral condyle.
The trochlear groove was designed to allow patellar tracking in a more anatomical manner.

All patients underwent the same rehabilitative protocol in the same facility and were
discharged with planned periodic evaluations at the outpatient clinic (1, 6, 12 months; every
year postoperatively for the following 5 years; then, every 3 years).

2.2. Clinical and Radiographic Evaluations

All patients underwent a clinical evaluation for pain (Visual Analogue Scale—VAS);
function (Haemophilia Joint Health Score—HJHS; Knee Society Score—KSS) [35,36]; Forgot-
ten Joint Score-12 (FJS-12) for joint awareness during activities of daily living [37]; Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC osteoarthritis index) for
a self-reported outcome measure about pain, stiffness and pain [38]; and Range of Motion
(ROM) of the operated joint, as well as a standard radiologic study (weight-bearing full
leg X-rays, weight-bearing antero-posterior and lateral views), to assess the severity of the
arthropathy following the Pettersson score [39].

The Knee Society Rating System was used for patient evaluation. Two separate scores
were assigned: one for walking, stair climbing, and the use of walking aids (functional
score), and another for pain, range of motion, and stability (knee score). Knee scores greater
than 90 points were considered as excellent, 80–89 as good, 70–79 as fair, and less than 69
as poor. The FJS-12 is composed of 12 items, measuring the patient’s ability to forget the
presence of an artificial joint in their daily life. For each item, there is a five-point Likert
scale response. The raw results are converted to a 0–100-point scale. The highest score
corresponds to a good outcome with the patient not being aware of the presence of the
prosthesis [40]. The WOMAC score is used to determine the improvement following knee
arthroplasty (KA). Its items are pain, stiffness, and physical function. The final score is
from 12 to 96. [41,42].

VAS, HJHS, KSS, FSJ-12, and WOMAC scores were recorded at every follow-up visit,
in particular at 1, 3, 6, 12, 24, and 48 months and then every 3–5 years after surgery.

Standard antero-posterior and lateral views weight-bearing X-rays were performed at
1, 12, and 48 months postoperatively, and then every 3–5 years.

The radiolucency results were documented in millimetres by the zone of the prosthesis
in both the coronal and sagittal planes for the femur and tibia according to the method
recommended by The Knee Society [43].

The frequency of hemarthrosis before and after knee replacement was documented.

2.3. Statistical Analysis

The statistical analysis was performed using the SPSS® statistics software (version
23.0 for Windows, IBM Corporation, Armonk, NY, USA).

Statistical analysis was first performed based on an a priori assumption of p = 0.05
and calculation of variance to justify that the population from which it was extracted
was generally homogeneous. All data were tested for normal distribution using the
Kolmogorov–Smirnov test. Finally, the Student’s t-test was used both to compare pre-
operative and postoperative clinical scores. The non-parametric Kaplan–Meier estimator
with 95% of confidence intervals was calculated using the Rothman formula; aseptic and
septic loosening or instability requiring revision surgery were the endpoints. Survival
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tables were constructed using 12-month intervals. For each interval, the total number of
TKAs entering the interval, the number of failures and withdrawals, the number at risk,
the annual rates of failure and success, and the cumulative success rate were calculated.

3. Results

The mean follow-up was 12.3 years (range: 4.2–20.6 years). The mean Pettersson score
at the time of surgery was 11.6 (range: 10–13). No early failures, no infections, and no intra-
operative complications were documented. Three patients deceased during the years for
clinical issues not related to TKA (11, 16, and 20 years after surgery, respectively). The mean
surgical time was 68.4 min (range: 50–119). Only two patients needed blood transfusions
(not related to vascular damage). All patients were able to begin the rehabilitation protocol
starting within two days after surgery and performed continuous passive mobilization
and weight-bearing exercises before discharge to the rehabilitative unit. At the time of
discharge from the hospital, all patients were able to walk with full weight bearing, with
two crutches. All clinical and functional scores improved significantly from pre-operation
to the latest follow-up (p < 0.05). The mean preoperative HJHS score was 13.4 (range: 9–22);
postoperatively, at the last follow-up, the mean score was 1.9 (range: 1–5). VAS scores
improved from a mean preoperative value of 6.9 (range: 5–9) to a mean postoperative
value of 1.3 (range: 0–3) at the latest follow-up. The mean preoperative ROM was 42.4◦
(range: 15–85◦), and the mean post-operative value was 83.6◦ (range: 55–115◦). Similarly,
KSS scores improved from a mean value of 19.4 (range: 14–36) to a mean final score of 79.0
(range: 68–92). The WOMAC score improved from a mean value of 51.4 (range: 33–62) to a
mean final score of 77.0 (range: 59–89). The FJS-12 score improved from a mean value of
49.3 (range: 35–59) to a mean final score of 61.0 (range: 53–81). Symptoms and functional
impairments were improved in all cases, and most of the patients reported satisfaction
with excellent outcomes. However, given the involvement of other target joints (mostly
ipsilateral ankle and contralateral knee and/or ankle, one or both elbows) affecting the
postoperative recovery, in 12 cases, the operated subjects referred to their outcomes rather
as good.

From a radiological point of view, the preoperative alignment was, in all cases, in
varus deviation, with a mean angle of 12.1◦ (range: 1–19◦), reaching a mean value of 4.3◦ in
valgus deviation (range: 0–7◦) (Figure 2). No periarticular ossifications were found, and in
the first 4 years postoperatively, no radiolucency or osteolysis was recorded. In 15 patients,
radiolucency was observed with a low progression over time, and one case of osteolysis
was found. There was a progression of these alterations in only three patients. In one
patient with severe haemophilia A and inhibitors (alloantibodies against coagulative factors
used for treatment), 4 years after the index operation, due to recurrent bleedings, an early
mechanical loosening of both components was recorded. The patient underwent a revision
with cementless stems and a higher constraint implant. In another patient, a heavy worker
with severe haemophilia A, 13 years after TKA, a femoral aseptic loosening was recorded.
The patient underwent a revision with an oxidized zirconium femoral component and a
constrained implant with cementless stems and wedges (Figure 3). A third patient, 16 years
after surgery, showed progressive radiolucency but without any mechanical symptoms,
and he had still not been scheduled for surgery at the latest follow-up.
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Figure 2. A 39-year-old patient with severe arthropathy of his left knee—Pettersson score 12 (a),
undergoing a posterior stabilized TKA. X-rays at 1 year (b) and 16 years (c) after surgery. The implant
was still in place without significant osteolysis or radiolucency. The patient was still satisfied, and his
joint was well functioning.

 

Figure 3. A 34-year-old and heavy worker patient with severe arthropathy of his right knee—
Pettersson score 11 (a), undergoing a posterior stabilized TKA. X-rays at 1 year (b) and 13 years
(c) after surgery. A symptomatic aseptic loosening was demonstrated, and the patient underwent a
revision with an oxidized zirconium femoral component, titanium tibial component, and posterior
stabilized high-flexion PE insert with cementless stems (d).

The overall survivorship of the implants was 97.5% at the latest follow-up (Figure 4).

Figure 4. The Kaplan–Meier curve shows very good survival rates of the implants.
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4. Discussion

Haemophilia is a haemorrhagic disease inducing damage to the joint and its structures,
leading to a status of chronic synovitis and then severe arthropathy [1,8]. The result
is a complete disruption of the shape and function of the involved joint in very young
subjects. Therefore, TKA in such patients is often challenging due to a severely altered
anatomy and bony deformity, bony defects, high levels of soft tissue contracture, and
muscle atrophy, often leading to high rates of postoperative complications. However, TKA
has shown positive outcomes when performed in dedicated centres, despite the higher
rates of complications with respect to TKA performed for primary osteoarthritis [18,34,44].
Nonetheless, functional outcomes and survival rates of TKA in such patients have been
generally reported as inferior to osteoarthritic patients. The majority of experiences reported
in the literature involved the use of standard chrome-cobalt femoral components and
titanium tibial plates; these materials are the same as those usually chosen for elderly
patients worldwide. As mentioned, PWH typically need TKA at a young or adult age,
when the choice of better-performing implants should be made. To date, the longest
follow-up reported using conventional cr-co prosthesis was shown by Ernstbrunner et al.
The authors reported 18 years (SD ± 4) of survivorship of 15 patients (21 knees) out of
30 consecutive patients (43 knees) undergoing TKA due to haemophilic arthropathy. In
13 (30%) of the 43 consecutive knees, revision surgery was necessary due to infection
or aseptic loosening, among which eight (19%) occurred due to aseptic loosening and
five (12%) occurred due to haematogenous infection. The 15- and 20-year survival rates
were 78% and 59%, respectively. Moreover, the authors reported that all patients with the
primary TKA in situ at the latest follow-up observed progressive radiolucent lines around
the implants [45]. More recently, Song et al. described a 10-year survival rate of 97% using
standard implants in 131 knees. The mid-term results of TKA in haemophilic arthropathy
were satisfactory in pain relief, improved function, and decreased flexion contracture. The
authors remarked the fact that bleeding and PJI continued to be major concerns for TKA in
haemophilic arthropathy, and the risk of periprosthetic fracture should be always taken
into account for patient education and appropriate prevention [46].

Only few experiences have been reported in the literature concerning materials with
in vitro high-performing tribological properties compared to the standard ones [47–50].
Such series have mainly focused on the use of oxidized zirconium components for younger
patients, as well as on metal hypersensitive subjects with survival rates ranging from
100–98.7% at 5–7 years to 97.8% at 10 years [51,52]. Oxidized zirconium is composed of
Zr (97.5%) and niobium (2.5%). It is produced by submitting the alloy to heat in air to
greater than 500 ◦C. Thermal oxidation occurs, and as the oxygen diffuses through the
alloy, the immediate surface oxidizes into a Zr ceramic approximately 5 lm thick. The alloy
immediately underlying the ceramic surface has a high oxygen concentration, and this
gradually decreases until the alloy is just composed of the two base materials. This does not
result in a coated surface treatment, but rather in a gradual transition of the material and its
properties; the finished product is a stable monolithic crystalline structure. Thanks to those
properties, the oxidized zirconium was one of the best-performing materials introduced
during the last decades for the following rationale: the younger the patient, the lesser wear
should be obtained, and the longer the survivorship has to be expected [47,53,54]. The
reason for such use can be attributed to fact that the oxidized zirconium femoral component
for TKA has shown promising results in some laboratory analyses, with better wear
properties than CoCr when articulating with ultra-high molecular weight polyethylene
causing a reduction of PE wear and secondary osteolysis and an improvement in long-term
survival of knee joint arthroplasties [47,53,54].

The first report on the adoption of this material in haemorrhagic patients was proposed
by Innocenti et al., obtaining very good outcomes and no failure at short- to mid-term
follow-up in haemophilic subjects. The authors reported that at the final follow-up, the knee
score improved from an average of 23 points (11 to 45) to 86 points (62 to 100; p < 0.001),
the mean knee flexion contracture improved from 22 degrees (0 degrees to 45 degrees) to
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3 degrees (0 degrees to 10 degrees; p < 0.0001), and the mean total flexion arc improved from
69 degrees (5 degrees to 130 degrees) to 92 degrees (80 degrees to 145 degrees p < 0.001) [55].
Later, Carulli et al. proposed a series of primary and revision TKA with the same modular
implant but with a long-term follow-up. The authors reported a single failure (aseptic
loosening) in a series with a median follow-up of 12.2 years (3–21) for a group of primary
TKA, and 8.6 years (4–12) for a group of revision TKA with an overall survival rate of 94.7%
at 15 years [56]. No other similar experiences have been reported. The most probable cause
of this limited series is related to the high costs of an implant made with such materials [57].
However, in the authors’ experience, higher costs are widely justified when performing a
joint replacement in very young patients with a long life expectation, undergoing surgery
with more consistent costs related to the recombinant coagulative prophylaxis [58]. In the
present study, we reported a 97.5% survival rate at 12-year with just three failures.

In our series, the mean postoperative hip-knee alignment was 4◦. This result is related
to the severe preoperative deformities and very low quality or defect of bone, both on
the femoral and tibial sides. Obtaining a pure mechanical alignment using a modern
implant with highly performing material and adopting the best available haematological
prophylaxis, we obtained a high survival rate. It would be interesting to evaluate the
outcomes of robotic-assisted TKA as reported by Song et al. in the future. In their series,
the postoperative axis was mechanically neutral at 0◦ [46].

The present study has some limitations. The study population was not highly consis-
tent, as haemophilia is a rare condition; however, it represents the most unique series to
date reported with the use of a specific modern implant for a long-term period. No control
group was considered since, from the beginning of our experience with the surgical treat-
ment of PWH we, decided to adopt the single best-performing implant from a tribological
point of view.

5. Conclusions

Knee arthroplasty in haemophilic patients is still the most performed surgery despite
improvements related to modern haematological prophylaxis. This surgery has a high
rate of success, but survivorship is still debated. One of the factors that the history of joint
replacement has demonstrated is the quality of prosthetic materials and their tribology. The
present series showed a high survival rate of the implants, surely due also to this choice
of oxidized zirconium coupled with highly crosslinked PE. Thus, we promote the use of
modern implants in these patients in order to ensure long-lasting positive outcomes.
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Abstract: The transfusion rate in staged bilateral total knee arthroplasty (TKA) remains high despite
the application of blood management techniques. The potential of robotic arm-assisted TKA (R-
TKA) in reducing the transfusion rate in staged bilateral surgery has not yet been investigated.
Therefore, we aimed to evaluate the effectiveness of R-TKA on transfusion reduction compared with
conventional TKA (C-TKA) in staged bilateral surgery. This retrospective study involved two groups
of patients who underwent 1-week interval staged bilateral TKA—the C-TKA group and the R-
TKA group—using MAKO SmartRobotics (Stryker, Kalamazoo, MI, USA). Each group comprised
53 patients after propensity score matching and was compared in terms of nadir hemoglobin (Hb)
level and transfusion rate after each stage of surgery. Both groups showed no significant differences in
the propensity-matched variables of age, sex, body mass index, American Society of Anesthesiologists
physical status score, and preoperative Hb level. The R-TKA group showed a significantly higher
nadir Hb level than the C-TKA group after the second TKA (p = 0.002). The transfusion rate was
not significantly different between the two groups after the first TKA (p = 0.558). However, the
R-TKA group showed a significantly lower transfusion rate in the TKA (p = 0.030) and overall
period (p = 0.023) than the C-TKA group. Patients who undergo staged bilateral R-TKA have lower
transfusion rate than those who undergo C-TKA. R-TKA may be effective in minimizing unnecessary
allogeneic transfusions in staged bilateral surgery.

Keywords: robotic arm-assisted total knee arthroplasty; transfusion; total knee arthroplasty; staged
bilateral total knee arthroplasty; perioperative blood management

1. Introduction

Total knee arthroplasty (TKA) is associated with substantial blood loss due to bone
cuts and soft tissue dissection, often resulting in postoperative anemia and necessitating
allogeneic blood transfusion [1–4]. However, allogeneic blood transfusions can increase
risk of periprosthetic joint infection, immune-associated reactions, volume overload, and
coagulopathy [5]. These conditions require additional medical care, leading to increased
length of hospital stay and higher expenses [6,7].

To reduce transfusion rate, various blood management strategies have been applied,
including preoperative hemoglobin (Hb) optimization through iron supplementation be-
fore surgery, use of a tourniquet with adequate pressure, preoperative or perioperative
administration of tranexamic acid (TXA), and meticulous hemostasis before closing the
knee capsule [8–12]. Recently, robot-assisted TKA has been used for accurate surgical plan-
ning, resulting in fewer bone cuts, requiring less soft tissue management [13], and leading
to reduced blood loss [14]. The haptic technology of the robotic system reduces bleeding
by preventing the operator from blindly damaging the posterior soft tissue when cutting
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through the far cortex of the femur and tibia [15]. Additionally, the three-dimensional array
system enables the assessment of knee alignment without reaming the intramedullary (IM)
canal, which can cause bone marrow damage and additional bleeding [16].

Previous studies have reported low transfusion rates for unilateral knee arthroplasty,
with or without robotic assistance, owing to various perioperative blood management
(PBM) strategies. Before the use of PBM, the transfusion rate after TKA was as high as
38% [17]. However, the transfusion rate has reduced significantly (as low as 1.9%) after
PBM implementation [18]. This finding suggests that the current PBM strategy is sufficient
for reducing the transfusion rate in patients undergoing unilateral TKA. In contrast, the
transfusion rate for staged bilateral TKA (SBTKA) remains relatively high. Even with the
implementation of PBM strategies, the transfusion rate after SBTKA ranges from 34.7% [19]
to up to 96.5% [20]. This highlights the need for a new strategy to lower the transfusion
rate after SBTKA. With the advantages of the robot arm-assisted system, the transfusion
rate after SBTKA can be reduced by replacing the IM guide with bone pins, less bone
resection, and less soft tissue damage. However, no study has compared the transfusion
rates between staged bilateral robotic arm-assisted TKA (R-TKA) and conventional TKA
(C-TKA).

The primary aim of this study was to evaluate the effectiveness of R-TKA on transfu-
sion reduction compared with C-TKA in staged bilateral surgery. We hypothesized that the
transfusion rate after the first TKA is not significantly different between the R-TKA and
C-TKA groups but is significantly different after the second TKA.

2. Materials and Methods

2.1. Patients

This retrospective study included 167 consecutive patients from a single center who
were treated by a single fellowship-trained arthroplasty surgeon. All patients underwent
SBTKA 1 week after surgery by either C-TKA or R-TKA between 9 September 2019 and
31 December 2022. The first 112 consecutive patients underwent C-TKA; thereafter, 55 con-
secutive knees underwent R-TKA after installation of the MAKO Robotic Arm Interactive
Orthopedic System (RIO; Stryker, Kalamazoo, MI, USA) in December 2021. Electronic
medical records were reviewed to identify patients’ age; body mass index (BMI); American
Society of Anesthesiologists physical status (ASA-PS) score; preoperative Hb values; Hb
values on postoperative days 0, 1, 2, 4, and 6; and largest decrease in Hb values from the
preoperative stage to the postoperative stage (nadir Hb). Hb data after any transfusion
were excluded from the statistical analysis because they could be potential outliers. Patients
who received a transfusion after their first TKA were not included in the analysis for the
second TKA, as the transfusion may have affected their preoperative hemoglobin levels
prior to the second surgery. The operation times of the first and second TKAs were recorded.
All patients who underwent primary TKA for degenerative or inflammatory arthritis were
included in this study. We excluded (1) patients with a history of bleeding disorders with an
increased bleeding tendency, (2) those who took anticoagulants for medical conditions, and
(3) those who could not meet the preoperative Hb requirements (>10 g/dL) and required
a preoperative transfusion. In total, 107 and 53 patients were included in the C-TKA and
R-TKA groups, respectively (Figure 1). This study was approved by the institutional review
board of our hospital (2023-04-023), and the requirement for informed consent was waived
due to the retrospective nature of this study.
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Figure 1. Flow diagram for the patients’ enrollment.

2.2. Surgical Intervention

Both groups of patients underwent the same surgical protocol, with the only difference
being the use of the Robotic Arm Interactive Orthopedic System in the R-TKA group. The
medial parapatellar approach was used for all cases, and a tourniquet set at a pressure of
300 mmHg was applied. The tourniquet was inflated just prior to making the incision.

In cases of R-TKA, two pins were inserted into the femur and tibia, 10 cm away from
the main skin incision. The femoral and tibial arrays were placed on the pins, and the
bone surface was registered. After confirming the patient-specific computed tomography
(CT)-based bone model using registered landmarks, the kinematic data were integrated
to adjust the CT-based preoperative plan to achieve a balanced knee with functional
alignment. Either posterior-stabilizing (PS) prosthesis or cruciate-retaining (CR) prosthesis
(Triathlon®, Stryker, Kalamazoo, MI, USA) was implanted and final components were
cemented in place.

For C-TKA, distal femur resection was performed with IM cutting guide, and proximal
tibia resection was performed with extramedullary cutting guide. The femoral entry point
was drilled slightly superior to the top of the femoral intercondylar notch. The tibial
alignment guide was positioned parallel to the anatomical axis of tibia. Subsequently, it
was adjusted to a target slope of 3◦ in the sagittal plane. The femoral component rotations
were determined using a gap balancing technique controlled by the gravity traction method.
The PS prosthesis was implanted for all cases and final components were cemented in place.

The tourniquet was deflated after the final fixation of the prosthesis, and the remaining
bleeding focus was cauterized after manual compression through gauze packing at the
surgical site. A closed suction drain was placed inside the joint, and the capsule was closed
in a watertight manner. An intra-articular injection of 1 g of TXA mixed with 50 mL of
normal saline was administered inside the capsule, and the solution was left in the joint
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with the drain clamped. After injection, the knee was moved throughout the range of
motion to confirm the watertight closure of the capsule.

2.3. Postoperative Management

All drains were removed on postoperative day (POD) 1. From POD 2 to POD 6
of the first surgery, the patients were administered 10 mg rivaroxaban once a day as an
anticoagulant to prevent deep vein thrombosis and switched to 100 mg aspirin once a day
on POD 2 of the second TKA until POD 6. Range of motion exercises were started on
POD 1 after each surgery, and walker ambulation was initiated on POD 2. Transfusion of
allogeneic blood was indicated only when the Hb concentration decreased below 7 g/dL
or 7–8 g/dL with symptoms of anemia, such as tachycardia and hypotension.

2.4. Statistical Analyses

Statistical analysis was performed using the Statistical Package for the Social Sciences
software (version 28; IBM, Armonk, NY, USA). To minimize possible confounding factors,
patients in both groups underwent 1:1 propensity score matching analysis. The matched
variables included age, sex, BMI, ASA-PS score, preoperative Hb level, Kellgren–Lawrence
grade (K–L grade), and hip–knee–ankle (HKA) angle. As the number of patients in the
C-TKA group (n = 107) was larger than that in the R-TKA group (n = 53), every patient in
the R-TKA group was matched to a patient in the C-TKA group. After propensity score
adjustment, matched variables were not significantly different between two groups. For
continuous data, independent t-tests were used to express results as means and 95% confi-
dence intervals. Pearson’s chi-squared and Fisher’s exact tests were used to compare the
percentages of binary data. A p-value less than 0.05 was considered statistically significant.

3. Results

Both groups showed no significant differences in the propensity-matched variables of
age, sex, BMI, ASA-PS score, K–L grade, HKA angle, and preoperative Hb level (Table 1).

Table 1. Propensity score-matched data.

Characteristics C-TKA (n = 53) R-TKA (n = 53) p Value *

Age, years 70.6 ± 7.5 72.3 ± 5.9 0.187 a

Sex (F:M) 42:11 45:8 0.447 b

BMI (kg/m2) 27.2 ± 3.6 27.7 ± 3.4 0.459 a

ASA physical status score (1/2/3) 2/37/14 1/36/16 0.788 b

Preop Hb level 13.4 ± 1.4 13.1 ± 1.2 0.177 a

1st TKA
HKA angle (◦) 9.9 ± 5.3 8.6 ± 5.5 0.203 a

K–L grade (III/IV) 13/40 13/40 1.0 b

2nd TKA
HKA angle (◦) 7.3 ± 5.8 8.0 ± 4.1 0.473 a

K–L grade (III/IV) 22/31 21/32 1.0 b

* Statistically significant p-values are shown in bold. C-TKA, conventional total knee arthroplasty; R-TKA, robotic
arm-assisted total knee arthroplasty; F:M, female–male; BMI, body mass index; ASA, American Society of
Anesthesiologists; HKA, hip–knee–ankle; Hb, hemoglobin; K–L, Kellgren–Lawrence; TKA, total knee arthroplasty.
a t-test. b Pearson’s chi square Test.

The R-TKA group had a significantly higher nadir Hb level than the C-TKA group after
the second TKA (R-TKA: 8.55 ± 0.50 g/dL; C-TKA: 8.11 ± 0.86 g/dL; p < 0.05). However,
it was not significantly different after the first TKA (R-TKA: 9.80 ± 0.99 g/dL; C-TKA:
9.63 ± 1.06 g/dL; p > 0.05) (Table 2).
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Table 2. Continuous Outcome Measures.

C-TKA (n = 53) R-TKA (n = 53) p Value *

Mean, std dev Mean, std dev
Preop Hb level (g/dL) 13.50 ± 1.44 13.15 ± 1.19 0.177 a

1st TKA POD 0 12.65 ± 1.36 12.96 ± 1.39 0.241 a

1st TKA POD 1 11.22 ± 1.19 11.12 ± 1.32 0.671 a

1st TKA POD 2 10.09 ± 1.12 10.13 ± 1.13 0.863 a

1st TKA POD 4 10.03 ± 1.09 10.18 ± 1.06 0.463 a

1st TKA POD 6 10.04 ± 0.97 10.40 ± 1.02 0.069 a

2nd TKA POD 0 10.32 ± 1.25 10.75 ± 1.20 0.078 a

2nd TKA POD 1 8.89 ± 1.05 9.27 ± 0.85 0.044 a

2nd TKA POD 2 8.47 ± 1.01 8.74 ± 0.61 0.110 a

2nd TKA POD 4 9.13 ± 0.85 9.44 ± 0.88 <0.001
2nd TKA POD 6 9.41 ± 1.12 9.55 ± 0.71 0.487 a

Nadir Hb level after 1st TKA (g/dL) 9.63 ± 1.06 9.80 ± 0.99 0.405 a

Nadir Hb level after 2nd TKA (g/dL) 8.11 ± 0.86 8.55 ± 0.50 0.002 a

1st TKA operation time (min) 90.3 ± 10.4 94.8 ± 14.6 0.068 a

2nd TKA operation time (min) 89.4 ± 18.5 93.8 ± 15.3 0.194 a

* Statistically significant p-values are shown in bold. Hb, hemoglobin; C-TKA, conventional total knee arthroplasty;
R-TKA, robotic arm-assisted total knee arthroplasty; POD, postoperative day; TKA, total knee arthroplasty.
a t-test.

No significant difference in the transfusion rate was noted between the two groups
after the first TKA (R-TKA: 1.8%; C-TKA: 3.7%; p > 0.05). However, compared with the
C-TKA group, the R-TKA group had a significantly lower transfusion rate in the second
stage (R-TKA: 7.6%; C-TKA: 23.5%; p < 0.05) and overall period (R-TKA: 9.4%; C-TKA:
26.4%; p < 0.05) (Table 3).

Table 3. Binary Outcome Measures.

C-TKA (n = 53) R-TKA (n = 53) p Value *

Transfusion rate after 1st TKA (%) 2/53 (3.8%) 1/53 (1.9%) 0.558 b

Transfusion rate after 2nd TKA (%) 12/51 (23.5%) 4/52 (7.7%) 0.030 b

Overall transfusion (%) 14/53 (26.4%) 5/53 (9.4%) 0.023 b

* Statistically significant p-values are shown in bold. TKA, total knee arthroplasty; C-TKA, conventional total knee
arthroplasty; R-TKA, robotic arm-assisted total knee arthroplasty. b Pearson’s chi square Test.

4. Discussion

Our study revealed no significant difference in the transfusion rate after the first TKA
between the C-TKA and R-TKA groups. However, the R-TKA group had a significantly
lower transfusion rate in the second TKA than the C-TKA group. The overall transfusion
rate differed significantly between the two groups. Additionally, the R-TKA group had a
significantly higher nadir Hb level than the C-TKA group after the second TKA procedure.
To the best of our knowledge, this is the first clinical study to analyze the difference
in postoperative transfusion rates after SBTKA with a 1-week interval between R-TKA
and C-TKA.

Our study confirmed that robotic arm-assisted TKA procedures resulted in reduced
blood loss and eventually reduced transfusion rate after the second TKA. The robotic
system links preoperative CT data with intraoperative kinematic data to perform exact
bone resection and execute precise implant positioning, requiring fewer bone cuts and
soft tissue dissection. Moreover, the haptic boundary prevents the saw blade from cutting
through the soft tissue behind the far cortex of the bone [21]. Kayani et al. [22] measured
the extent of soft tissue injury based on key anatomical structures to propose a classification
system (macroscopic soft tissue injury) and demonstrated that patients undergoing robot-
arm-assisted TKA had decreased bone and periarticular soft tissue injuries compared with
those undergoing C-TKA. Molloy et al. [23] demonstrated that soft tissue manipulation
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was associated with the amount of postoperative bleeding, indicating that iatrogenic tissue
injury leads to increased perioperative and postoperative bleeding. Robotic arm-assisted
TKA prevents iatrogenic tissue injury, leading to reduced bleeding [24,25].

Our study demonstrated that the transfusion rate after the first TKA was not signif-
icantly different between the two groups. TKA is a major surgery that is susceptible to
substantial bleeding, leading to the need for allogeneic blood transfusion [26]. This led to
the implementation of PBM [3,27]. Lee et al. [28] demonstrated that significant decrease
in transfusion rate was achieved with oral iron supplement and tourniquet use. Similarly,
Morais et al. [29] demonstrated that preoperative Hb optimization through IV iron injection,
perioperative tourniquet use, and TXA injection resulted in a zero transfusion rate. This
indicates that traditional PBM with additional TXA significantly reduces the transfusion
rate. In our study, PBM was performed, using a tourniquet with an adequate pressure of
300 mmHg, intraoperative TXA injection, and meticulous hemostasis, before closing the
knee capsule with deflation of the tourniquet. Although preoperative Hb optimization such
as intravenous iron supplementation was not performed in our institution, patients with
preoperative Hb levels < 10 mg/dL were excluded from our study. With these measures,
the transfusion rate after the first TKA was low in both the R-TKA (1.8%) and C-TKA (3.7%)
groups and was not significantly different between the two groups. This finding indicates
that preoperative Hb optimization, tourniquet use, and TXA injections are sufficient to
reduce the transfusion rate in unilateral TKA.

Our study also demonstrated that the transfusion rate after the second TKA differed
significantly between the two groups. No study has compared the transfusion rates of
SBTKA between the R-TKA and C-TKA groups before our study. In our study, the nadir
Hb level after the first TKA was significantly higher than that after the second TKA.
Chen et al. [30] demonstrated that Hb level continually decreased until POD 4 and started
to recover on POD 5. The ongoing occult blood sequestration from the first TKA site
accumulates and affects the second TKA. Recovery of Hb level continued on POD 6 but was
still lower than the preoperative Hb level, and additional blood loss inflicted by the second
TKA further lowered the Hb level. The preoperative Hb level before the second TKA was
lower than that before the first TKA, and the value was closer to our transfusion indication
of 8 g/dL, which indicates a higher likelihood of transfusion after the second TKA with
even a slight drop in Hb level after the second surgery. All surgeries were performed using
the same procedures and PBM with the only difference being the use of robotic system.
This indicates that the procedural difference between the R-TKA and C-TKA groups is the
primary factor in lowering the transfusion rate. This proves that precise bone cuts, less
soft tissue injury, and use of bone pins instead of an IM guide maximize the reduction in
unwanted bleeding and transfusion. However, it remains unclear which robot-arm-assisted
TKA procedure contributes the most to reducing blood loss. Therefore, further studies
are required.

Our study had a few limitations. First, this was a retrospective study, which is
subject to a selection bias. To overcome this limitation, propensity score matching was
used to match patients with similar demographic characteristics, physical status, and
osteoarthritis severity. Second, the decision to perform transfusion was dependent on the
surgeon’s preference. In this study, restrictive transfusion thresholds were implemented,
and transfusion was not administered until the Hb level reached 7 g/dL. However, in
patients who were hemodynamically unstable or presented with anemic symptoms, such as
tachycardia, transfusion was performed with a higher Hb level (7–8 g/dL) [3]. Depending
on the operator, different decisions may be made regarding whether to observe a patient
with an acute onset of anemic symptoms or to transfuse immediately. This may have led
to a potential bias. Third, our study was conducted on patients who underwent SBTKA
with a 1-week interval, but the results of this study could differ with varying time intervals.
However, the optimal interval for SBTKA remains controversial [31–33]. Chen et al. [34]
demonstrated that a second TKA performed > 90 days and < 270 days after first TKA
had fewer complications. However, such a long interval requires re-admission of patients
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for second TKA surgery, and enduring pain and discomfort of contralateral knee until
second surgery could be very difficult for patients. Johnson et al. [35] demonstrated that
bilateral TKA staged at 1-week interval was safer than a longer time interval in terms of
overall complication rate. In addition, 1-week interval between two surgeries was based
on patients’ needs of two surgeries within a single admission and surgeon’s preference.
Liu et al. [36] demonstrated in the meta-analyses that simultaneous bilateral TKA showed
increased mortality, pulmonary embolism, and deep-vein thrombosis but lower risk of deep
infection and respiratory complications compared to staged bilateral TKA. This indicates
that both procedures have risks and benefits, and the surgeon’s preference and experiences
play huge a role in the decision of optimal timing. Further studies should be conducted to
determine whether varying time intervals between bilateral surgeries result in different
transfusion rates. Finally, some R-TKA cases with mild to moderate deformities were
performed using the CR prosthesis type, whereas all C-TKA cases were performed using
the PS prosthesis type. As the CR prosthesis type does not require box preparation, less
bleeding can be expected [37]. However, Mähringer-Kunz et al. [38] demonstrated that
the transfusion rate was not significantly different between the two groups. Therefore, we
assumed that the effect of the difference between the two techniques was negligible.

5. Conclusions

Patients who undergo staged bilateral R-TKA have lower transfusion rate than those
who undergo C-TKA. Therefore, R-TKA can be an effective strategy for minimizing unnec-
essary allogeneic transfusions in SBTKA.
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Abstract: Purpose: Cardiovascular disease (CVD) is a major risk factor for mortality in patients
with osteoarthritis, and comorbidities increase postoperative complications after total knee arthro-
plasty (TKA). Arteriosclerosis plays a main role in hemodynamic dysfunction and CVD; however,
arteriosclerosis has not been preoperatively evaluated before TKA using the cardio-ankle vascular
index (CAVI). In this study, we evaluated the degree of preoperative arteriosclerosis using the CAVI
in patients undergoing TKA, as well as its correlations with several preoperative patient factors.
Methods: Arteriosclerosis was evaluated in 209 consecutive patients (251 knees) with osteoarthritis
who underwent TKA at our institution between May 2011 and June 2022. The CAVI was measured in
the supine position 1 day before TKA, and the correlations between the CAVI and several clinical
factors were analyzed. Results: The CAVI was normal in 62 knees (25%), borderline in 71 knees
(28%), and abnormal in 118 knees (47%). Univariate analysis revealed a moderate positive correlation
between preoperative CAVI and age (r = 0.451, p < 0.001) and a weak negative correlation between
preoperative CAVI and body weight (r = −0.306, p < 0.001) and body mass index (BMI) (r = −0.319,
p < 0.001). Multivariate analysis showed that age (β = 0.349, p < 0.001) and BMI (β = −0.235, p < 0.001)
were significantly correlated with preoperative CAVI. Conclusion: Arteriosclerosis should be care-
fully managed intraoperatively and postoperatively in patients with osteoarthritis undergoing TKA,
particularly in older patients and patients with a low BMI.

Keywords: osteoarthritis; arteriosclerosis; cardio-ankle vascular index; total knee arthroplasty; age;
body mass index

1. Introduction

Patients with osteoarthritis experience walking difficulty due to swelling, pain, or
stiffness in the affected joints [1]. This leads to decreased mobility, which is a cardiovas-
cular (CV) risk factor [2]. Kendzerska et al. [2] concluded that increased attention to the
management of osteoarthritis with the aim of improving mobility may lead to a reduction
in CV events. Patients with osteoarthritis of the hip and knee have a higher risk of mortality
than does the general population [3], and major risk factors reported by Nüesch et al. [3]
include pre-existing diabetes, cancer, CV disease (CVD), and gait disturbance. The authors
concluded that the management of patients with osteoarthritis and gait disturbance should
focus not only on increasing physical activity but also on the effective treatment of CV
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risk factors and comorbidities. Arteriosclerosis (AS) plays a main role in hemodynamic
dysfunction characterized by excessive pulsation, i.e., CVD [4]. Therefore, it is important to
verify the progression of AS in patients with osteoarthritis. Although no studies to date
have provided conclusive results, several systematic multicenter analyses have revealed
correlations between AS and osteoarthritis [5–7]. The cardio-ankle vascular index (CAVI) is
a marker of arterial stiffness based on stiffness parameter β and was developed in 2004 [8].
Measurement of the CAVI is simple and well-standardized, and its reproducibility and
accuracy are acceptable [4]. Thus, the CAVI is a promising diagnostic tool for evaluating
arterial stiffness [9]. In addition, a recent meta-analysis of the Asian population confirmed
that the CAVI is an independent risk factor for CVD [10].

Total knee arthroplasty (TKA) is a reliable procedure for pain relief and functional
improvement in patients with knee osteoarthritis [11–13]. Comorbidities, rather than age,
are responsible for the increase in postoperative morbidity after TKA, and preoperative risk
assessment should be optimized to reduce complications [14]. To the authors’ knowledge,
however, the preoperative evaluation of AS (one of the comorbidities in patients undergoing
TKA) using the CAVI has not been performed. The preoperative assessment of the severity
of AS in patients with osteoarthritis is beneficial to verify the correlations between AS and
osteoarthritis and to take measures against AS during the TKA procedure and in the early
postoperative period.

Therefore, the purpose of the present study was to evaluate the CAVI in patients with
osteoarthritis before TKA and to identify influential factors. The clinical significance of this
study is that it will clarify the correlation between knee osteoarthritis requiring TKA and
the degree of preoperative AS while identifying those patients for whom AS interventions
are necessary before TKA.

2. Materials and Methods

This prospective study was conducted at our institute from May 2011 to June 2022.
Informed consent was obtained from all patients after a discussion of the study, which
included a description of the protocol and possible CAVI measurement-related complica-
tions. The institutional review board approved the study before commencement. In total,
209 consecutive patients (251 knees) undergoing TKA were investigated. The preoperative
diagnosis indicating TKA was primary osteoarthritis. Patients who had undergone revi-
sion arthroplasties or previous tibial osteotomies and patients with rheumatoid arthritis
were excluded.

The following preoperative factors were analyzed: sex, age, body mass index (BMI),
body weight (BW), blood cholesterol level, blood triglyceride level, smoking history, di-
abetes mellitus, hypertension (all of which have been previously reported to affect the
CAVI [15–19]), body height, American Society of Anesthesiologists (ASA) grade [20],
Kellgren–Lawrence (KL) classification [21], Hospital for Special Surgery (HSS) knee score [22],
and knee range of motion. The severity of knee osteoarthritis was radiographically scaled
using the KL grading system as follows: very mild (grade I), mild (grade II), moderate
(grade III), and severe (grade IV) [21]. All TKAs were evaluated using the HSS knee
score [22], which is not a patient-derived score but a physician-derived score. The HSS knee
score is divided into seven categories: pain, function, range of motion, muscle strength,
flexion deformity, instability, and subtraction.

2.1. Measurement of CAVI

The CAVI was measured by the standardized method using a noninvasive blood
pressure-independent device (VaSera VS-1 3000; Fukuda Denshi, Tokyo, Japan) [23] at 1 day
before surgery. The examination was performed in a room in which a standard temperature
was maintained. In brief, the CAVI measurements were performed in the supine position.
Cuffs were applied bilaterally to the upper arms and lower legs superior to the ankles.
Electrocardiogram electrodes and a microphone were placed on both wrists, both ankles,
and the sternum. An electrocardiogram, blood pressure, and waveforms of the brachial and
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ankle arteries were measured (Figure 1). The pulse wave velocity (PWV) was calculated by
measuring the time between the closing sound of the aortic valve, the notch of the brachial
pulse wave, and the ankle pulse wave. Using this value, the CAVI was calculated by the
following equation: CAVI = 2ρ/(systolic blood pressure − diastolic blood pressure) × (ln
systolic blood pressure/diastolic blood pressure) × PWV2, where ρ = blood viscosity. The
CAVI cutoff values of 8 and 9 were proposed by the Japan Society for Vascular Failure (<8,
normal; 8 to <9, borderline; and ≥9, abnormal) [24].

 

Figure 1. Measurement of the cardio-ankle vascular index (CAVI). First, the distance from the origin
of the aorta to the ankle was measured with the patient lying in the supine position on a bed at rest.
Next, cuffs used to measure blood pressure were wrapped around the right and left upper arms
as well as the right and left ankle joints, and a microphone that detects heart sounds was attached
to the chest. At the flip of a switch, the instrument automatically measured the pulse wave and
blood pressure and calculated the CAVI. The entire measurement took about 15 min, and the test
was painless.

2.2. Reproducibility

To eliminate interobserver variability, all tests were performed by the same observer.
Test–retest reliability was assessed using intraclass correlation coefficients, which were per-
formed by the same observer on 30 patients at 1-month intervals. The intraclass correlation
coefficient was calculated to be 0.788 (0.603–0.898).

2.3. Statistical Analysis

Because data for certain variables did not pass the Kolmogorov–Smirnov normality
test or Shapiro–Wilk normality test, we used the non-parametric Wilcoxon rank sum
test and Spearman’s rank correlation test. Univariate and multivariate analyses were
performed to examine factors related to the preoperative CAVI. Spearman’s rank correlation
coefficient was used to investigate the association between the preoperative CAVI and
each variable. The strength of the correlation of the rank coefficients was defined as
strong (0.70–1.00), moderate (0.40–0.69), or weak (0.20–0.39). The Wilcoxon rank sum
test was used to determine differences in the CAVI between two groups. Multiple linear
regression analysis was performed to identify variables significantly associated with the
preoperative CAVI. Multiple linear regression models were constructed by entering all
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variables shown in Table 1, and variables significantly associated with the preoperative
CAVI were selected using the stepwise selection method. In all tests, a p value of <0.05 was
considered significant. All statistical analyses were performed using IBM SPSS Statistics
version 23 (IBM Japan, Tokyo, Japan). The values are expressed as median (25th percentile,
75th percentile) (minimum–maximum).

Table 1. Patients’ backgrounds.

Variables (Patients/Knees) 209/251

Sex (male vs. female) 42/209
Body height (cm) 150 (146, 155)
Body weight (kg) 59 (53, 67)

Body mass index (kg/m2) 26 (24, 28)
Age (years) 74 (69, 79), M; 76 (70, 81), F; 73 (69, 78)

Smoking history (yes/no) 12/239
Diabetes mellitus (yes/no) 35/216

Hypertension (yes/no) 164/87
Preop. blood cholesterol level (mg/dL) 205 (185, 234)
Preop. blood triglyceride level (mg/dL) 132 (101, 175)

Knee flexion (Preop) (◦) 115 (100, 125)
Knee extension (Preop) (◦) −10.0 (−15, −5)

Knee range of motion (Preop) (◦) 100 (90, 120)
HSS score [22] 45 (37, 52)

Kellgren–Laurence classification [21] I 0, II 0, III 10, IV 241
ASA grade [20] I 34, II 217

Data are presented as n or median (25th percentile, 75th percentile). M, male; F, female; Preop, preoperative; HSS,
Hospital for Special Surgery; ASA, American Society of Anesthesiologists.

3. Results

The patients’ clinical backgrounds are summarized in Table 1. The preoperative
CAVIs in the operative and contralateral knee were 8.9 (8.0, 9.7) (3.1–12.0) and 8.9 (8.0, 9.7)
(3.1–13.2), respectively. In accordance with the cutoff values of the CAVI, the CAVI was
defined as normal in 62 (25%) knees, borderline in 71 (28%), and abnormal in 118 (47%)
(Figures 2 and 3).

According to the univariate analyses using Spearman’s correlation coefficient for
continuous variables, there was a moderate positive correlation between age and the
preoperative CAVI (r = 0.451, p < 0.001) (Figure 2) and a weak negative correlation between
BW/BMI and the CAVI (r = −0.306/−0.319, p < 0.001/p < 0.001) (Table 2) (Figure 3).
However, the other study variables (both continuous and discrete) showed no significant
correlations (Tables 2 and 3).

Table 2. Correlations between preoperative CAVI and study variables by Spearman’s rank correlation
coefficient.

Variables r p

Pre CAVI (contra-lateral) 0.901 p < 0.001
Age 0.451 p < 0.001

Body height −0.049 0.442
Body weight −0.307 p < 0.001

Body mass index −0.322 p < 0.001
HSS score [22] −0.089 p = 0.160

Flexion 0.069 0.275
Extension −0.096 0.130

ROM 0.024 0.700
Cholesterol 0.025 0.695
Triglyceride 0.044 0.484

Values in bold indicate statistically significant values. CAVI, cardio-ankle vascular index; HSS, Hospital for Special
Surgery; ROM, range of motion.
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Table 3. Comparison of preoperative CAVI in discrete study variables by Wilcoxon rank sum test.

Variables
Knees (Patients)

Median (Interquartile)
Range

p

Sex: male/female
42 (36) (17%)/209 (173) (83%)

Male; 9.1 (8.4, 9.7)
6.4–11.9

Female; 8.8 (7.8, 9.6)
3.1–12.0 0.223

KL [21]: III 10 (4%), IV 241 (96%) III; 9.1 (8.0, 9.4)
6.9–10.6

IV; 8.8 (8.0, 9.7)
3.1–12.0 0.950

ASA [20]: I 34 (14%), II 217 (86%) I; 8.9 (7.8, 9.9)
6.2–11.6

II; 8.9 (8.0, 9.6)
3.1–12 0.691

Smoking history: yes 12 (5%) Yes; 8.8 (8.5, 9.3)
6.7–10.4

No; 8.9 (8.0, 9.7)
3.1–12.0 0.987

Hypertension: yes 164 (65%) Yes; 9.0 (8.1, 9.7)
3.1–12.0

No; 8.7 (7.7, 9.6)
6.2–11.7 0.078

Diabetes mellitus: yes 35 (14%) Yes; 8.9 (8.0, 9.5)
7.0–11.6

No; 8.8 (8.0, 9.7)
3.1–12.0 0.962

Data are presented as n or median (25th percentile, 75th percentile) (minimum–maximum). CAVI, cardio-ankle
vascular index; KL, Kellgren–Lawrence classification; ASA, American Society of Anesthesiologists.

Figure 2. Scatterplot of preoperative CAVI and age. The horizontal axis indicates patient age, and
the vertical axis indicates the preoperative CAVI. Correlation equation: CAVI = 4.064 + 0.065 × AGE.
CAVI, cardio-ankle vascular index.

Finally, based on the multivariate analyses using multiple linear regression analysis
with stepwise variable selection, the age and BMI were significantly correlated with the
preoperative CAVI (β = 0.349, p < 0.001 and β = −0.235, p < 0.001, respectively) (Table 4).
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Figure 3. Scatterplot of preoperative CAVI and BMI. The horizontal axis indicates the BMI, and the
vertical axis indicates the preoperative CAVI. Correlation equation: CAVI = 11.445 − 0.099 × BMI,
CAVI, cardio-ankle vascular index; BMI, body mass index.

Table 4. Results of multiple regression analysis using stepwise variable selection.

B S.E. β Sig. 95% CI

(Constant) 6.699 0.920 <0.001 4.887 8.512
Age 0.055 0.009 0.349 <0.001 0.035 0.073
BMI −0.072 0.015 −0.235 <0.001 −0.107 −0.037

BMI, body mass index; S.E., standard error; Sig., significance; CI, confidence interval.

4. Discussion

This study produced two important findings. First, we found a positive correlation of
the preoperative CAVI (or AS) with age and a negative correlation of the CAVI with BMI
and BW. Second, there were no correlations between AS and factors previously reported
to impact AS, such as sex [15–17], hypertension [15–17], diabetes mellitus [15,16], the
triglyceride level [17,18], the cholesterol level [16,17], and smoking [15,19].

Shirai et al. [23] reported that worsening of the CAVI with age occurs at a rate of 0.5
per decade in the Japanese general population according to the linear regression equation.
If we calculate the CAVI using the same linear regression equation (5.43 + 0.053x age for
males and CAVI = 5.34 + 0.049x age for females) in the general population, the equation
performed separately for males and females in the present study would yield a CAVI of 9.5
for males because they were 76 years old and 8.9 for females because they were 73 years
old. Thus, the median CAVI of 8.9 at the age of 74 years, including both males and females
with end-stage osteoarthritis in this study, is comparable to that in the general population.
Finally, the multivariate analysis showed that age was the strongest factor affecting AS in
patients with osteoarthritis.

Another finding of this study is that the BW and BMI were negatively correlated with
CAVI, suggesting that some muscle mass and fat are necessary for maintenance of the
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CAVI or prevention of its deterioration. Two previous studies support our results. Park
et al. [25] stated that low muscle mass is independently and significantly associated with
an increased CAVI and should be considered when assessing the risk of atherosclerosis
in asymptomatic patients. Nagayama et al. [16] speculated that systemic accumulation of
adipose tissue may itself lead to a linear reduction in arterial stiffness in non-obese and
obese patients without metabolic disorders. The significant correlation of the BMI with the
CAVI in the present study also suggests that proper muscle mass and moderate adipose
tissue may have a positive effect on AS. Thus, the present study may suggest that the
patient characteristic that warrants caution regarding AS during and immediately after
TKA is a lean body habitus (low BMI) in patients of advanced age.

In the present analysis, the CAVI was not correlated with factors other than age, BW,
and BMI, as previously reported [15–19]. This result does not mean that preoperative
complications and comorbidities do not impact the CAVI, but the fact that all patients in
this study had an ASA of I or II suggests that their clinical condition had little impact on
the CAVI or that they were successfully treated. This is a reasonable assumption given
that a preoperative ASA score of ≥3 has been reported to be an independent risk factor for
serious adverse events after TKA [26]. The finding that less than half of the patients (47%)
had a preoperative CAVI of ≥9.0 and were judged abnormal [23] seems to corroborate the
conclusion that preoperative comorbidities were not severe in this study.

Finally, there was no correlation between the preoperative CAVI and the degree of
osteoarthritis by the KL classification [21] or HSS knee score [22], suggesting that increased
pain and decreased walking ability in association with the severity of osteoarthritis may
not play a major role in the progression of the CAVI or AS. However, considering previous
reports of higher all-cause mortality in patients with osteoarthritis than in the general pop-
ulation [3] and reports that the severity of osteoarthritis-related disability is associated with
significantly increased all-cause mortality and serious CVD events [27] (also demonstrating
the association between osteoarthritis and comorbidities, including AS), osteoarthritis may
play a supporting role in amplifying AS-aggravating factors such as diabetes, hypertension,
and hyperlipidemia.

This study had three limitations. First, this study was conducted at a single institution;
thus, the distribution of the patients was skewed, with a disproportionate number of
males and females and only mild comorbidity in patients with ASA classifications of I and
II. Future studies should analyze patients with various backgrounds at multiple centers.
Second, the analysis was limited to Japanese patients. Interestingly, several studies have
suggested differences in the mean CAVI among countries [28–30]. Therefore, multinational
studies should be performed to verify the validity of our results. Third, the HSS clinical
scores, including activity assessment [22], were evaluated prior to TKA surgery, but specific
measures of activity, such as the number of steps, were not evaluated. Specific step counts
are generally confirmed using pedometers. Despite these limitations, the main strength
of this study is that it is the first report of AS evaluation using the CAVI with a focus
on patients with osteoarthritis. Furthermore, not only do the results of this study clarify
the patient population that is likely to require AS countermeasures intraoperatively and
immediately postoperatively, but the results also make it possible to confirm the spillover
effects of TKA on AS if CAVI trends after TKA surgery are observed over the middle to
long term.

5. Conclusions

The results of this study suggest the following:

1. The patient characteristics that warrant special attention to AS intraoperatively and
immediately postoperatively are a lean body habitus (low BMI) and advanced age.

2. Future studies based on the accumulation of preoperative CAVI data in patients with
osteoarthritis who have various backgrounds, including patients with an ASA score
of ≥III, are essential to more practically evaluate the impact of end-stage osteoarthritis
on AS.
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Abstract: Robotic arm–assisted total knee arthroplasty (TKA) involves a pre-resection gap balancing
technique to obtain the desired gap. However, the expected gap may change owing to the soft-
tissue release effect of unreachable osteophytes. This study evaluated the effect of unreachable
osteophytes of the posterior medial femoral condyle on gap changes following bony resection. We
retrospectively analysed 129 robotic arm–assisted TKAs performed for varus knee osteoarthritis.
Knees were classified according to the size of osteophytes on the posterior medial femoral condyle
using preoperative computed tomography measurement. After the removal of reachable osteophytes,
the robotic system measured pre- and post-resection medial extension (ME), lateral extension (LE),
medial flexion (MF), and lateral flexion (LF) gaps. No extension gap changes were observed for 25
(19.4%), and no flexion gap changes were observed 41 (31.8%) knees, following bone cuts. ME, LE,
MF, and LF gaps increased with the osteophyte size (p < 0.05). For osteophytes <10 mm, all the gaps
increased symmetrically. However, for osteophytes >10 mm, the ME gap increased asymmetrically
more than LE, MF, and LF gaps (p < 0.05). The gap changes due to bony resection were correlated to
the osteophyte sizes of the posterior medial femoral condyle. Surgeons should plan a slightly tight
medial extension gap to attain the desired gaps for >10 mm osteophytes.

Keywords: robotic arm–assisted total knee arthroplasty; total knee arthroplasty; osteophytes;
gap balancing

1. Introduction

Precise extension and flexion gap balancing represent critical objectives in achieving
favourable short- and long-term outcomes for total knee arthroplasty (TKA) [1]. Tradi-
tionally, proper soft-tissue balance has been characterised by equivalent and symmetrical
flexion and extension gaps [2,3]. Studies have demonstrated that attaining this balance can
effectively reduce postoperative instability and stiffness, thereby decreasing the need for
revision surgeries and substantially enhancing patient-reported outcomes [4,5].

Robotic arm–assisted TKA (R-TKA) was developed to increase the accuracy of gap
balancing and bone cutting through the incorporation of preoperative computed tomogra-
phy (CT) planning and intraoperative kinematic data [6]. Furthermore, the final ligament
balance can be objectively quantified using the robot-assisted system [7]. Since the intro-
duction of these systems, multiple studies have shown that certain robotic arm–assisted
systems are more accurate and efficient at balancing gaps than manual systems [8–10].
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In R-TKA, following the removal of reachable osteophytes and preliminary soft-
tissue release, pre-resection gap balancing is performed by modifying the implant position
according to the intraoperative gaps verified by the robot system. However, once balanced,
these gaps can change following bone resection. Cutting of the femoral and tibial bones
can loosen the collateral ligament and joint capsule, and unreachable osteophytes of the
posterior femur that cannot be completely removed before bone cutting may affect gaps by
eliminating the tenting effect [11,12]. If the gap increases asymmetrically following bone
cuts, additional procedures for ligament balancing and bone recutting must be performed
to match the mediolateral flexion–extension gaps. These issues negate the advantages of
robotic systems, which emphasise precise bone cutting and reduced soft-tissue release [13].

The primary objectives of this study were to (1) quantitatively assess the accuracy of
predicting the post-resection gap in R-TKA and (2) investigate the influence of unreachable
osteophytes of the posterior medial femoral condyle, with specific reference to changes in
gaps following bone resection. We hypothesised that there would be a discernible difference
between the predicted and actual post-resection gaps and that this difference would be
more pronounced in patients with larger osteophytes. The results of this study should
provide valuable insights into improving soft-tissue balance during TKA procedures and
contribute to enhancing the overall success and outcomes of surgical intervention.

2. Materials and Methods

2.1. Patients

In this analysis, 129 varus knees that underwent TKA for primary osteoarthritis
between November 2019 and February 2023 were included. Patients with a history of
femoral or tibial fractures, valgus knee deformity, osteotomy, rheumatoid arthritis, post-
traumatic arthritis, or pyogenic arthritis of the knee joints were excluded. For the TKA
procedures, posterior-stabilising prostheses (Triathlon®; Stryker, Kalamazoo, MI, USA)
were implanted using the MAKO Robotic Arm Interactive Orthopaedic System (Stryker,
Kalamazoo, MI, USA). The robotic system enabled the precise measurement of the medial
and lateral gaps in flexion and extension before and after femoral bone cutting. The study
protocol was approved by the institutional review board.

2.2. Surgical Techniques

All surgical procedures were performed by a single experienced surgeon (J.I.K.) using
the medial parapatellar approach. Two pins were inserted into the femur and tibia and
positioned approximately 10 cm from the main skin incision, and the femoral and tibial
sensor arrays were then fixed onto the pins. Patient-specific CT-based bone models were
confirmed using registered landmarks, and kinematic data were integrated to adjust the
preoperative plan based on CT scans, with the goal of achieving optimal knee balance. After
removing the anterior and posterior cruciate ligaments and accessible femoral osteophytes,
the extension gap at 10◦ of flexion, or up to 25◦ if a flexion contracture was present, and the
flexion gap at 90◦ of flexion were recorded with the robot system. Maximal manual varus
and valgus stresses were applied to tension the collateral ligaments in the knee extension
state to measure pre-resection extension mediolateral gaps. Gaps at 90◦ of flexion were
measured using maximal-size spacer spoons in the medial and lateral compartments (gap
in planning). Following the distal, anterior, and posterior femoral and tibial bone cuts, the
trial components were inserted, and the resulting extension mediolateral gaps and flexion
mediolateral gaps were recorded with the robot system (gap after cutting).

2.3. Radiographic Measurement

Leie et al. [11] devised an assessment of osteophytes of the posterior femoral condyle
using plain radiographs and classified them into four different categories. As all patients
who undergo R-TKA require CT scans for preoperative planning, we utilised the method
described by Leie et al. to measure the size of the osteophytes using CT scans for optimal
accuracy. The sagittal view of the CT scan was carefully assessed to obtain measurements
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of osteophyte size. Since the size of the osteophytes on the medial femoral condyle was
thicker than on the lateral femoral condyle in all cases, we assumed that assessing the size
of the osteophytes on the posterior medial femoral condyle reflected the overall amount
of osteophyte.

Using a Picture Archiving and Communication System workstation, the largest sagittal
size was measured in the sagittal view of the CT scans. The following standardised
technique was employed to ensure accuracy. First, a mid-sagittal section of the knee
displaying a clearly visible Blumensaat line was selected. Subsequently, a reference line
(Line A; Figure 1a) was drawn on the Blumensaat line, extending from the anterior to the
most posterior aspect of the femoral cortex. The sagittal section was medially moved to
identify the largest posterior condylar osteophyte. The second line (Line B) was drawn
perpendicular to Line A, copied from the mid-sagittal section on the most posterior aspect
of the femoral cortex (Figure 1b). Finally, a third line (Line C), parallel to Line B, was drawn
on the most posterior edge of the osteophyte. The distance between Lines B and C was
recorded as the size of osteophytes. The obtained size measurements were subsequently
categorised into four groups based on a classification system – the absence of osteophytes
(group A), <5 mm (group B), 5–10 mm (group C), and >10 mm (group D) – to facilitate the
comprehensive assessment and analysis of osteophyte size in the study population.

 

Figure 1. Technique of osteophyte size measurement. (a) Midsagittal section of CT: A line is drawn
on the Blumensaat line extending from the anterior to the posterior-most aspect of the femoral cortex
(Line A). (b) Sagittal section of CT with largest osteophytes: Line A is copied to sagittal section of CT
with largest osteophytes, and second line (Line B) is drawn on the most posterior aspect of femoral
cortex, perpendicular to Line A. A third line (Line C) is drawn parallel to line B and on the most
posterior edge of osteophyte. The distance between Line B and Line C (yellow double-headed arrow)
is recorded as the osteophyte size. CT: computed tomography.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS for Windows (version 19.0; IBM
Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05. All measured values
are expressed as the mean ± standard deviation. All data were tested for normal distribu-
tion using the Kolmogorov–Smirnov test. If the differences showed a normal distribution,
a paired t-test was used to compare the gap changes measured using the robotic system
before and after bone cutting. In the subgroup analysis of osteophyte size, a one-way
analysis of variance for continuous variables was used to compare the four subgroups. In
addition, a post hoc Bonferroni test was used to compare pairs of subgroups.

3. Results

The demographic characteristics of the study population are presented in Table 1.
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Table 1. Patient demographics.

Characteristics Values

Gender (male:female) 97:32
Left:right 79:50

K-L grade (III:IV) 27:102

Mean ± SD

Age (years) 69.4 ± 5.52
BMI (kg/m2) 25.84 ± 3.89

Mean HKA angle (◦) a 6.43 ± 2.87
Size of osteophyte on posterior medial femoral

condyle (mm)
Group B 3.25 ± 1.03
Group C 6.93 ± 1.36
Group D 11.96 ± 1.09

a A positive value denotes varus alignment; SD: standard deviation; BMI: body mass index; K-L:
Kellgren–Lawrence; HKA: hip–knee–ankle.

Of the 129 knees analysed, 25 knees (19.4%) showed no extension gap changes, and
41 knees (31.8%) showed no flexion gap changes, respectively, after bone cuts (Table 2).
Overall, the gaps in medial extension (ME), lateral extension (LE), medial flexion (MF), and
lateral flexion (LF) increased significantly after bone cuts (Table 3).

Table 2. Percentage of gap change following bone cutting.

Extension Gap Change after Cutting

Lateral Gap Δ
Medial Gap Δ ≥2 mm 1 mm 0 mm Number of Knees

(%)
≥2 mm 15 (11.6) 14 (10.9) 0 (0.0) 29 (22.5)
1 mm 21 (16.3) 37 (28.7) 9 (7.0) 67 (51.9)
0 mm 2 (1.6) 6 (4.7) 25 (19.4) 33 (25.6)

Number of knees (%) 38 (29.5) 57 (44.2) 34 (26.4) 129 (100)
Flexion Gap Change after Cutting

Lateral gap Δ
Medial Gap Δ ≥2 mm 1 mm 0 mm

Number of Knees
(%)

≥2 mm 6 (4.7) 4 (3.1) 1 (0.8) 11 (8.5)
1 mm 9 (7.0) 47 (36.4) 5 (3.9) 61 (47.3)
0 mm 4 (3.1) 12 (9.3) 41 (31.8) 57 (44.2)

Number of knees (%) 19 (14.7) 63 (48.8) 47 (36.4) 129 (100)
Δ: change.

Table 3. Gap changes after bone cutting.

Gap Changes (mm)

Gap in Planning Gap after Cutting Δ p-Value

Mean ± SD Mean ± SD Mean ± SD

ME 18.68 ± 0.78 19.77 ± 0.95 1.10 ± 0.85 <0.01 *
LE 18.30 ± 0.76 19.28 ± 0.78 0.98 ± 0.72 <0.01 *
MF 18.93 ± 0.85 19.59 ± 0.91 0.79 ± 0.69 <0.01 *
LF 18.62 ± 0.72 19.42 ± 0.71 0.66 ± 0.68 <0.01 *

* paired t-test. Δ: change; SD: standard deviation; ME: medial extension; LE: lateral extension; MF: medial flexion;
LF: lateral flexion.

The ME (p = 0.001), LE (p = 0.001), MF (p = 0.002), and LF (p = 0.001) gaps increased
with the osteophyte size. For osteophytes <10 mm (groups A, B, and C), the increased gaps
in ME, LE, MF, and LF were not significantly different, indicating symmetrical gap changes.
However, for osteophytes >10 mm (group D), ME, LE, MF, and LF were significantly
different, and post hoc analysis showed that the ME gap change was significantly higher
than the other gaps, indicating asymmetrical gap changes (Table 4).
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Table 4. Gap changes according to size of osteophytes on the posterior medial femoral condyle.

Size of Osteophytes and Effects on Gaps from Initial to Trialing

Δ

No
Osteophytes

(Group A)
(n = 25)

Mean ± SD

<5 mm
(Group B)

(n = 36)
Mean ± SD

5–10 mm
(Group C)

(n = 51)
Mean ± SD

>10 mm
(Group D)

(n = 17)
Mean ± SD

p-Value

ME 0.53 ± 0.62 0.71 ± 0.69 1.28 ± 0.81 2.11 ± 0.70 <0.01 *
LE 0.59 ± 0.79 0.71 ± 0.62 1.21 ± 0.64 1.32 ± 0.52 <0.01 *
MF 0.52 ± 0.71 0.50 ± 0.59 0.97 ± 0.67 1.13 ± 0.35 <0.01 *
LF 0.35 ± 0.49 0.42 ± 0.50 0.82 ± 0.75 1.00 ± 0.53 <0.01 *

p ns * ns * ns * <0.01 *
* One-way analysis of variance; SD: standard deviation; ME: medial extension; LE: lateral extension; MF: medial
flexion; LF: lateral flexion; ns: not significant; Δ: change.

4. Discussion

Our results show a positive correlation between the size of the unreachable osteophytes
of the posterior medial femoral condyle and the extension and flexion gaps. Of all the
knees that underwent R-TKA, 80.6% exhibited an increased extension gap after bone cuts,
whereas approximately 68.2% showed an increased flexion gap. When the size of the
osteophyte was <10 mm, symmetrical increases in both the extension and flexion gaps were
observed. In contrast, for osteophyte size exceeding 10 mm, a significant increase in the
ME gap was observed compared to the LE, MF, and LF gaps, leading to an asymmetrical
mediolateral extension gap.

In this study, all gaps (ME, LE, MF, and LF) increased after bone cutting, and this trend
was also observed in the no-osteophytes group. These findings suggest that, regardless
of the presence of osteophytes, the routine bone-cutting process leads to changes in the
extension and flexion gaps. A prior study conducted by Sugama et al. [14] demonstrated
that the initial ME gap measured by a tensioning device after cutting the distal femur
and tibia increased by approximately 2.5 mm following the preparation of the flexion gap.
Because the final extension gap was determined without a trial implant, and the impact
of the femoral implant’s condylar volume was not considered, the gap change was larger
than that in our study. Kakuta et al. [15] reported a similar outcome. In this study, the
joint gaps were measured at three stages: posterior femoral condylar resection, posterior
osteophyte removal, and femoral component placement. This demonstrated the occurrence
of a significant increase in the ME gap following femoral bone cutting. Thereafter, the
ME gap was reduced by 0.6 mm following femoral component placement. Seo et al. [16]
demonstrated similar results, with the bone-cutting process resulting in an increase in the
extension gap by 1 mm. We can assume that the adhesion of the posterior capsule and the
periarticular ligament structure surrounding the femoral condyle was released after the
bone cuts.

Based on the observation that the size of the medial posterior femoral condyle osteo-
phyte increases, we assumed that the tenting effect of the posterior capsule also increases,
resulting in a widening of the gap. Theoretically, only the ME gap should be affected by
medial osteophytes; however, in practice, the LE, MF, and LF gaps also increased, which
agrees with the results of previous studies. In a study by Baldini et al. [17], the extension
and flexion gaps were measured using a tension device, and a symmetrical gap increase
was noted in the flexion and extension gaps after posterior condylar osteophyte removal.
Sriphirom et al. [18] reported similar results, showing that the presence of a posterior condy-
lar osteophyte in the femur resulted in an increase in both the extension and flexion gaps
measured using a computer-assisted system. Unlike our study, these two studies showed
that removal caused a greater increase in the flexion gap, while neither of these studies
analysed the results according to osteophyte size. Gustke et al. [19] demonstrated the effect
of posterior osteophytes on the size and location by measuring gaps using a robot-assisted
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system. In contrast to previous studies, no significant differences were observed, regardless
of the presence of osteophytes.

In our study, for osteophytes <10 mm in size, the ME, LE, MF, and LF gaps increased
symmetrically. However, for osteophytes >10 mm, the ME gap increased more asymmet-
rically than the LE, MF, and LF gaps (p < 0.05). Holst et al. [20] conducted a cadaveric
study to evaluate the effects of 10 mm and 15 mm 3D-printed osteophyte-mimicking blocks
on the medial and lateral contact forces using Verasense (OrthoSensor-Dania Beach, FL,
USA). Although there were no significant differences between the 10 mm and 15 mm blocks
on the medial contact forces, the presence of blocks caused an asymmetric contact force
between the ME and LE. This indicates that the formation of a large osteophyte over time
results in asymmetrical tightness of the medial side of the joint. However, if symmetric
bone cutting is performed without considering this osteophyte effect, the posterior capsule,
tightened by the osteophytes, would loosen again, resulting in an unexpected increase
in the asymmetric gap. In cases where the osteophyte size is <10 mm, symmetrical gap
changes can be expected, and the insertion of a thicker polyethylene insert can effectively
address the issue without additional soft-tissue release and bone-cutting measures; how-
ever, when dealing with osteophytes thicker than 10 mm, performing symmetrical gap
planning prior to bone cutting may result in an asymmetrical extension gap. Additional
bone cuts and soft-tissue release are necessary to achieve a balanced mediolateral extension
gap. Moreover, once the lateral extension gap matches the medial extension gap, resolving
the mismatch between the extension and flexion gaps becomes a challenge. Therefore,
for patients with osteophytes measuring >10 mm, it is advisable to plan for a slightly
tighter medial extension gap by reducing the medial distal femoral resection by 2 mm. For
patients with osteophytes measuring <10 mm, a symmetrical gap increase of up to 1 mm is
negligible, and no additional measures need to be taken.

Our study has several limitations. First, we focused solely on varus osteoarthritic
patients. Therefore, the observed changes in joint gaps may vary in valgus knees or
varus knees with a predominant lateral femoral osteophyte because of differences in knee
structures between the medial and lateral aspects. Second, gap recordings may be subjective.
Herein, the extension and flexion medial gaps were measured by applying manual varus
and valgus forces to the knee joints; consequently, the recorded values could vary based on
the applied stress forces. However, this study was conducted by a single highly experienced
surgeon with a high volume of cases, ensuring consistency in the application of stress forces.

5. Conclusions

Bony resection resulted in various changes in the flexion and extension gaps linked to
the size of the osteophytes of the posterior medial femoral condyle. When patients have
posterior osteophytes >10 mm, surgeons should expect an asymmetrical extension gap
after bony resection; therefore, a slightly tight medial extension gap should be planned to
achieve the desired gaps using the pre-resection gap balancing technique.
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Abstract: Instability is one of the causes of failure in total knee arthroplasty (TKA). The aim of this
study was to analyze the correlation between objective ligament laxity and the clinical outcome of
mechanically aligned TKA. Fifty-one knees in 47 patients were evaluated at a minimum follow-up of
6 months. The correlation between the angular displacement and functional scores (Knee Society
Score and Knee Injury and Osteoarthritis Score) was analyzed. A negative correlation (p-value < 0.05)
was observed between medial laxity ≥5◦ at 0, 30, 60, and 90◦ of flexion and the outcome measures.
Lateral laxity did not correlate with the clinical outcome. At 30◦ of knee flexion, a total varus and
valgus laxity ≥10◦ was related to poorer outcomes. The same amount of angular displacement did not
influence the outcome in the other flexion angles. There was no difference in single-radius vs multi-
radius implants in terms of medial and lateral laxity and clinical outcome. A valgus displacement
≥5◦ measured at 0, 30, 60, and 90 degrees of flexion correlated with an inferior clinical outcome. In
contrast, the same amount of displacement measured on the lateral compartment did not influence
the clinical outcome after TKA.

Keywords: knee; arthroplasty; instability; of medial laxity; lateral laxity

1. Introduction

Instability following primary total knee arthroplasty (TKA) is one of the major failure
mechanisms leading to revision surgery [1]. However, the difference between “physiologi-
cal” and “pathological” ligament laxity after mechanically aligned TKA remains unclear.
Soft-tissue balancing is critical for successful TKA, providing stability and driving knee
kinematics. However, the ideal range of medial and lateral ligament laxity of mechani-
cally aligned TKA remains unclear, mainly because of the difficulty in achieving reliable
measurements and the high heterogeneity among individuals.

In TKA practice, surgeons assess knee laxity both intraoperatively and at follow-up.
Ligament balancing is based on bone resection and soft-tissue management, on patient’s
native phenotype and deformity, and implant design.

Different surgical techniques for ligament balancing have been developed [2,3], but in
most cases soft-tissue balance is not based on an objective evaluation, depending mainly
on surgeons’ experience and preferences. Furthermore, the ligament laxity assessed with
trial implants may vary when compared to the final implant [4] and change over time after
the operation.

Several methods for measuring knee laxity during the clinical evaluation are available,
but a gold standard has not yet been established.
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Measuring medial and lateral laxity in the operating room throughout the range
of motion is very difficult using conventional instruments. New technologies, such as
navigation and robotic devices, have allowed to objectively measure tibio-femoral gaps
in real time and to provide a better understanding of the effects of implant alignment
on joint laxity before bone resections. However, these technologies are available but not
incorporated in clinical practice on a large scale.

Medial, lateral, and sagittal joint stability have been reported to influence postoperative
outcome [5,6]. However, the correlation between coronal and sagittal ligament laxity and
patient-reported outcomes is controversial [7,8]. Only few studies have evaluated both the
coronal and sagittal ligament laxity [9–11].

Similarly, studies on the influence of the curvature radius of the femoral component on
mid-flexion stability have proved to be contradictory. Several studies have shown increased
stability at 30◦ degrees of flexion in single-radius (SR) prostheses without, however, sig-
nificant differences in outcomes between single-radius vs multi-radius groups [12]. Other
studies have found no significant differences in varus–valgus stability between multi-radius
(MR) and SRimplants, suggesting that the instability may be the result of unrecognized liga-
ment laxity or technical errors during surgery rather than a factor intrinsic to the prosthetic
implant [13].

The aim of our study is to investigate (1) the relationship between laxity in varus and
valgus stress at 0◦, 30◦, 60◦, and 90◦ knee flexion, anteroposterior translation measured at
90◦, and the clinical outcome scores (Knee Injury and Osteoarthritis Outcome Score–KOOS
and Knee Society Score–KSS); (2) the correlation between the use of single or multi-radius
implants, laxity in varus–valgus, and clinical outcome.

2. Materials and Methods

A prospective evaluation of patients who underwent TKA surgery at the Campus
Bio-Medico Hospital in Rome between October 2019 and July 2021 was performed. Data of
the enrolled patients were subsequently collected between May 2021 and September 2021.

2.1. Patients’ Selection

Patients who underwent primary TKA with minimum 6-month follow-up were con-
sidered eligible for the study.

Inclusion criteria were patients who underwent primary TKA at Campus Bio-Medico
Hospital of Rome, minimum follow-up of 6 months, absence of intraoperative compli-
cations, absence of preoperative varus deformity >20◦, absence of preoperative valgus
deformity >15◦, absence of preoperative flexion deformity >20◦, absence of previous
surgery, and infection of fractures on the knee.

Exclusion criteria were presence of a semi-constrained or constrained prosthetic im-
plant, preoperative varus deformity >20◦ and valgus >15◦, preoperative flexion deformity
>20◦, ligamentous or intraoperative iatrogenic tendon injuries, intraoperative fractures,
previous tibial or femoral osteotomy, previous knee fractures, severe extra-articular de-
formities, inflammatory and autoimmune rheumatological diseases, history of previous
prosthetic infection, neuropathies, and neuromuscular pathologies.

An experienced orthopedic knee surgeon who had more than 10 years of experience
in knee surgery examined participants for inclusion and exclusion. To avoid selection bias
and errors, included patients were then assessed by the Senior Author.

2.2. Surgical Technique

All procedures were performed through a central skin incision and a medial parapatel-
lar arthrotomy. The anterior cruciate ligament was removed in all cases, while the posterior
cruciate ligament was preserved or resected based on the type of prosthetic implant used.
The type of prosthetic alignment performed is mechanical alignment. The distal femoral
cut was made perpendicular to its mechanical axis in the coronal plane as measured on pre-
operative standing hip–knee–ankle (HKA) radiographs with the use of an intramedullary
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guide. The proximal tibial cut was then performed perpendicular to its mechanical axis
in the coronal plane and with a 3–7◦ posterior tibial slope in the sagittal plane using ex-
tramedullary guide. Verification of the correct balance of the femoral and tibial cuts was
carried out in extension. In order to reach the correct balance in extension, after selecting
the correct size of the femoral component with an anterior or posterior reference system,
the oblique, posterior condylar, and anterior cortical cuts of the femur were performed.
Rotation of the femoral component was established by drawing the transepicondylar axis
and the Whiteside line with 3–5◦ external rotation from the posterior condylar line.

Ligament releases were performed to achieve adequate balance. The prosthetic com-
ponents were fixed without (6 knees) and with cementation (45 knees). Patella prosthesis
was performed in eight cases. All surgeries were performed with tourniquet insufflation.
Full weight bearing, quadriceps muscle setting, and range of motion exercises were started
the day after surgery.

2.3. Laxity Measurements

Knee laxity was clinically evaluated both in the coronal and sagittal planes. To assess
coronal laxity, a varus stress and a valgus stress were applied in full extension (Figure 1:
valgus stress performed in full extension applying a standard force of 10 kg through the use
of a dynamometer) and 30◦ (Figure 2: varus stress performed at 30◦ of knee flexion applying
a standard force of 10 kg through the use of a dynamometer), 60◦, and 90◦ knee flexion,
applying a standard force of 10 kg through the use of a dynamometer (Salter Little Samson
Dynamometer, Brecknell Fairmont, MN 56031-1439 USA) attached to an ankle in order to
reduce the rotational forces that could have affected the results. The degree of opening in
varus and valgus stress was measured clinically with an orthopedic goniometer [14].

The ROM (range of motion) was also measured with a goniometer (Shahe, China) [15].
The sagittal laxity at 90◦ knee flexion was measured with the drawer test (Figure 3: sagittal
laxity at 90◦ knee flexion measured with the drawer test performed with the knee flexed at
90◦ with the quadriceps relaxed and the foot free), performed with the knee flexed at 90◦
with the quadriceps relaxed and the foot free [16–18].

Figure 1. Valgus stress performed in full extension applying a standard force of 10 kg through the
use of a dynamometer.
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Figure 2. Varus stress performed at 30◦ of knee flexion applying a standard force of 10 kg through
the use of a dynamometer.

Figure 3. Sagittal laxity at 90◦ knee flexion measured with the drawer test performed with the knee
flexed at 90◦ with the quadriceps relaxed and the foot free.
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The Intraobserver reliability of the testing procedure was assessed in a preliminary
study. In this preliminary study on 10 patients, the same test was performed twice by the
same orthopedic knee surgeons. Intraobserver reliability was 0.83.

2.4. Clinical Outcome

The evaluation of clinical outcomes was carried out with the Knee Injury and Os-
teoarthritis Outcome Score (KOOS) [19,20] and the Knee Society Clinical Rating System
(KSS) [21] at minimum follow-up of 6 months follow-up.

KOOS is a knee-specific subjective questionnaire consisting of forty-two questions,
divided into five sections: subscales for pain, other symptoms and stiffness, activities of
daily living (ADLs), function in sport and recreation, and knee-related quality of life (QOL).
The KSS consists of two sections, “Knee Score” (KSS) and “Functional Score” (KSS-F),
and provides us with an objective assessment of the functional prosthetic outcome. The
self-administered questionnaires were completed by the patient alone.

2.5. Statistical Analysis

Data were summarized using mean and standard deviation (Mean ± SD). The normal
distribution of the variables was verified by means of the Shapiro–Wilk test. Spearman’s
correlation was used to evaluate the correlation between laxity and scores. The Mann–
Whitney U Test was used to evaluate statistically significant differences between total
laxity (varus + valgus) <10◦ vs. ≥10◦, varus laxity <5◦ vs. ≥5◦, valgus laxity <5◦ vs. ≥5◦,
anteroposterior translation “<5 mm” vs. “≥5 mm” group, and “Single radius” group vs.
“multi-radius” group in the various scores. The level of statistical significance was set
p < 0.05. Correlation values: <0.3 low; [0.3–0.39] moderate; [0.4–0.69] high; >0.70 very
strong. The post hoc power analysis made by using G power 3.1 for the correlation between
medial laxity and KKS showed that the power of the study is 0.8 for a mean correlation (r),
0.38 for an alpha value of 0.05, and a sample size of 51.

3. Results

This study included 51 knees (20 right knees and 31 left knees) in a total of 47 patients
(31 females and 16 males) with a mean age of 69.6 ± 8.3 years. Clinical outcomes were
assessed at a mean follow-up of 7.2 months (SD 2.64, range 6–18).

A single-radius TKA was used in 19 cases and a multi-radius in 32 cases. The following
implants were used in the single-radius group: GMK® Sphere Medacta, Triathlon® CR
Stryker, Triathlon® PS Stryker, and Triathlon® CS (cruciate-substituting) Stryker. The
following implants were used in the multi-radius group: Persona® PS Zimmer-Biomet,
Persona® MC (medial congruent bearing) Zimmer-Biomet, Nexgen® PS Zimmer-Biomet,
and Journey® II CR Smith & Nephew (Table 1).

Table 1. Single-radius and multi-radius implants and relative number.

Single-Radius n 19 Multi-Radius n 32

GMK Sphere 6 Persona PS 19
Triathlon CR 8 Persona MC 10
Thriatlon PS 3 Nexgen PS 1
Thriatlon CS 2 Journey II CR 2

The mean lateral and medial laxity measurement is reported in Table 2.
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Table 2. Mean medial and lateral laxity (SD) at ◦, 30◦, 60◦, and 90◦ of knee flexion.

Lateral Laxity (◦) Medial Laxity (◦)

0◦ 1.5 (0.83) 1.6 (1.02)

30◦ 3.6 (1.82) 2.9 (2.14)

60◦ 4.6 (2.41) 3.6 (2.36)

90◦ 3.3 (1.81) 2.9 (2.19)

3.1. Coronal Laxity and Clinical Outcomes

There was a significant negative correlation between medial laxity at 0◦ and KOOS
(r −0.304, p 0.03), K-Symptoms and Stiffness (r −0.43, p 0.002), K-Pain (r 0.29, p 0.04), K-
Quality of Life (r −0.34, p 0.01), KSS (r −0.33, p 0.02), and KSS-Function (r −0.47, p < 0.001).

A high negative correlation was observed between increased medial laxity at 30◦ of
flexion and KOOS (r −0.502, p < 0.001), K-Symptoms and Stiffness (r −0.415, p 0.002),
K-Sports (r −0.415, p 0.002), K-Function Daily Living (r −0.407, p 0.003), K-Quality of Life
(r −0.471, p < 0.001), KSS (r −0.455, p 0.001), and KSS-f (r −0.521, p < 0.001).

At 60◦ of flexion, we found a low negative correlation between medial laxity and
KOOS (r −0.286, p 0.042) and K-Quality of Life (r −0.298, p 0.034) and a moderate negative
correlation between medial laxity and K-Symptoms and Stiffness (r −0.365, p 0.008), KSS
(r −0.306, p 0.029), and KSS-F (r −0.364, p 0.009).

Finally, medial laxity at 90◦ of flexion showed a low negative correlation with KOOS
(r −0.294, p 0.036) and KSS (r −0.299, p 0.033) and a moderate negative correlation with
K-Symptoms and Stiffness (r −0.349, p 0.012), K-Quality of Life (r −0.325, p 0.020), and
KSS-F (r −0.337, p 0.016).

Lateral laxity showed no significant correlation with the reported outcome measures at
0◦, 30◦, 60◦, and 90◦ of flexion, with some minor exceptions: a low positive correlation with
K-Pain at 30◦ of flexion (r 0.289, p 0.040), a moderate positive correlation with ROM Max at
30◦ of flexion (r 0.305, p 0.029), a moderate positive correlation with K-Pain (rho = 0.303,
p = 0.031), KSS-F (rho = 0.307, p = 0.028), and ROM Max (rho = 0.311, p = 0.026) at 60◦
flexion (Table 3).

Table 3. Correlation between coronary laxity at 0◦, 30◦, 60◦, and 90◦ knee flexion and clinical outcomes.

KOOS
K-
Symptoms
and Stifness

K-Pain
K-Function
Daily
Living

K-
Sports

K-
Quality
of Life

KSS KSS-F
ROM
Max

0◦
LATERAL

rho −0.185 −0.294 −0.129 −0.137 −0.001 −0.128 −0.251 −0.076 0.119

P 0.194 0.036 0.365 0.338 0.993 0.369 0.075 0.598 0.406

MEDIAL
rho −0.304 −0.425 −0.287 −0.171 −0.161 −0.344 −0.335 −0.471 −0.263

P 0.030 0.002 0.041 0.229 0.259 0.013 0.016 <0.001 0.062

30◦
LATERAL

rho 0.144 0.134 0.289 0.083 0.006 0.174 0.114 0.241 0.305

P 0.312 0.348 0.040 0.562 0.964 0.222 0.427 0.088 0.029

MEDIAL
rho −0.502 −0.415 −0.391 −0.407 −0.415 −0.471 −0.455 −0.521 −0.168

P 0.000 0.002 0.005 0.003 0.002 0.000 0.001 0.000 0.240

60◦
LATERAL

rho 0.145 0.214 0.303 0.085 −0.008 0.158 0.062 0.307 0.311

P 0.309 0.131 0.031 0.555 0.957 0.267 0.667 0.028 0.026

MEDIAL
rho −0.286 −0.365 −0.256 −0.203 −0.194 −0.298 −0.306 −0.364 −0.179

P 0.042 0.008 0.070 0.153 0.172 0.034 0.029 0.009 0.209

90◦
LATERAL

rho 0.002 0.101 0.086 −0.015 −0.084 0.030 −0.084 0.186 0.242

P 0.991 0.480 0.548 0.915 0.558 0.836 0.558 0.191 0.087

MEDIAL
rho −0.294 −0.349 −0.249 −0.229 −0.258 −0.325 −0.299 −0.337 −0.179

P 0.036 0.012 0.078 0.106 0.068 0.020 0.033 0.016 0.209
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Patients with a medial laxity greater that 5◦ at 0, 30, 60, and 90 degrees of flexion
reported significantly lower outcome measures when compared with patients with less
than 5◦ of laxity (Table 4).

Table 4. Comparison of clinical outcome for patients with a medial laxity >5◦ versus patients with
medial laxity <5◦.

<5◦ >5◦ p-Value

0◦ Knees 0 0

30◦

Knees 40 11

KOOS 77.67 ± 11.91 55.55 ± 18.12 0.001

KSS 88.83 ± 8.16 73.82 ± 13.14 0.001

KSS-F 81.75 ± 15.17 57.73 ± 9.32 <0.001

60◦

Knees 34 17

KOOS 78.42 ± 11.42 61.84 ± 18.72 0.002

KSS 88.59 ± 8.62 79.59 ± 13.45 0.013

KSS-F 82.65 ± 14.63 64.41 ± 15.80 <0.001

90◦

Knees 38 13

KOOS 78.11 ± 11.65 57.67 ± 18.18 0.001

KSS 88.95 ± 8.29 75.77 ± 13.03 0.001

KSS-F 81.58 ± 14.43 61.92 ± 16.78 <0.001

There was no significant difference between patients with a lateral laxity greater than
5◦ versus lower than 5◦ at any flexion degree (Table 5).

Table 5. Comparison of clinical outcome for patients with a lateral laxity >5◦ versus patients with
lateral laxity <5◦. (NS: not significant).

<5◦ >5◦ p-Value

0◦ Knees 0 0

30◦

Knees 36 15

KOOS 72.33 ± 15.59 74.25 ± 17.90 NS

KSS 85.47 ± 11.36 85.87 ± 11.16 NS

KSS-F 74.58 ± 17.38 81.33 ± 16.42 NS

60◦

Knees 22 29

KOOS 72.10 ± 17.89 73.50 ± 14.99 NS

KSS 84.77 ± 11.06 86.21 ± 11.45 NS

KSS-F 71.59 ± 19.72 80.34 ± 14.26 NS

90◦

Knees 36 15

KOOS 72.81 ± 17.56 73.10 ± 12.65 NS

KSS 85.69 ± 10.96 85.33 ± 12.13 NS

KSS-F 74.86 ± 18.34 80.67 ± 13.87 NS

Patients with more than 10◦ of overall laxity (medial + lateral) showed a statistically
significant decrease in the KOOS score, K-Symptoms and Stiffness, K-Pain, K-Function
daily living, K-sports, K-quality of life, KSS, and KSS-F at 30◦ of flexion when compared
with patients with less than 10◦ of overall laxity (Table 6).
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Table 6. Comparison of clinical outcome for patients with an overall laxity >10◦ versus <10◦.

<10 >10 p-Value

0◦ Knees 0 0

30◦

Knees 46 5

KOOS 74.96 ± 15.21 53.94 ± 12.56 0.005

KSS 86.91 ± 10.14 73.40 ± 14.28 0.015

KSS-F 78.15 ± 17.24 62.00 ± 8.37 0.038

60◦

Knees 34 17

KOOS 73.95 ± 15.68 70.79 ± 17.33 0.562

KSS 87.03 ± 10.65 82.71 ± 12.01 0.141

KSS-F 79.12 ± 16.21 71.47 ± 18.52 0.144

90◦

Knees 43 8

KOOS 74.64 ± 14.94 63.50 ± 20.09 0.125

KSS 86.53 ± 10.75 80.50 ± 12.91 0.139

KSS-F 78.95 ± 16.39 63.75 ± 16.85 0.021

3.2. Sagittal Laxity and Clinical Outcomes

No statistically significant differences in clinical outcome were found between patients
with an anteroposterior translation <5 mm or >5 mm at 90◦ flexion (Table 7).

Table 7. Comparison of patients with antero-posterior translation >5 mm vs. <5 mm at 90◦ of flexion.

<5 mm (n = 34) >5 mm (n = 17) p-Value

KOOS 73.45 ± 16.57 71.79 ± 15.69 0.660

K-Symptoms and Stiffness 75.42 ± 17.56 76.26 ± 15.57 0.992

K-Pain 79.09 ± 18.24 79.58 ± 13.64 0.771

K-Function Daily Living 80.80 ± 16.86 77.86 ± 15.32 0.395

K-Sports 43.97 ± 28.39 38.53 ± 30.76 0.609

K-Quality of Life 60.48 ± 25.41 63.97 ± 24.76 0.630

KSS 86.38 ± 10.44 84.00 ± 12.75 0.603

KSS-F 76.32 ± 17.29 77.06 ± 17.59 0.879

ROM Max 112.5 ± 7.2 114.4 ± 10.6 0.162

3.3. Single-Radius vs. Multi-Radius Implant

No statistically significant differences were found in terms of clinical outcomes and
coronal laxity measured at 30◦, 60◦, and 90◦ between single-radius and multi-radius im-
plants (Table 8).

Table 8. Comparison of single-radius vs multi-radius implants.

Single Radius (n = 19) Multradius (n = 32) p-Value

KOOS 71.08 ± 13.80 73.97 ± 17.51 0.424

K-Symptoms and Stiffness 72.18 ± 16.13 77.78 ± 17.04 0.138

K-Pain 76.32 ± 15.83 80.99 ± 17.21 0.171

K-Function Daily Living 79.64 ± 13.76 79.92 ± 17.81 0.598

K-Sports 41.05 ± 24.81 42.81 ± 31.60 0.876
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Table 8. Cont.

Single Radius (n = 19) Multradius (n = 32) p-Value

K-Quality of Life 58.88 ± 22.76 63.28 ± 26.46 0.557

KSS 84.37 ± 11.63 86.31 ± 11.05 0.551

KSS-F 72.89 ± 18.66 78.75 ± 16.21 0.290

Varus 0◦ 1.42 ± 0.51 1.56 ± 0.98 0.991

Valgus 0◦ 1.47 ± 0.84 1.66 ± 1.12 0.544

Varus 30◦ 3.21 ± 1.23 3.78 ± 2.09 0.315

Valgus 30◦ 2.79 ± 2.10 2.91 ± 2.19 0.770

Varus 60◦ 3.84 ± 1.89 5.09 ± 2.58 0.069

Valgus 60◦ 3.11 ± 2.26 3.81 ± 2.42 0.177

Varus 90◦ 2.84 ± 1.50 3.56 ± 1.95 0.157

Valgus 90◦ 2.42 ± 1.95 3.13 ± 2.31 0.267

ROM Max 112.89 ± 7.69 113.28 ± 8.95 0.710

4. Discussion

The results of this study suggest that an increase in medial laxity at 0, 30, 60, and
90 degrees of flexion is correlated with poorer postoperative outcome of mechanically
aligned TKA. Lateral laxity does not affect the clinical scores. There was no difference in
the incidence of postoperative laxity and in the clinical outcome between single-radius vs.
multi-radius implants.

These results are in line with previous studies demonstrating that medial stability
is essential for an adequate functioning of the implant, while a lateral laxity does not
negatively affect the clinical outcome. Indeed, a medial laxity induces non-physiological
kinematics of the knee, while a lateral laxity has little effect on the kinematics [22,23]
being physiological in the native knee both in extension and flexion. Okazaki et al. [24]
analyzed 50 healthy knees with varus–valgus stress radiographs in extension and flexion
and reported the following mean coronal laxity values as physiological: 4.9◦ and 2.4◦
of lateral and medial laxity in extension and 4.8◦ and 1.7◦ of lateral and medial flexion
laxity, respectively.

Previous studies reported similar results. Tsukiyama et al. [6] found that knees with
medial joint laxity during flexion resulted in an inferior postoperative outcome, while lateral
joint laxity did not influence patient satisfaction or function. Aunan et al. [25] analyzed the
association between ligamentous laxity measured intraoperatively and clinical outcome at
one year of follow-up in 108 patients with TKR. Medial and lateral laxity were measured in
extension and 90◦ knee flexion. They found a worsening of postoperative pain and knee
function directly proportional to the increase in medial laxity both in extension and 90◦
of flexion. Watanabe et al. [11] found that lateral laxity was greater than the medial one
both in extension and at 80◦ of flexion in all knees; the value of 3.6◦ was also defined as
the ideal value of medial laxity in extension and at 80◦ of flexion, with a worsening of the
overall satisfaction and pain scores due to increases in medial laxity above this threshold.
Tanaka et al. [26] found that an asymmetrical coronal balance in extension and 90◦ knee
flexion has no effect on postoperative ROM and on the subscales of the modified KSS and
that a relative increase in lateral laxity does not lead to a worsening of clinical symptoms
and function of the operated knees. Nakano et al. [27] reported an increase in ROM Max
with increasing lateral laxity measured at 90◦ knee flexion. Seah et al. [28] evaluated the
relationship between coronal stability measured at 30◦ knee flexion and clinical outcome.
Better scores were associated with total laxity (varus + valgus) <5◦. Matsuda et al. [29]
studied the overall effects of varus–valgus laxity measured exclusively in extension on the
ROM Max at one year of follow-up. The results obtained showed a significant increase
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in ROM in patients with a difference in laxity <2◦ and a concomitant increase in ROM in
patients with a total laxity (varus + valgus) between 6–10◦. Similar results were obtained
by Yoshihara et al. [30] who analyzed coronal laxity in extension and 90◦ knee flexion. The
results obtained identified as acceptable coronal laxity values <5◦ in valgus or varus and
determined that a total laxity <10 ◦ in both extension and flexion did not determine either
a worsening of the clinical outcome, calculated with KSS, or an increase in the prosthetic
failure rate.

In the present study, the sagittal laxity at 90◦ knee flexion was evaluated and correlated
with the clinical outcome. No statistically significant differences in clinical scores were
found between patients with values <5 mm and values >5 mm. However, all patients had
translational values <10 mm.

Jones et al. [31] observed in 97 knees undergoing CR TKR a decrease in maximum
ROM and KSS in patients with AP translation >10 mm at 75◦ knee flexion compared to
patients with an AP translation between 5–10 mm, concluding that the latter was the
optimal range of sagittal stability. Watanabe et al. [11] indicated that adequate values of AP
translation measured at 75◦ knee flexion were those in the range 5–10 mm. Warren et al. [32]
in a comparative study on sagittal laxity among PS, CR, and double cruciate retention
prostheses observed an increase in ROM max in patients with AP translation >5 mm,
regardless of the type of prosthetic implant used, but did not identify a pathological upper
limit of translation. Matsumoto et al. [33,34], evaluated in 110 knees undergoing PS TKR the
association between sagittal laxity at 30◦, 60◦, and 90◦ knee flexion and functional outcomes
and observed a significant decrease in the K-pain score with increasing AP translation at
60◦ knee flexion.

Finally, no statistically significant differences emerged regarding clinical outcomes and
coronal laxity measured at 0, 30, 60, and 90 degrees of flexion between groups single-radius
vs multi-radius implants.

Some studies have shown that the transition from a longer to a shorter radius in
MR prostheses causes temporary instability during knee flexion between 30◦ and 45◦
due to a probable loss of tension in the collateral ligaments [35–38]. In contrast, some
studies have shown increased stability at 30◦ of flexion in SR prostheses without, however,
significant differences in outcomes between the two groups [12]. Other studies have
found no significant differences in varus–valgus stability between MR and SR implants,
suggesting that the instability may be the result of unrecognized ligament laxity during
surgery rather than a factor dependent on intrinsic characteristics of the implant [13,39,40].

Several limitations of this study should be acknowledged. The main limitation con-
cerns the method of measuring laxity. Both coronal laxity and sagittal laxity were measured
clinically through the use of a dynamometer and a goniometer for the assessment of medial-
lateral laxity in varus–valgus stress. The evaluation of sagittal laxity was conducted with
the execution of the drawer test. The choice of the goniometer and dynamometer has
proven to be more reliable from the comparison with the current literature: at present,
there is no instrument that allows to measure laxity precisely in a clinical setting. Since
the measurements were only taken clinically, it was equally difficult to accurately identify
and distinguish the subtle changes in degrees of laxity. The choice to perform radiographic
measurements of the degree of laxity, as was conducted by some of the studies cited in
the text, would have significantly improved the significance of our results. However, the
difficulty in carrying out further radiographic investigations must be taken into considera-
tion, both at a more strictly hospital level and due to the poor compliance of the patients
enrolled. The radiographic investigation flanked by advanced computer-assisted naviga-
tion systems, similar to those already used in surgical practice, could further improve the
overall assessment of instabilities [41,42].

The number of patients enrolled in our study is relatively small when compared with
similar studies in the literature. We tried to include only patients undergoing more recent
prosthetic implants in the study to ensure that the surgical technique and postoperative
rehabilitation did not differ significantly.
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We were unable to calculate the preoperative laxity because it is not possible to
objectively quantify the preoperative medial or lateral bone loss and how it can affect
ligamentous stability. A possible significant correlation between preoperative and postop-
erative gap balances, both in extension and flexion, could influence our results. This aspect
could be the subject of future studies.

In our study, we did not check if the medial-lateral laxity measured for the CR- and
PS-TKAs revealed statistically significant differences over the studied flexion arc for the
two versions of TKA. Excision of the PCL results in an increased flexion gap, which should
increase varus–valgus laxity of the knee with increasing flexion. Our results could be
influenced by the heterogeneity of the experimental group.

Moreover, clinical laxity was assessed by a single experienced orthopedic knee surgeon.
The Intraobserver reliability of the testing procedure was assessed in a preliminary study
to guarantee the accuracy of the measurement. However, the interobserver reliability was
not assessed. Although a reproducible method was used for clinical measurements, the
absence of an interobserver reliability evaluation could be a limitation of the study.

Finally, the selected patients were not stratified by homogeneous classes of preopera-
tive deformity (varus and valgus) with consequent differences in the preoperative ligament
structure [43,44].

Patient satisfaction after TKA is generally lower than after total hip arthroplasty. Sev-
eral preoperative and intraoperative factors could affect the postoperative outcome. Among
these factors, ligament balance could be associated with the subjective and functional re-
sults of patients. Few studies have analyzed the relationship between ligament balancing
and patient-reported outcomes. The results of this study suggest that an increase in medial
laxity at 0, 30, 60, and 90 degrees of flexion is correlated with poorer postoperative outcome
of mechanically aligned TKA. These data could drive surgeons to focus on the relevance of
medial stability of total knee arthroplasty. Future research is needed with the greatest and
more homogeneous populations to obtain high-quality evidence on this topic.

5. Conclusions

The results of this study suggest that an increase in medial laxity at 0, 30, 60, and
90 degrees of flexion is correlated with poorer postoperative outcome of mechanically
aligned TKA, while lateral laxity does not affect the clinical scores. An overall laxity
(medial + lateral) of more than >10◦ at 30◦ of flexion leads to a lower clinical outcome.
There was no difference in the incidence of postoperative laxity and in the clinical outcome
between single-radius vs. multi-radius implants. Finally, an anteroposterior translation
lower than 10 mm at 90 degrees of flexion does not influence the results of TKA.
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Abstract: Numerous studies have compared metal-backed components (MBTs) and all-polyethylene
tibial components (APTs), but none of them specifically analysed the clinical results and the overall
patient preference in patients who had undergone a staged bilateral knee replacement. The purpose
of this study is to compare clinical results, perceived range of motion, and overall implant preference
among patients who had undergone staged bilateral knee replacement with an APT and contralateral
knee replacement with MBTs. A dataset of 62 patients from a single centre who underwent staged
bilateral TKA between 2009 and 2022 was selected and retrospectively analysed. Tibial component
removal was performed in three knees overall, all of which had MBTs. The mean measured Knee
Score (KS) of knees with APTs was 78.37 and that of contralateral knees with MBTs was 77.4. The
mean measured Function (FS) of knees with APTs was 78.22, and that of contralateral knees with
MBs was 76.29. The mean flexion angle of knees with APTs was 103.8 and that for knees with MBTs
was 101.04 degrees. A total of 54.8% of the patients preferred the knee that received APTs over
contralateral MBTs. In our cohort, TKA with an APT in one knee and an MBT in the contralateral
knee recorded similar clinical results and perceived ranges of motion. Patients in general preferred
the knee that received an APT over contralateral knee with an MBT.

Keywords: bilateral knee replacement; total knee arthroplasty; all-polyethylene tibia; metal-backed
tibia; staged bilateral knee arthroplasty

1. Introduction

Total knee arthroplasty (TKA) is one of the most frequent orthopaedic procedures
and the definitive treatment of knee arthritis. Even if promising new technologies have
been developed in knee arthroplasty, implant selection is still discussed [1,2]. Most total
knee replacements have been performed with metal-backed tibial components (MBTs).
All-polyethylene tibial components (APTs) are primarily implanted in older and low-
demand patients [3]. Numerous studies have compared MBTs and APTs, describing similar
clinical outcomes and implant survivorship [4–6]. The first-generation APT designs often
failed to aseptic loosening; thus, many orthopaedic surgeons are still reluctant to use
APTs [7]. Nowadays, considering improvements in implant design, material quality, and
the economic strain on health care, APT utility is regaining popularity [8,9].

Our institution has a long tradition in arthroplasty with APTs, choosing APTs not
only in cases of elder patients. A previous study described excellent long-term clinical
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results and survivorship of APTs [10]. Moreover, in a clinical comparison of 812 patients
with NexGen TKA APTs and MBTs, we suggest that APTs are equal or even superior to
metal-backed components across the age categories [3]. Further examination of the topic in
a biomechanical analysis on APTs showed a similar induced response in patients of the
60–70-year-old age groups as well as remodelling and modelling of the periprosthetic tibia,
which is a beneficial factor in implant survivorship [11].

Despite numerous studies that have compared APTs with MBTs, none of them specif-
ically analysed the clinical outcomes and the overall patient preference in patients who
had undergone a staged bilateral knee replacement, having one knee with MBTs and the
contralateral knee with APTs, implanted in a single orthopaedic department using the same
surgical technique. The purpose of this retrospective study was to compare clinical results,
perceived range of motion, and overall preference among patients who had undergone
staged bilateral TKA with APTs and contralateral TKA with MBTs.

2. Materials and Methods

2.1. Sample Characteristics

For this retrospective comparative study, a dataset of 62 patients from a single centre
who underwent staged bilateral TKA between 2009 and 2022 was selected. All of the
patients had one knee with an MBT and an APT in the contralateral knee (Figure 1). In total,
this represented 124 knee replacements, 34 of which had an APT on the right side, 28 with
an APT on the left side, 34 with an MBT on the left side, and 28 with an MBT on the right
side. There were 37 females and 25 males. The only indication for TKA was primary knee
arthritis; patients with post-traumatic or other non-primary knee arthritis were excluded
from this study (Table 1).

Figure 1. Radiological imaging of representative patient with staged bilateral TKA, right side with
TKA APT implanted and left side with MBT.

Table 1. Sample characteristics.

Features Bilateral TKA

Number of patients (knees) 62 (124)

Age at inclusion (years)
APT 74.1 ± 3.56 (66–82)
MBT 69.9 ± 3.69 (61–79) p < 0.00001

Sex
Female 37 (59.7%)
Male 25 (40.3%)
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Table 1. Cont.

Features Bilateral TKA

Average follow-up (years)
APT 4.14 ± 3.19 (1–12)
MBT 7.45 ± 3.01 (1–12) p < 0.00001

Diagnosis
Primary osteoarthritis 124 (100%)

Surgical approach
Medial parapatellar 124 (100%)

Patients were followed up for at least 1 year, from 1 to 12 years postoperatively. The
mean follow-up was 4.14 years for APTs and 7.45 years for MBTs (Figure 2). The mean age
at the time of MBT implantation was 69.9 years and that at the time of APT implantation
was 74.1 years. Exclusion criteria were a minimum 1-year follow-up and a maximum
interval of 10 years between the first TKA and the TKA of the other side.

Figure 2. Follow-up patients with staged bilateral TKA in our institution from 2009 to 2022 for each
implant type.

2.2. Evaluation

The primary efficacy endpoint compared was the clinical outcome of the implants
as per the Knee Society Score before and after the procedure, which was assessed at a
minimum of 1-year follow-up and eventually modified at the last examination, with both
the knee-specific score (KS) and general functional score (FS) [12]. Both scores range from
0 to 100 (excellent) [12]. The secondary efficacy endpoint was the determination of the
maximum range of motion in patients observed at a minimum of 1-year follow-up and
eventually modified at the last examination. The range of motion was measured with a
goniometer (universal goniometer) while the patient was lying on the exam table. The
last efficacy point was an examination of the subjective implant preference of the patients
between APTs and MBTs. Patients were asked directly to choose the knee they were
satisfied with the most.

2.3. Implant Types

Four different systems of cemented TKA CR, two per type, were used (Figure 3).
The all-polyethylene knee system variants included Sigma DePuy (n = 16) and NexGen
Zimmer (n = 46). The metal-backed knee system variants included Search Evolution
Aesculap (n = 37) and NexGen Zimmer (n = 25). The implant selection was based on
current research evidence and advances in the field of orthopaedics to ensure the best
outcomes for each patient.
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Figure 3. Sample distribution and TKA system variants used in staged bilateral TKA in our institution
from 2009 to 2022.

2.4. Surgical Technique

In all cases, the same surgical technique was utilised, following the standard princi-
ples used in our institution. The mechanical alignment concept and medial parapatellar
approach to the knee were employed using a tourniquet cuff inflated at 300 mmHg. Patellar
resurfacing was performed in select cases, while patellar denervation with electrocautery
and osteophyte removal were conducted in all cases. Bone cement was applied to the im-
plants, with a small amount pressed into the cancellous bone. At the end of the procedure,
two suction drains were inserted to capture the blood loss during the first 24 h, and 1 g of
tranexamic acid was applied intra-articularly. All patients received a single preoperative
dose of prophylactic antibiotics (cefazolin) before the inflation of the tourniquet and 3 doses
postoperatively. All patients participated in the same postoperative course and physical
therapy during their 7-day hospital stay.

2.5. Statistical Methods

The statistical analysis was carried out using R version 4.0.5 (Bell Laboratories, Murray
Hill, NJ, USA) software. The Fischer exact test was conducted to compare categorical
variables between the two groups. A significance level of p < 0.05 was used. A 95%
confidence interval (95% CI) was calculated. The non-parametric Mann–Whitney test was
used to compare the clinical outcomes between the implants.

3. Results

Tibial component removal was performed in three knees overall, all of which had an
implanted MBT, and there was no statistically significant relationship between the survival
rate and the type of implant (p = 0.2439). The cause of removal in two of the cases was due to
aseptic loosening of the tibial component. The first occurred 4 years after the implantation
and the second 10 years after the implantation. The last case of tibial component removal
was because of arthrofibrosis, a reduced range of motion to 60 degrees of flexion, and an
extension deficit of 5 degrees.

3.1. Functional Outcome

The mean measured KS of knees before the TKA with an APT was 47.11 and the mean
KS of contralateral knees before the TKA with an MBT was 48.54 (p = 0.01684) (Figure 4).
The mean measured FS of knees before the TKA with an APT was 44.35 and the mean FS
of contralateral knees before the TKA with an MBT was 46.29 (p = 0.01352) (Figure 5). See
Table 2.

Table 2. Preoperative KS and FS of patients with staged bilateral TKA in our institution from 2009
to 2022.

Overall KS: APT KS: MBT FS: APT FS: MBT

Mean 47.11 48.54 44.35 46.29
Std. Dev 4.00 3.56 4.09 3.83

138



J. Clin. Med. 2023, 12, 7438

Table 2. Cont.

Overall KS: APT KS: MBT FS: APT FS: MBT

Median 48 48 45 45
N.Valid 62 62 62 62

Figure 4. KS of implants in patients with staged bilateral TKA in our institution from 2009 to 2022.

Figure 5. FS of implants in patients with staged bilateral TKA in our institution from 2009 to 2022.

The mean measured KS of knees with an APT was 78.37 and the mean KS of contralat-
eral knees with an MBT was 77.4 (p = 0.29372) (Figure 4). The mean measured FS of knees
with an APT was 78.22 and the mean FS of contralateral knees with an MBT was 76.29
(p = 0.72786) (Figure 5). See Table 3.

Table 3. Postoperative KS and FS at the last follow-up of patients with staged bilateral TKA in our
institution from 2009 to 2022.

Overall KS: APT KS: MBT FS: APT FS: MBT

Mean 78.37 77.4 78.22 76.29
Std. Dev 5.11 6.87 4.44 7.06
Median 80.5 80 80 80
N.Valid 62 62 62 62

139



J. Clin. Med. 2023, 12, 7438

For both of the tibial components, there was a statistically significant improvement in
FS and KS after the TKA (p < 0.00001).

3.2. Range of Motion

The mean knee flexion angle of knees with an APT was 103.8 (±8.21) degrees, and the
mean flexion contracture was 6.25 degrees and occurred in eight knees. On the contrary, the
mean knee flexion angle of contralateral knees with an MBT was 101.04 degrees (±14.29)
(p = 0.52218), and the mean flexion contracture was 8 degrees and occurred only in five
knees (p = 0.5593) (Figure 6). Manipulation under anaesthesia was necessary in one case
because of stiffness in the APT. No cases were treated with arthroscopic or open lysis
of adhesions.

Figure 6. Maximum knee flexion in patients with staged bilateral TKA in our institution from 2009
to 2022.

3.3. Implant Preference

At the follow-up, patients were asked to directly compare their knees. A total of 54.8%
of the patients preferred the knee that received an APT over the contralateral MBT. Mean-
while, 12.9% of the patients found no difference and 32.3% preferred the MBT (Figure 7).

Figure 7. Patient-stated implant preference in staged bilateral TKA in our institution from 2009
to 2022.

4. Discussion

In modern orthopaedics, modular MBTs are preferred by the majority of orthopaedic
surgeons over monoblock APTs [13]. The poor clinical results described in the 1980s notably
lowered the utilisation rates of APTs [14]. Even though the design of these components and
the polyethylene material used to make them have been significantly improved, APTs are
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still primarily recommended for older and low-demand patients [15]. Despite numerous
papers comparing APTs and MBTs, there is no study specifically comparing these tibial
components in bilateral TKA. This study compared the clinical outcomes of an APT in one
knee and an MBT in the contralateral knee of the same patient in staged bilateral TKA.

Previous studies comparing these implants presented similar or even superior mid-
term clinical survivorship of APTs [16,17]. In this study, out of a total of 124 TKAs, removal
of the tibial component was necessary in three cases, and all of them were MBTs; removal
of APTs was not necessary. There were no cases of polyethylene insert exchange, whereas
modularity is considered to be a major advantage of MBTs [18]. Nouta et al., in meta-
analysis comprising more than 12,500 TKAs, found no differences in clinical and functional
outcomes between the two implants. The mean KS and FS for APTs and MBTs were found
to be similar [19]. Another recent study comparing the two tibial components observed
similar clinical results using the same evaluation method [20]. In the literature, there
are only a few specific clinical comparisons between the components in bilateral staged
TKA [21,22]. Our study recorded comparable clinical and functional outcomes using the
Knee Society Score. The mean KS of APTs at the last follow-up (78.37) was similar to the
mean KS of contralateral knees with MBTs (77.4). Analogously, the mean FS of APTs at
the last follow-up (78.22) was comparable with the mean FS of contralateral knees with an
MBT (76.29).

A recent study comparing the medium-term outcomes of the two implants described
a similar range of motion in patients older than 70 years of age [20]. In this study, we
recorded a similar maximal knee flexion when comparing the two tibial components. A
slightly greater mean maximal flexion was measured in knees with APTs (103.8 degrees);
on the contrary, the mean maximal flexion of knees with MBTs was 101.04 degrees. The
difference in maximal knee flexion was not found to be significant. Flexion contracture
was recorded in eight knees with APTs and five knees with MBTs. There was only a single
patient with an APT undergoing manipulation under anaesthesia for stiffness.

Since APTs are primarily recommended for elderly patients, the implantation of the
APTs was, in most cases, performed years after the implantation of MBTs. Additionally,
we found excellent results of APTs in older patients [10]. Consequently, even if these older
patients have previously received an MBT on the contralateral side during a previous
surgery at a younger age, they still receive an APT. This explains the significant difference
in the age at inclusion of the patients as well as the longer follow-up of patients with
MBTs. Minimising the variation in follow-up durations was not feasible as we compared
results for the same patient, and APTs were mostly implanted years later. Another issue
we need to highlight is the lower KS and FS at the implantation of APTs. This could be
probably explained by the age at implantation as the scoring system is associated with
patient infirmity, especially in the case of the FS.

One crucial aspect following a TKA implantation is the overall satisfaction of the
patient [23]. Therefore, we took into account the subjective preference of each patient by
directly asking them to choose between the APT and the contralateral MBT. A similar
method was used in a study comparing the overall preference among patients who had
undergone staged bilateral TKA with a customised implant in one knee and an off-the-shelf
implant in the contralateral knee [24]. In our query, 54.8% of the patients preferred the
knee that received the APT over that with the contralateral MBT. Only 12.9% of the patients
could not decide which of the knees they favoured.

The present study has several strengths that contribute to its reliability. Firstly, it
possesses an appropriate sample size consisting of patients who underwent bilateral TKA.
Additionally, the surgical technique employed was consistent across all patients, and the
mean follow-up duration is notable. These strengths enabled us to effectively compare the
performance of the two tibial component types. However, it is important to acknowledge
the limitations of our study. Firstly, it had a retrospective design and varying follow-up
durations for the studied knees. Additionally, some of the TKA cases only had a 1-year
follow-up. Secondly, the sample consisted of four different systems of cemented TKA, with
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two variants for each type, which introduced some degree of variability. Considering these
limitations, we believe that the obtained results are still meaningful and provide valuable
insights into the comparison of the two tibial component types.

5. Conclusions

The present study provides evidence that TKA with an APT in one knee and an MBT
in the contralateral knee exhibits comparable clinical and functional outcomes. Patients
generally expressed a preference for the knee that received the APT over that with the
contralateral MBT. Taking into account their limitations, our findings could influence
implant selection, encouraging more frequent utilisation of TKAs with an APT.
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Abstract: (1) Background: The aim of this prospective study was to evaluate measurement software
in comparison with manual measurements using inter-observer and intra-observer variability on
radiographs in the preoperative planning of total knee arthroplasty. (2) Methods: Two independent
observers retrospectively measured the mechanical lateral proximal femoral angle (mLPFA), the
mechanical lateral distal femoral angle (mLDFA), the joint line convergence angle (JLCA), the me-
chanical medial proximal tibial angle (mMPTA), the mechanical lateral distal tibial angle (mLDTA),
the hip–knee angle or mechanical tibial–femoral axis angle (HKA), and the anatomical–mechanical
angle (AMA) on 55 long-leg anteroposterior radiographs manually twice, followed by measurements
using dedicated software. Variability between manual and computer-aided planning was assessed,
and all measurements were performed a second time after 14 days in order to assess intra-observer
variability. (3) Results: Concerning intra-observer variability, no statistically significant difference
was observed regarding the software-based measurements. However, significant differences were
noted concerning intra-observer variability when measuring the mLDFA and AMA manually. Testing
for statistical significance regarding variability between manual and software-based measurements
showed that the values varied strongly between manual and computer-aided measurements. Statisti-
cally significant differences were detected for mLPFA, mLDFA, mMPTA, and mLPTA on day 1, and
mLPFA, mMPTA, and mLPTA on day 15, respectively. (4) Conclusions: Preoperative planning of leg
axis angles and alignment using planning software showed less inter- and intra-observer variability
in contrast to manual measurements, and results differed with respect to manual planning. We
believe that the planning software is more reliable and faster, and we would recommend its use in
clinical settings.

Keywords: leg axis; leg axis angles; leg axis alignment; planning software

1. Introduction

While revision total knee arthroplasty (TKA) is not commonly associated with the sur-
gical technique, it remains crucial to recognize its significance, as factors like inappropriate
component size, malposition, and malalignment of the components can still contribute to
the necessity for revision [1,2]. Therefore, thorough preoperative planning of relevant leg
axis angles and, thus, varus/valgus alignment is an important factor in order to achieve
optimal postoperative knee function [3].

Thus, preoperative planning is an important tool in total knee arthroplasty (TKA),
especially concerning a reduction in intraoperative errors related to implant sizing, soft
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tissue balancing, and bony resections [4,5]. Consequently, many researchers have aimed to
increase the reliability of preoperative planning [6–8].

The international gold standard in clinical preoperative planning is based on two-
dimensional (2D) geometrical analysis of anterior–posterior (AP) standing long-leg radio-
graphs by placing translucent templates on the radiographs [7,9]. Several studies have
proposed that digital 2D planning might be more precise regarding the prediction of
implant size [10,11]. Moreover, some studies have evaluated the accuracy of computed
tomography (CT)-based three-dimensional (3D) planning and suggested that this might be
more precise concerning the alignment and rotation of the components [12–14]. However,
the accuracy of the novel measurement software Image Biopsy Lab (Vienna, Austria) has
not been described on long-leg radiographs.

The aim of this prospective study was, therefore, to evaluate the above-mentioned
measurement software in comparison with conventional manual measurements using
inter-observer and intra-observer variability on 2D radiographs.

Our hypothesis is that the use of measurement software is more reliable and efficient
in preoperative planning compared to manual measurements.

2. Materials and Methods

This study was approved by the institutional review board (blinded for review).
Fifty-five pseudonymized standardized anteroposterior long-leg views were randomly
selected from a patient collective consisting of surgical candidates for total knee arthroplasty
between January 2021 and April 2021, as these radiographs were taken for preoperative
planning [9,10]. The radiographs were independently reviewed by two observers, first
manually and then using measurement software LAMATM (Image Biopsy Lab GmbH,
Vienna, Austria). The measurement was carried out by two senior residents with experience
and specialization in knee arthroplasty. In a second step, two independent reviewers were
selected to evaluate the variability between manual and computer-aided planning, which
was defined as inter-observer variability. Moreover, the angles were then measured a second
time after a time interval of 14 days to assess intra-observer variability. Seven standardized
angles were measured in degrees as follows: (1) the mechanical lateral proximal femoral
angle (mLPFA); (2) the mechanical lateral distal femoral angle (mLDFA); (3) the joint line
convergence angle (JLCA); (4) the mechanical medial proximal tibial angle (mMPTA);
(5) the mechanical lateral distal tibial angle (mLDTA); (6) the hip–knee angle or mechanical
tibial–femoral axis angle (HKA); and (7) the anatomical–mechanical angle as the angle
between the anatomical and mechanical axis of the femur (AMA). A graphical depiction of
these angles on a long-leg view is presented in Figure 1.

2.1. Manual Measurements

The manual measurements were performed on blinded prints of the radiographs by
drawing the baselines through significant points of the proximal and distal femur and
tibia, respectively. The first baseline was drawn through the central point of the femoral
head and the tangent of the great trochanter. The second baseline runs through the most
prominent protrusions of the medial and lateral femoral condyles. Analogously, the most
prominent points of the proximal and distal tibia were connected with the third and fourth
baseline. Next, the anatomical axis was drawn by connecting two central lines through
the diaphyses of the femur and tibia. Additionally, the mechanical axis of the femur was
drawn through the central point of the femoral head and the center of the femoral condyles.
The mechanical axis of the tibia was drawn through the center of the tibial tubercles and
the center of the previously marked distal tibial baseline. The mLPFA is the lateral angle
between the femoral mechanical axis and the first baseline. The mLDFA is the lateral angle
between the femoral mechanical axis and the second baseline. The JCLA, which has a
positive value in case of varus deformity and a negative value in case of valgus deformity,
constitutes the angle between the second and third baseline. The mMPTA is the medial
angle between the third baseline and the mechanical axis of the tibia. The mLDTA is defined
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as the lateral angle between the fourth baseline and the mechanical axis of the tibia. The
HKA, whose positive or negative value is determined analogously to the JLCA, constitutes
the angle between the mechanical femoral and mechanical tibial axis. Finally, AMA is the
angle between the anatomical and mechanical femoral axis.

Figure 1. A graphical depiction of the angles measured on a long-leg radiographic view. (1) mLPFA;
(2) mLDFA; (3) JLCA; (4) mMPTA; (5) mLDTA; (6) HKA; (7) AMA.

2.2. Software Measurements

The automatic localization of anatomical features of the femur, tibia, and calibration
ball to assess all landmarks was needed to perform the required measurements. The AI-
based software uses deep learning algorithms and multiple U-Net-based convolutional
neural networks. A magnification factor was applied for length measurement based on
the detection of a calibration ball. By segmenting a calibration ball and calculating a
magnification factor based on the calibration ball size (25 mm) and the diameter of the
segmentation (pixel units), the length calibration was performed. The measurement of
the following angles was performed on each long-leg radiograph: hip–knee angle (HKA);
anatomical–mechanical angle (AMA); joint line convergence angle (JLCA); mechanical
lateral distal femoral angle (mLDFA); mechanical lateral distal tibial angle (mLDTA);
mechanical lateral proximal femoral angle (mLPFA); mechanical medial proximal tibial
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angle (mMPTA); mechanical axis deviation (MAD); leg length; femur length; and tibia
length. This is further illustrated in Figures 2 and 3.

Figure 2. A graphical depiction of software-based measurements of standardized angles on a
longleg view.
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Figure 3. A graphical depiction of software-based measurements of standardized angles on long-leg
views of both legs.

2.3. Statistical Analysis

Statistical analysis was performed using Statistical Package for the Social Sciences
(SPSS) version 27.0 software (IBM Corp., Armonk, NY, USA). In order to quantify intra-
observer variability as well as variability between manual and computer-aided planning
(inter-observer variability), the t-test was used. Paired t-tests were used in order to assess
intra-observer variability, while t-tests for independent samples were performed to check
for variability regarding manual and computer-aided planning. A confidence interval of
95% was assumed, and a p-value < 0.05 was considered statistically significant. Moreover,
a descriptive summary of the data was performed using summary tables.

The interrater reliability of measurements was assessed using intraclass correlation
coefficients (ICCs) and the confidence interval.

3. Results

Axial deviation, femoral and tibial length, and full leg length were measured using the
software. At day 1, the axial deviation was a mean of 12.1 cm (SD: 28.6), and the femoral
and tibial length was on average 50.4 cm (SD: 3.1cm) and 39.3 cm (SD: 3.0 cm), and full
leg length was a mean 89.5 cm (SD: 5.9 cm)At day 15, axial deviation was measured as a
mean of 12.4 cm (SD: 28.7 cm), femoral and tibial length were at a mean of 50.4 cm (SD:
3.0 cm) and 39.3 cm (SD: 3.0 cm), and full leg length was measured as 89.6 cm (SD: 5.9 cm)
on average.

A descriptive summary of the mean values and standard deviations of the manual and
software-based measurements regarding the leg axis angles on days 1 and 15, respectively,
is depicted in Table 1.
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Table 1. Summary of mean values and standard deviation (SD) at day 1 and day 15.

Manual d1 Manual d15 Software d1 Software d15

mLPFA 90.3 (SD: 4.7) 89.7 (SD: 3.9) 91.7 (SD: 4.8) 91.8 (SD: 4.8)
mLDFA 89.2 (SD: 4.1) 88.0 (SD: 3.9) 88.1 (SD: 2.9) 88.2 (SD: 2.9)

JLCA 3.3 (SD: 3.7) 3.3 (SD: 3.9) 2.4 (SD: 4.0) 2.5 (SD: 4.0)
mMPTA 89.5 (SD: 3.3) 88.9 (SD: 3.4) 87.8 (SD: 2.8) 87.8 (SD: 2.8)
mLPTA 88.5 (SD: 3.5) 87.9 (SD: 3.2) 86.2 (SD: 3.8) 86.1 (SD: 3.8)

HKA 2.6 (SD: 7.1) 2.8 (SD: 7.6) 2.6 (SD: 7.6) 2.7 (SD: 7.6)
AMA 6.7 (SD: 1.1) 7.0 (SD: 1.6) 6.9 (SD: 1.1) 6.9 (SD: 1.1)

Values are in degrees; SD = standard deviation; d1 = day 1; d15 = day 15; manual = manual measurements of
both readers.

Concerning intra-observer variability, no statistically significant difference was ob-
served regarding the software-based measurements. However, significant differences
were noted concerning intra-observer variability when measuring the mLDFA and AMA
manually. Moreover, the other manual measurements showed no statistical significance.

The test for statistical significance regarding the variability between manual and
software-based measurements showed different results regarding the individual angles. For
some angles, values varied strongly between manual and computer-aided measurements.
Statistical significance was detected for mLPFA, mLDFA, mMPTA, and mLPTA on day 1,
and mLPFA, mMPTA, and mLPTA on day 15, respectively. A summary of the p-values
associated with the respective leg axis angles is outlined in Table 2.

Table 2. Summary of intra- and inter-observer variability.

Knee Angles
Intra-Observer

Variability
(Manual)

Intra-Observer
Variability
(Software)

Inter-Observer
Variability d1

Inter-Observer
Variability d15

mLPFA p = 0.285 p = 0.320 p = 0.026 p < 0.001

mLDFA p = 0.012 p = 0.320 p = 0.035 p = 0.741

JLCA p = 0.822 p = 0.435 p = 0.114 p = 0.103

mMPTA p = 0.164 p = 0.320 p < 0.001 p = 0.010

mLPTA p = 0.097 p = 0.276 p < 0.001 p < 0.001

HKA p = 0.726 p = 0.320 p = 0.934 p = 0.943

AMA p = 0.030 p = 0.320 p = 0.087 p = 0.594
d1 = day 1, d15 = day 15.

The ICC revealed a value of 0.99 for the measurement of the interrater reliability,
which, according to [15], corresponds to excellent agreement.

4. Discussion

The aim of this prospective study was, therefore, to evaluate the measurement software
Image Biopsy Lab (Vienna, Austria) in comparison with conventional manual measure-
ments using inter-observer and intra-observer variability on 2D radiographs.

One of the most important findings of the present study was that regarding four
of the seven measured angles on day 1 (mLPFA: p = 0.026; mLDFA: p = 0.035; mMPTA:
p < 0.001; mLPTA: p < 0.001) and three on day 15 (mLPFA: p < 0.001; mMPTA: p = 0.010;
mLPTA: p < 0.001), statistically significant differences between manual and software-based
measurements were detected, indicating that manual and software-based planning of
leg axes leads to differential results. Additionally, the small difference in inter-observer
variability between days 1 and 15 might indicate that the learning curve of performing
manual measurements more precisely is quite small after only one repetition. Furthermore,
intra-observer variability shows no significant results concerning software-based planning,
possibly implying that this method might be more precise, and thus measurements may
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be more reliable and consistent between different time points. Testing for intra-observer
variability of manual measurements revealed statistically significant differences regarding
two angles (mLDFA: p = 0.012; AMA: p = 0.030), pointing towards poorer reliability of
manual measurements with increased variability.

Potential explanations for reduced intra-observer variability during software-based
analysis include the ability to zoom parts of the radiograph, enabling more exact determi-
nation of relevant landmarks for drawing. Moreover, transparent films may slide, which
can consequently lead to inaccurate drawings and thus reduced reliability. Additionally,
the goniometer has a 1◦ scale, and no further accuracy is possible.

In 2006, Hankemeier et al. [16] performed an analysis of intra-observer reliability
regarding computer-assisted analysis of lower limb geometry and compared these findings
to manual measurements on conventional radiographs. In this study, one single surgeon
reviewed 59 long-leg radiographs five times and measured the mLPFA, mLDFA, mMPTA,
mLDTA, JLCA, and AMA, respectively. The authors concluded that computer-assisted
analysis increases intra-observer reliability, which is in accordance with the findings of this
present study.

In a more recent study by Schröter et al. [17], the interrater reliability of two digital
planning software for high tibial osteotomy was evaluated. In accordance with our results,
high interrater reliability could be found using digital planning software.

A similar study reporting on the reliability of an imaging software in the preoperative
planning of high tibial osteotomy detected high reliability and consistency between the
conventional paper print method and the software-assisted method [18]. This further
supports the hypothesis of our study regarding the reliability of measurement software in
preoperative planning.

In this study, the anatomical axis was drawn by connecting two central lines through
the diaphysis of the femur and tibia. The assessment of the anatomical axis is known to be
difficult due to the bowing of the femoral shaft. Moreland [19] defined the anatomical axis
as the connecting line between the midpoint of the medial-to-lateral width of the femoral
diameter at half of the femoral length and 10 cm above the joint line. The literature showed
varying definitions of the anatomical axis, but no significant differences were detected
between them [20]. Another problem accompanied with planning on plain radiographs
is rotational abnormality. It was shown that planning is rather precise when rotation
is neutral, but that pathological rotation of the femur may lead to deviations, making
estimated corrections proportional to the degree of malrotation necessary [21].

A further recent study by Pagano et al. [22], evaluating the role and efficiency of
AI-powered software in total knee arthroplasty, showed excellent agreement with expert
metrics in most knee angles and axial alignments assessed; however, it indicates limitations
in the assessment of JLCA, the Mikulicz line, and in patients with a body mass index higher
than 30 kg/m2, which is comparable to our findings.

Several previous studies have reported on the inter-observer and intra-observer re-
liability of software-based 2D and 3D planning of component sizes for TKA [23]. It was
reported that inter- and intra-observer reliability for component sizes was higher with
CT-based 3D planning, comparing directly to two other published research articles that
have performed preoperative 2D planning, supporting the fact that 3D planning using CT
or MRI may lead to more precise measurements [24,25].

In addition to its use in preoperative planning, artificial intelligence is also used as
a diagnostic tool for osteoarthritis of the knee, where studies have shown an increase in
interrater reliability, which confirms our findings [26].

There were several limitations associated with the present study. First, measurements
were only performed on standardized X-rays that are routinely performed in the preopera-
tive setting. This comes with the advantage that no additional radiation is applied to the
patient; however, planning might be more precise when performed on CT imaging, which
is, on the other hand, associated with greatly increased radiation exposure compared to
conventional radiographs. Second, measurements were only performed by two indepen-
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dent reviewers. The power of the findings might be increased by having the radiographs
analyzed by more reviewers and including more experienced specialists or senior physi-
cians. Furthermore, analysis of the radiographs at more than two time points may also
enhance the validity and precision of the results. Scale, contrast, and brightness can affect
the software evaluation of X-ray images. These factors can affect the software’s ability to
recognize landmarks or perform measurements, especially if the contrast quality of the
X-ray images is not sufficient or the brightness is not set optimally. To minimize such effects,
a standardized acquisition method is used when capturing X-ray images for analysis and to
ensure that the image quality is sufficient. Paying attention to these factors and, if necessary,
adjusting the settings can help to improve the reliability of software evaluation and the
accuracy of manual measurements in orthopaedic imaging. As a university hospital, we are
also subject to regular quality controls in order to be able to react accordingly. Additionally,
no power analysis for the number of physicians, the number of patient cases, and repetitive
measurements was performed. However, [15] postulated that, as a rule of thumb, at least
30 heterogeneous patient cases should be included.

5. Conclusions

Preoperative planning of leg axis angles and alignment using planning software
showed less inter- and intra-observer variability in contrast to manual measurements, and
results differed with respect to manual planning. We believe that the planning software is
more reliable and would recommend its use in clinical settings.
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