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Background: Predictive modeling promises to improve our understanding of what variables influence
patient satisfaction after total knee arthroplasty (TKA). The purpose of this article was to systematically
review the relevant literature using predictive models of clinical outcomes after TKA. The aim was to
identify the predictor strategies used for systematic data collection with the highest likelihood of success
in predicting clinical outcomes.
Methods: A Preferred Reporting Items for Systematic Reviews and Meta-Analyses protocol systematic
review was conducted using 3 databases (MEDLINE, EMBASE, and PubMed) to identify all clinical studies
that had used predictive models or that assessed predictive features for outcomes after TKA between
1996 and 2020. The ROBINS-I tool was used to evaluate the quality of the studies and the risk of bias.
Results: A total of 75 studies were identified of which 48 met our inclusion criteria. Preoperative pre-
dictive factors strongly associated with postoperative clinical outcomes were knee pain, knee-specific
Patient-Reported Outcome Measure (PROM) scores, and mental health scores. Demographic character-
istics, pre-existing comorbidities, and knee alignment had an inconsistent association with outcomes.
The outcome measures that correlated best with the predictive models were improvement of PROM
scores, pain scores, and patient satisfaction.
Conclusions: Several algorithms, based on PROM improvement, patient satisfaction, or pain after TKA,
have been developed to improve decision-making regarding both indications for surgery and surgical
strategy. Functional features such as preoperative pain and PROM scores were highly predictive for
clinical outcomes after TKA. Some variables such as demographics data or knee alignment were less
strongly correlated with TKA outcomes.
Level of evidence: Systematic review — Level III.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Introduction

Total knee arthroplasty (TKA) is an efficient surgical treatment
for knee osteoarthritis. However, patient dissatisfaction and sub-
optimal patient reported outcomes are reported to be as high as to
20% [1,2]. With the rise of robotic surgery, a time may come when
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the procedure itself will no longer be considered a feature that
significantly determines outcomes. In such a scenario, under-
standing how other groups of variables such as patient-specific
attributes, functional measures, socio-economic indicators, or
perioperative recovery location influence clinical outcomes will
become increasingly important. Conceivably, using relevant data
points incorporated into an algorithm, the insights derived for any
given patient could impact surgical indications, procedure type,
venue of surgery, and even recovery site.

Predictive models are usually deployed in contexts where the
measurement of the output is difficult, time-demanding, and
expensive [3]. The increasing availability of large digital health-care

2352-3441/© 2021 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee Surgeons. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:cecile-batailler@hotmail.fr
www.sciencedirect.com/science/journal/23523441
http://www.arthroplastytoday.org/
https://doi.org/10.1016/j.artd.2021.03.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.artd.2021.03.013
https://doi.org/10.1016/j.artd.2021.03.013

2 C. Batailler et al. / Arthroplasty Today 9 (2021) 1-15

data sets has facilitated the application of predictive models.
Several studies have published predictive models for TKA outcomes
that have taken into account several features such as functional
scores, preoperative pain [4], comorbidities [5], demographic
characteristics, and psychological features [6—8]. The goal was to
use these probabilistic models to estimate and predict the likeli-
hood of improvements in function and satisfaction after TKA with
the goal of supporting surgeon decision-making [9]. Ever more
complex algorithmic approaches have been developed; however,
none of these have so far been able to replicate standard surgeon
intuition [10,11].

Currently, to our knowledge, no study summarizes which fea-
tures have been identified as the most predictive of clinical out-
comes or which algorithms have been most successfully used in
predictive analytics after TKA. The purpose of this article is there-
fore to systematically review the relevant literature on predictive
factors and predictive models for outcome after TKA. This article
will describe the preoperative predictive features which have been
identified as having the strongest correlation with outcomes and
patient satisfaction after TKA. Second, it will review the machine
learning models of TKA results.

Material and methods
Article identification and selection process

A query in December 2020 was performed to identify all avail-
able literature that described or used predictive models for out-
comes after TKA. The search was performed through PubMed,
EMBASE, and MEDLINE data bases from 1996 to 2020 inclusive
using the 2009 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses protocol (PRISMA).

Inclusion criteria for the search strategy included all English
language studies reporting information regarding the use of pre-
dictive models or the identification of preoperative predictive fac-
tors for outcomes after TKA. The following terms were used: “total
knee arthroplasty” or “total knee replacement”; “predictive factor”
or “predictive model” or “predictive modeling” or “predictive
feature” or “predict”; and “outcomes”, “satisfaction”, “pain” or
“PROMs” or “dissatisfaction”. Exclusion criteria consisted of (1)
editorial articles, (2) systematic reviews or meta-analyses, (3) ar-
ticles on revision TKA, and (4) articles evaluating joints other than
the knee. The abstracts from all identified articles were indepen-
dently reviewed by 2 investigators.

Quality assessment

The Risk Of Bias In Non-Randomised Studies of Interventions
(ROBINS-I) tool [ 12] was used to evaluate the quality of the included
studies and their relative risk of bias. The categories for risk of bias
judgements are “Low risk”, “Moderate risk”, “Serious risk” and
“Critical risk”. To increase the reliability of this classification, the
same observer evaluated all articles with the ROBINS-I tool 2 times
separated by an interval of 4 weeks. If the assessment of the study
quality was not the same during these 2 evaluations, a second
observer evaluated the concerned article with the ROBINS-I tool.

Results
Included articles and study characteristics
The PRISMA flow diagram for study selection is shown in

Figure 1. Of the 75 potential articles, 19 were excluded as not
relevant, and 8 were excluded because of their scoring a “critical

risk of bias” score leaving 48 studies for inclusion. The risk of bias
for these studies is reported in Table 1.

Predictive factors

Several parameters were consistently identified in different
studies as impacting outcomes after TKA. These parameters have
been classified into 3 groups according to the strength of their as-
sociation with outcome (Supplementary Table 1): (1) strong and
consistent association; (2) strong but inconsistent association; (3)
weak and inconsistent association (Table 2). The predictive factors
classified in group I (strong association) were significantly corre-
lated with outcomes after TKA (P < .05) in all studies with low or
moderate risk, which assessed these factors. The predictive factors
classified in group II (strong but inconsistent association) were
significantly correlated with TKA outcomes (P < .05) in low- or
moderate-risk studies, but not in all. For this group, relevant studies
found a significant correlation, but other relevant studies did not
find the same strong association. The predictive factors classified in
group III (weak association) were not significantly correlated with
TKA outcomes in the low- or moderate-risk studies.

Strong and clear association

Preoperative pain. Patients with higher levels of pain before TKA
surgery had lower postoperative functional scores. However, im-
provements in pain scores, functional knee scores, and patient
satisfaction were greater in this group [13—16]. Huijbregts et al.
found that a one-point increase in preoperative NRS-pain (Nu-
merical Rating Scale) resulted in a 1.73-point decrease in 1-year
Oxford Knee Score (OKS) [17].

Preoperative PROM score. Preoperative PROM scores, particularly
knee scores, were strongly correlated with TKA outcome
[5,14,15,18—21]. Maratt et al. has defined the minimally clinically
important difference (MCIDs) for the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) scores at 2
years after TKA [22]. The preoperative WOMAC scores were the
strongest predictive factors for improvement in postoperative
WOMAC scores in a cohort of 2350 TKAs.

Mental health. Anxiety and depression before surgery are
frequently identified as risk factors for lower patient-reported
outcomes after TKA [16], in particular with regard to patient
dissatisfaction [6,14,15,20,23,24], knee pain [7], and walking limi-
tations [5,25—27].

Inconsistent association

Demographic characteristics. Huijbregts et al. reported an inverse
correlation between age and satisfaction with knee surgery
[17,28,29].

With respect to sex, several studies have suggested that residual
pain and stiffness [30], and consequently dissatisfaction, were more
prevalent in female patients [15,25].

Body mass index (BMI) is a statistically significant predictor of
satisfaction (Knee Society Score [KSS] satisfaction subscale) [14,31],
postoperative PROM scores [32—34], and postoperative range of
motion [30]. Dowsey et al. described poorer functional outcomes
(Knee and function KSS) in morbidly obese patients (BMI > 40 kg/
m?) [35]. Nevertheless, this correlation is not consistently demon-
strated by all authors [29,36—38].

Some studies had grouped several demographic parameters
(age, female gender, and BMI) to create a single demographic
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Figure 1. Flow chart from initial literature search through to data extraction from final list of included studies.

criterion [13,34]. A predictive model for postoperative PROM scores
found a significant correlation between age and gender and OKS
[33]. For example, younger women (age < 60 years) had better OKS
outcomes than men, but in the oldest age group (age 80 years or
older), women had worse outcomes than men [33].

Clinical comorbidities. Several studies identified clinical comor-
bidities as significant predictive factors of poor outcomes after TKA
[16]. Diabetes [20,39] or allergies [40,41] were singled out.

Osteoarthritis severity. On 996 TKAs, Schnurr et al. reported that the
severity of preoperative osteoarthritis was the only feature which
inversely correlated with patient satisfaction [36]. In comparison to
severe arthritis grade 1V, the risk for dissatisfaction was 2.6-fold
higher for arthritis grade Il (P < .001) and 3.0-fold higher for
grade II (P =.001).

Surgical history. In some studies, the number of previous knee
surgeries was correlated to postoperative outcomes [39] or to pain
during the hospitalization (P < .002) [13].

Preoperative knee alignment. Sueyoshi et al. described a significant
association between preoperative varus greater than 5° and post-
operative pain (P = .0096) [37]. However, Twiggs et al. found no
correlation between preoperative knee alignment and pain scores
at 12 months [42].

Preoperative range of motion. Similarly, preoperative range of mo-
tion (ROM) has an uncertain impact on postoperative clinical

outcomes after TKA despite having a direct correlation with post-
operative ROM [25,30,43].

Low association

Some features were not identified as significant predictors of
clinical outcomes, such as education, socioeconomic status, smok-
ing, and alcohol habits, and patient expectations were not found to
be predictive of outcomes or pain after TKA [13,14,42,44,45]. Pre-
operative pain medication use was not a significant predictive
factor of postoperative satisfaction after TKA [36]. Surgical time and
tourniquet time were not clearly identified as independent pre-
dictors of postoperative pain or dissatisfaction after TKA [13,29].
These features were not found to be predictive of postoperative
outcomes in the literature reviewed and are unlikely to contribute
to a predictive model.

Patient-reported outcome measures

Twenty-three different outcome measurement parameters
were found in the included studies. These parameters could be
grouped as follows: (1) postoperative validated measures, (2) pa-
tient satisfaction measures, (3) pain measures, and (4) improve-
ment in PROMs. Several predictive models have been developed to
estimate various measures of postoperative outcome after TKA
(Table 3).

Postoperative PROMs (specific of the knee or general)

Some predictive models have focused on postoperative knee
PROMSs. Sanchez-Santos et al. described a predictive model for the
postoperative OKS questionnaire at 12 months after TKA using data



Table 1

Summary of quality assessment of the studies included in our analysis, according to ROBINS-I tool (Risk Of Bias In Non-Randomised Studies of Interventions) [12].

Study Confounding Selection of patients Classification of interventions Deviations from intended Missing data Measurement of outcomes Selection of reported results Study risk
interventions

Brander et al. (2003) [7] Moderate Low Low Low Low Moderate Moderate Moderate
Lingard et al. (2004) [56] Moderate Low Moderate Low Moderate Moderate Moderate Moderate
Bourne et al. (2007) [28] Moderate Moderate Low Low Low Moderate Low Moderate
Escobar et al. (2007) [10] Moderate Low Low Low Low Moderate Low Moderate
Davis et al. (2008) [44] Moderate Low Low Low Moderate Moderate Moderate Moderate
Franklin et al. (2008) [32] Low Low Low Low Low Low Low Low
Nilsdotter et al. (2009) [45] Serious Moderate Moderate Low Moderate Serious Moderate Serious
Rajgopal et al. (2008) [38] Moderate Low Low Low Moderate Low Moderate Moderate
Dowsey et al. (2010) [35] Moderate Low Low Low Low Moderate Low Moderate
Bourne et al. (2010) [1] Moderate Moderate Moderate Low Low Serious Moderate Serious
Blackburn et al. (2012) [27] Moderate Moderate Moderate Low Moderate Moderate Low Moderate
Judge et al. (2012) [6] Moderate Low Moderate Low Serious Serious Moderate Serious
Baker et al. (2012) [5] Moderate Low Low Low Moderate Moderate Low Moderate
Schnurr et al. (2013) [36] Moderate Moderate Low Low Moderate Moderate Moderate Moderate
Barlow et al. (2014) [57] Serious Moderate Moderate Low Serious Serious Moderate Serious
Lungu et al. (2014) [46] Moderate Moderate Low Low Serious Serious Moderate Serious
Sueyoshi et al. (2015) [37] Moderate Low Moderate Low Moderate Moderate Low Moderate
Huijbregts et al. (2016) [17] Moderate Low Low Low Moderate Low Moderate Moderate
Maratt et al. (2015) [22] Moderate Moderate Moderate Low Moderate Moderate Moderate Moderate
Feldmann et al. (2015) [58] Serious Moderate Low Low Moderate Serious Low Serious
Maempel et al. (2016) [30] Low Low Low Low Low Low Low Low

Van Onsem et al. (2016) [15] Moderate Moderate Low Low Moderate Moderate Low Moderate
Giurea et al. (2016) [24] Moderate Low Moderate Low Moderate Moderate Moderate Moderate
Hinarejos et al. (2016) [40] Moderate Low Moderate Low Low Moderate Moderate Moderate
Kremers et al. (2017) [59] Low Moderate Low Moderate Serious Moderate Serious Serious
Jain et al. (2017) [60] Serious Serious Moderate Low Moderate Serious Moderate Serious
Sanchez Santos et al. (2018) Low Low Low Low Low Low Low Low

[33]

Clement et al. (2018) [20] Moderate Low Low Low Moderate Moderate Low Moderate
Van Onsem et al. (2018) [43] Serious Moderate Moderate Low Serious Serious Moderate Serious
Clement et al. (2018) [23] Moderate Low Moderate Low Moderate Moderate Moderate Moderate
Abrecht et al. (2019) [13] Moderate Moderate Moderate Low Low Moderate Low Moderate
Calkins et al. (2019) [31] Low Serious Moderate Low Low Serious Low Serious
Twiggs et al. (2019) [42] Low Low Low Low Low Low Low Low

Tolk et al. (2020) [18] Moderate Low Moderate Low Moderate Moderate Moderate Moderate
Zabawa et al. (2019) [14] Moderate Moderate Moderate Low Low Moderate Low Moderate
Kunze et al. (2019) [39] Low Low Moderate Low Low Moderate Low Moderate
Clement et al. (2019) [19] Moderate Low Low Low Moderate Moderate Moderate Moderate
Ramkumar et al. (2019) [61] Low Low Low Low Low Low Low Low

Pua et al. (2019) [25] Moderate Low Moderate Low Low Moderate Moderate Moderate
Xu et al. (2020) [62] Moderate Moderate Low Low Moderate Moderate Low Moderate
Vissers et al. (2020) [63] Moderate Low Moderate Low Low Moderate Moderate Moderate
Kunze et al. (2020) [41] Moderate Moderate Low Low Moderate Low Low Moderate
Belford et al. (2020) [64] Moderate Moderate Moderate Low Moderate Moderate Moderate Moderate
Pua et al. (2020) [26] Moderate Low Low Low Low Moderate Moderate Moderate
Farooq et al. (2020) [29] Moderate Low Low Low Moderate Moderate Low Moderate
Harris et al. (2021) [21] Moderate Low Low Low Moderate Low Moderate Moderate
Itou et al. (2020) [65] Serious Serious Moderate Low Moderate Serious Moderate Serious
Anis et al. (2020) [34] Low Low Low Low Low Low Low Low

The categories for risk of bias judgements are “Low risk”, “Moderate risk”, “Serious risk”, and “Critical risk”. The worst judgment bias assigned within any one domain gives the judgment score of the complete study.
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Table 2

Table reporting the different predictive factors and the strength of their correlation with TKA outcomes, for each included study.

Parameters

Brander Lingard

(2003)
[7]

(2004)
[56]

Bourne Escobar
(2007)
[28]

(2007)
[10]

Davis
(2008) (2008)
[44]

Franklin Nilsdotter Rajgopal Dowsey Bourne Blackbum Judge
(2010) (2012)
[27]

[32]

(2008)
[45]

(2008)
[38]

(2010)
[35]

[1]

[6]

Baker
(2012) (2012) (2013)
[36]

[5]

Schnurr Barlow
(2014)
[57]

Lungu Sueyoshi Huijbregts Maratt Feldmann Maempel Van

(2014) (2015)
[46]  [37]

(2015)
[17]

(2015) (2015)

[22]  [58]

(2016) Onsem
[30] (2016)
[15]

Quality assessment

Mod.

Mod.

Mod.

Mod.

Mod.

Low

Serious

Mod.

Mod.

Serious Mod.

Serious Mod.

Mod.

Serious

Serious Mod.

Mod.

Mod.

Serious

Low Mod.

Preoperative
predictive
factors

Preop VAS Pain
Preop pain
medication
Neurological
disease/
backpain

Preop KOOS
score

Preop KSS score
Preop WOMAC
Preop SF-12 PCS/
SF-36

Preop SF-12 MCS
Preop OKS Score
Preop EQ5D VAS
Preop ROM

Joint
comorbidity/
previous knee
surgery
Severity
osteoarthritis
(Kellgren)
Preop knee
alignment
Quadriceps
strength
Depression/
Anxiety

Ability to cope
Allergy (>1 self-
reported)
Medical
comorbidities/
ASA score

BMI

Gender

Age

Geography (UK
vs US/AUS)
Income
Decreased social
support
Education/
Socioeconomic
status (SES)
Smoking/
Drinking
Employment
status

SA

SA

SA

NA

NA

SA
SA

SA

NA
SA

SA

NA

SA

SA

SA

SA
NA
SA

SA

SA

NA
NA
SA

NA

SA

SA

SA

SA

SA

SA
SA

SA

SA

SA

SA

NA

NA

NA

NA

NA

NA

NA

SA

SA

SA

NA

SA

SA

SA
SA

NA

NA
NA
SA

SA

SA

NA

NA
NA
NA

SA

SA

SA

SA

SA

SA

SA

SA

SA
SA 1A
SA 1A

(continued on next page)
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Table 2 (continued )

Parameters Brander Lingard Bourne Escobar Davis Franklin Nilsdotter Rajgopal Dowsey Bourne Blackbum Judge Baker Schnurr Barlow Lungu Sueyoshi Huijbregts Maratt Feldmann Maempel Van
(2003) (2004) (2007) (2007) (2008) (2008) (2008) (2008) (2010) (2010) (2012) (2012) (2012) (2013) (2014) (2014) (2015) (2015) (2015) (2015) (2016) Onsem
(71 [56] [28]  [10] [44]  [32] [45] [38] [35] [1] [27] [6] [51 [36] [571  [46]  [37] [17] [22]  [58] [30] (2016)

[15]

Quality assessment Mod. Mod. Mod. Mod. Mod. Low Serious Mod. Mod. Serious Mod. Serious Mod. Mod. Serious Serious Mod. Mod. Mod. Serious Low Mod.

Expectation NA SA NA
Ethnicity NA
Patient-reported
outcome
measures
Pain X X
Catastrophizing
Scale
(PCS)
VAS pain X
KSCR X X
improvement
WOMAC Score X X X X X X X X X
WOMAC X X X X X
improvement
SF12 PCS score X
SF12 MCS score
SF12 PCS X X X
improvement
SF-36 score X X X
KSS score X X X
KOOS score X X X
KOOS
Improvement
IKS score X X
IKS X
improvement
OKS score X X X X X X
OKS X
improvement
EQ-5D score X X
EQ-5D X
improvement
Satisfaction X X X
Post op ROM X
Revision risk

XXX
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Parameters Giurea Hinarejos Kremers Jain Sanchez Clement Van Clement Abrecht Calkins Twiggs Tolk  Zabawa Kunze Clement Ramkumar Pua Xu Vissers Kunze Belford
(2016) (2016) (2017) (2017) Santos (2018)  Onsem (2018) (2019) (2019) (2019) (2019) (2019) (2019) (2019) (2019) [61] (2019) (2019) (2020) (2020) (2020)
[24] [40] [59] [60] (2018) [33] [20] (2018) [23] [13] [31] [42] [18] [14] [39] [19] [26] [62] [63] [41] [64]
[43]

Quality assessment Mod. Mod. Serious  Serious Low Mod. Serious Mod. Mod. Serious Low Mod. Mod. Mod. Mod. Low Mod. Mod. Mod. Mod. Mod.

Preoperative
predictive
factors
Preop VAS Pain NA SA SA SA
Preop pain NA
medication
Neurological SA 1A SA SA
disease/backpain
Preop KOOS score 1A SA NA SA SA
Preop KSS score NA SA SA SA SA
Preop WOMAC SA SA SA
score
SA NA SA



Preop SF-12 PCS/
SF-36
Preop SF-12 MCS
Preop OKS score
Preop EQ5D VAS
Preop ROM
Joint
comorbidity/
previous knee
surgery
Severity
osteoarthritis
(Kellgren)
Preop knee
alignment
Quadriceps
strength
Depression/
anxiety
Ability to cope
Allergy (>1 self-
reported)
Medical
comorbidities/
ASA score
BMI
Gender
Age
Geography (UK vs
US/AUS)
Income
Decreased social
support
Education/
socioeconomic
status (SES)
Smoking/
drinking
Employment
status
Expectation
Ethnicity
Patient-reported
outcome
measures
Pain
Catastrophizing
Scale (PCS)
VAS Pain
KSCR
improvement
WOMAC Score
WOMAC
improvement
SF12 PCS score
SF12 MCS score
SF12 PCS
improvement
SF-36 score
KSS score
KOOS score

SA

SA

NA
NA
NA

NA

SA

NA
NA
NA

SA

SA
SA

SA

SA

SA

SA
SA

SA

SA

SA

xOX X

SA

SA

SA

NA
SA
NA

NA

NA
NA
NA

SA
SA
SA

NA

SA
NA
NA

NA

NA

SA
NA
NA

NA

NA

NA

SA
SA

SA

SA
SA

NA

NA

SA
SA

NA

NA

SA

SA

SA

SA

SA

NA

NA
NA
NA

SA

SA 1A

NA

SA

SA

SA

SA

NA

NA
NA
NA

SA

SA
SA
SA SA
SA

X
X

(continued on next page)
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Table 2 (continued )

Belford
(2020)
[64]

Kunze
(2020)

[41]

Vissers

Xu

Clement Ramkumar Pua

(2019)

[19]

Kunze
(2019)
[39]

Twiggs Tolk Zabawa

(2019)
[42]

Calkins
(2019)

[31]

Clement Abrecht

(2018)
[23]

Clement Van

(2018)
[20]

Sanchez

(2017) Santos

Hinarejos Kremers Jain
(2016)
[40] [60]

Giurea

Parameters

(2019) [61] (2019) (2019) (2020)

(2019) (2019)

[18]

(2019)

Onsem
(2018)
[43]

(2017)
[59]

(2016)
[24]

[62]  [63]

[26]

[14]

[13]

(2018) [33]

Mod. Mod. Mod. Mod. Low Mod. Mod. Mod. Mod. Mod.

Low

Serious

Mod.

Serious Mod.

Mod.

Serious  Serious Low

Mod.

Quality assessment Mod.

IKS improvement

OKS score

OKS
improvement

improvement
Satisfaction

EQ-5D score

improvement
EQ-5D

IKS score
Post op ROM

KOOS
Revision risk

BMI, body mass index; EQ-5D, Euro QOL score; KOOS, Knee injury and Osteoarthritis Outcome Score; KSS, Knee Society Score; IA, inconsistent association; Mod., moderate; NA, no association; OKS, Oxford Knee Score; PROM,

Patient-Reported Outcome Measures; ROM, range of motion; SA, strong association; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS, Visual Analog Scale.

C. Batailler et al. / Arthroplasty Today 9 (2021) 1-15

from a cohort of 1649 patients [33]. Tolk et al. estimated the
probability of residual symptoms after TKA based on individual
PROM questions and PROM total scores [ 18,33]. However, the use of
these models in clinical practice is neither intuitive nor practical.
Furthermore, these models are built on relatively small data sets
and not have wide applicability.

Patient satisfaction

In a cohort of 484 patients, Kunze et al. have developed a pre-
operative knee survey score to predict patient outcome and satis-
faction at 1 year after TKA [39]. They concluded that a knee survey
score of 96.5 would confer a 97.5% sensitivity and 95.7% negative
predictive value for satisfaction, and a knee survey score of less
than or equal to 96.5 increased the probability of experiencing
postoperative dissatisfaction.

Patient pain

From a cohort of 4026 TKAs, Pua et al. developed a predictive
model designed to determine the expected knee ROM, knee pain,
and walking limitations of a patient 6 months postoperatively [25].
They created a web application to facilitate its use in clinical
practice (https://sgh-physio.shinyapps.io/predicTKR/). However, no
study has assessed the predictive value of this model.

Twiggs et al. created an algorithm designed to predict a patient’s
knee pain score 12 months after TKA [42]. The algorithm is based on
a preoperative self-administered questionnaire and predicts the
likelihood that a patient’s change in the pain score will be equal to
or greater than the MCID in the PROM score. The use of the MCID
allows the patient and the surgeon to know during the preoperative
consultation if the patient will likely experience a clinically signif-
icant improvement in pain after TKA.

PROM improvement

The most commonly used measurement to assess outcome after
TKA is the improvement seen between results collected before
surgery and postoperative data collected using validated in-
struments or objective measures such as ROM [19,21,34].

Discussion

The aim of this article was to identify and group the preopera-
tive predictive factors and outcome measurement parameters
which have been found to be predictive of clinical outcomes after
TKA in the current literature. This compendium identifies those
variables that are the most likely to be useful features in the context
of predictive algorithms for clinical outcomes after TKA. These
features are summarized in Table 4.

The challenge of developing useful predictive algorithms is
twofold: (1) choosing the right predictive factors and (2) selecting
those outcomes that are both “predictable” and useful measures of
clinical satisfaction [18,46]. Indeed, in several studies, predictive
factors and the outcomes are correlated independently of patient
variables because the same questions, the same scores, and
parameter are assessed before and after TKA. For this reason,
multiple variable analysis is essential to assess the independent
contribution of each feature to the prediction of postoperative
outcomes. For example, a patient with a preoperative fixed flexion
deformity has a higher risk of having a postoperative fixed flexion
deformity [25]. In this context, the improvement in PROM scores
can be very useful to assess TKA outcomes. The clinical relevance of
the improvements can be quantified by the MCID. Unfortunately,
MCIDs are not universally valid across populations and cultures and
vary by instrument.

Another challenge of using predictive models built and vali-
dated with data from one population is extrapolating the results of
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Table 3

Studies reporting a predictive model for TKA outcomes.

Study Year Sample size Location Predictive factors Outcome measurement parameters Delay Predictive model

Judge et al. [6] 2012 1991 UK Age, gender, BMI, primary diagnosis, Satisfaction, OKS 6 mo N/A
ASA score, Index of Multiple
Deprivation, OKS, EQ5D

Lungu et al. [46] 2014 141 Canada 5 Preoperative WOMAC questions: WOMAC 6 mo Predictive rule, based on 5 preop
difficulty of taking off socks, getting WOMAC questions
on/off toilet, performing light
domestic duties, and rising from bed
as well as degree of morning stiffness
after the first wakening

Van Onsem et al. [15] 2016 113 Belgium Question selections based on KOOS, KSS satisfaction subscore 3 mo Algorithm:

OKS, PCS, EQ-5D, KSS, age, and gender Satisfaction at M3 = 26.10 +
2.3*gender + 0.13*age + 1.58*Q3 —
1.40*Q4 — 1.08*Q5 — 0.75*Q6 —
1*Q7 — 1.12*Q8 — 0.88*Q9 —
1.10*Q10

Sanchez et al. [33] 2018 1649 (External validation on 595) UK Age, gender, marital status, Index of OKS 12 mo N/A
Multiple Deprivation, BMI, anxiety/
depression, OKS, ASA score, etiology,
previous knee arthroscopy, flexion
contracture, ACL status.

Van Onsem et al. [43] 2018 57 Belgium Preop ROM, quadriceps and hamstring KOOS, KSS, OKS 6 mo N/A
force, sit-to-stand test, 6-min walk
test

Twiggs et al. [42] 2019 330 (2 external validations) US/Australia Age, gender, KOOS items, back pain, Knee pain 12 mo Predictive model with a web
occurrence of hip pain, occurrence of MCID = 10 points of KOOS pain score application
falls in past year

Tolk et al. [18] 2020 7071 NL Age, gender, ASA score, BMI, smoking, Residual symptoms (pain at rest and 6 and 12 mo Predictive model for residual
previous knee surgery, Charnley activity, sit-to-stand movement, stair symptoms
score, KOOS-PS, OKS, EuroQoL 5D-3L, negotiation, walking, performance of
NRS activities of daily living, kneeling and

squatting).

Kunze et al. [39] 2019 484 us BM], drug allergies, osteophytes, soft Patient-reported health state, KSS, 12 mo Knee survey score on 110 pts. 4 risks
tissue thickness, flexion contracture, ROM, satisfaction of experiencing postoperative
diabetes, opioid use, comorbidity, => Knee survey score dissatisfaction:
previous knee surgery, surgical Score 96.5-110 = low risk
indication, smoking Score 75-96.4 = mild risk

Score 60-74.9 = medium risk
Score <60 = high risk

Ramkumar et al. [61] 2019 171,025 us Age, gender, ethnicity, emergency LOS charges/cost, discharge Model code (https://github.com/
department, risk of mortality, severity disposition JaretK/ NeuralNetArthroplasty)
of illness, comorbidity weekend
admission, hospital type, income

Pua et al. [25] 2019 4026 Singapore Age, gender, race, educational level, Knee extension, knee flexion, knee 6 mo Prediction model with a web
diabetes, preop gait aids, contralateral pain, walking limitation application (https://sgh-physio.
knee pain, psychological distress shinyapps.io/predicTKR/)

Anis et al. [34] 2020 5958 and 2391 us Age, gender, BMI, race, educational LOS, 90-days readmission, PROMS 12 mo N/A

level, smoking, comorbidity, KOOS
items, 12PCS, 12MCS

EQ-5D, Euro QOL score; KOOS, Knee injury and Osteoarthritis Outcome Score; KSS, Knee Society Score; LOS, length of stay; OKS, Oxford Knee Score; PCS, Pain Catastrophizing Scale; ROM, range of motion; WOMAC, Western

Ontario and McMaster Universities Osteoarthritis Index.

SI—1 (1202) 6 £opoy Aispido.pay / o 32 4a]jpIDg )
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Table 4

Summary of the main preoperative predictive factors and outcome measurement parameters.

Strength of association Predictive factors

Strong correlation e Pain

- VAS pain

- Back pain
Knee-specific PROMs

- KOOS

- WOMAC

Knee characteristics

- ROM

General PROMs

- EQ-5D

Mental health

- Anxiety/Depression

- SF-12
Comorbidities/ASA score
BMI

Gender

Age

Previous knee surgery
Severity of osteoarthritis
Preop knee alignment

Inconsistent correlation

Outcome measurement parameters Delay

o Improvement of knee-specific PROMs 6 and 12 mo
- OKS
- KOOS
- WOMAC

o Satisfaction
- Self-assessment of improvement
- KSS satisfaction subscale
e Pain
- VAS pain
- WOMAC pain
- Persistent pain

o Knee-specific PROMs
- OKS
- KOOsS
- WOMAC
- SF-36
e General PROMs

BMI, body mass index; EQ-5D, Euro QOL score; KOOS, Knee injury and Osteoarthritis Outcome Score; KSS, Knee Society Score; OKS, Oxford Knee Score; PROM, Patient-
Reported Outcome Measures; ROM, range of motion; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS, Visual Analog Scale.

the algorithm using data from other populations. For example,
Zabawa et al. [14] and Calkins et al. [31] did not support the validity
of the Van Onsem prediction tool [15]. These differences can have
several explanations. First, the populations under study can be very
different from one country to another. For example, the mean BMI
may vary considerably between 2 populations, and if this param-
eter is identified as a predictive factor in the algorithm, the model
may simply be inaccurate in the second population. Second, the
indications for TKA can change between countries or between
centers in the same country, particularly relative to age, BMI, and
osteoarthritis stage. Thus, the result from the model for a given
patient may meet threshold criteria in one country/center but not
in another. For this reason, predictive models using data from very
large populations numbering in the hundreds of thousands,
including several centers or countries, are more relevant and reli-
able [18].

SURGICAL
INDICATIONS
Preoperative Siiree Outcomes
consultation sery M6/M12

GOOD
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Figure 2. Diagram explaining the correlation between predictive factors and outcomes
in a predictive model.

It is also worth noting that while some correlations were
identified between preoperative variables and postoperative clin-
ical outcomes, the strength of even the best correlations was
underwhelming. While it is possible that larger and more accurate
data sets may increase the validity and predictive value of the al-
gorithms, it is also possible that entirely different end points will be
required. The existing “gold standard” PROMs are now several de-
cades old and measured outcomes that were tied to problems faced
by implant technology and surgical techniques that are now anti-
quated. While the primary concern in the latter 20th century was
with implant survivorship of TKA, in the first 2 decades of the 21st
century, attention has turned to functional outcomes after that
procedure. However, the functional aspect of most scoring systems
sets a reasonably low bar for success such as standing up from a
chair rather than playing a round of golf. This is one reason so many
PROMs have well-defined ceiling effects [47—50]. Some more
demanding functional scores are sometimes used, such as the
forgotten joint score, the WOMAC score, and the UCLA score. But
they remain rarely used to assess the TKA outcomes. Maybe other
assessment methods would be necessary, such as the gait analysis
or digital care management platforms with tools to have connected
patients. Nevertheless, these devices are currently lightly used and
not described or assessed in the studies on the predictive models.

In terms of modeling technique, a substantial number of pub-
lications relied on traditional regression models which are robust
and provide a quantitative assessment of the predictor’s relation-
ship with the output through the investigation of the model’s co-
efficients [10,18,20,36,37]. However, machine learning techniques
have been shown to outperform linear regression model in specific
tasks, such as prediction of post-TKA EQ-5D-3L visual analog scale
[51], estimating risk of total joint replacement [52], and more
recently length-of-stay prediction after TKA [34,53]. More and
more studies try to use the machine learning to predict the TKA
outcomes and to adapt the practices according to the established
predictive features [21,26,29,41]. The development of clinical
decision-making tools generated from machine learning, which can
be used in consultation to help discuss risk stratification with pa-
tients, could provide a means of better understanding which pa-
tients are at a greater risk to experience dissatisfaction after
primary TKA [34,54,55]. Therefore, we expect the level of adoption
of machine learning models to increase in light of the promising
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results reported in some of the publications reviewed herein [44].
We hope that future research in this field will adopt the best
practice of benchmarking different algorithms to a given prediction
problem as we clearly have seen that there is no “one-size-fits-all”
best solution in predictive modeling for TKA clinical outcomes.

Our findings should be considered in the light of the key limi-
tations of the data set. First, the inclusion criteria, such as English
language or the requirement of full text access, may have excluded
relevant research. Second, the methodology score has known lim-
itations with regard to the type of studies included (predictive
cohort-based studies) and the difficulties in assessing the validity of
the analyses conducted without having access to the raw data.
Third, there was an important variability between the studies with
respect to the type of predictive features or outcome measure-
ments, the follow-up period, the patient population, and the ana-
lyses performed. This heterogeneity limits the possibility of
performing a true meta-analysis. Finally, the accuracy of predictive
algorithms is derived from 2 critical aspects of the data set on which
they are constructed: their size and the accuracy and completeness
of the data sets within them. The larger the number of variables
that can influence an outcome and the more complex the interac-
tion between these variables, the larger the data set needs to be to
discern and predict these complex interactions.

The indications for TKA are complex and multifactorial. Select-
ing patients for surgery based strictly on the prediction of clinical
outcomes alone is probably not reasonable. However, predictive
models can communicate information and insight to both patients
and surgeons that can be included in a shared decision-making
process. The output of these algorithms might 1 day be expanded
from simply predicting outcomes to providing a stratification in the
variation of possible outcomes based on the pursuit of different
surgical strategies. In this scenario, the surgeon and patient would
essentially customize the procedure to optimize the likelihood of
meeting the patient’s needs. Examples include the decision be-
tween partial and total knee replacement or the choice of a cruciate
retaining or cruciate sacrificing TKA. By feeding results back to the
data set, the models evolve and improve over time and become
increasingly accurate (Fig. 2). We expect that such predictive
models, when trained with appropriate and accurate data sets,
could become an important adjunct to daily clinical practice in the
near future.

Conclusion

The existing literature on predictive modeling of clinical out-
comes after TKA has identified preoperative variables that have at
least some correlation with clinical results. Functional features such
as pain, PROMs scores, or mental health were highly predictive for
clinical outcomes after TKA. Some variables such as demographics
data, surgical history, or knee alignment were less strongly corre-
lated with TKA outcomes. The challenge of developing useful pre-
dictive algorithms is further complicated by the need to select the
most appropriate measurement parameters of TKA outcomes such
as improvement in PROMs, patient satisfaction, or postoperative
pain. Creating accurate and reproducible predictive algorithms may
1 day provide advanced tools for shared decision-making relative to
surgical indications and expected outcomes. However, the data
gathered also suggested that work is still required to define out-
comes measures that more accurately correlate with preoperative
variables and better reflect patient satisfaction.
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Supplementary Table 1
Table reporting the 3 different types of predictive factors according to the strength of their association with TKA outcomes.

Joint Function General Satisfaction Pain
specific PROMs
PROMs
OKS (Q- Improvement WOMAC WOMAC Func WOMAC KOOS  Changein  SF-36 post-op EQ5D  Self KSS VAS WOMAC Pain  No pain  Opioid
score) in OKS Stiffness KOOS ROM VAS assessment  satisfaction  Pain relief consumption
of outcomes subscale
improvement
Clear Pain Pre-op VAS Huijbregts Van Onsem  Abrecht Abrecht
association Pain (2016) (2016) Zab  (2019) (2019)
with (poor) awa (2019)
outcomes
Neurological Escobar Escobar Twiggs Clement Escobar (2007)
disease | Back (2007) (2007), (2019) (2018)
pain Clement
(2019)
Joint specific ~ Pre-op knee Sanchez- Lungu Lingard Lungu Twiggs Van Onsem Lungu (2014)
PRE-op PROMs function Santos (2014) (2018) Lungu (2014) (2019) (2016)
scores (KOOS (2018) (2014)
pain/
function)
Pre-op Allyson Escobar Clement Allyson Jones Lopez-Olivio
WOMAC Jones (2003) (2007) (2019) (2003) Lingard (2011)
Function Lingard Lingard (2004) Clement
(2004) (2018) Nunez (2019)
Rajgopal (2007)
(2008)
Nunez
(2009)
Pre-op Clement Van Onsem Nunez (2007)
WOMAC Pain (2018) (2016) Clement
(2019)
Worse Pre-op Lungu Lungu (2014) Clement Van Onsem Lungu (2014)
WOMAC (2014) (2019) (2016) Clement
Stiffness Nunez (2019)
(2007)
Pre-op SF-12 Huijbregts Lingard Escobar Escobar Lingard (2004) Clement Escobar (2007)
PCS/SF-36 (2016) (2004) (2007) (2007) (2019) Clement
Clement (2019)
(2019)
Knee Absent or Sanchez-
damaged ACL Santos (2018)
pre-op
Pre-op Range Sanchez- Van Onsem
of Motion Santos (2018) (2018)
(ROM)
gen. PROM Pre-op EQ5D Huber Maratt Huber
VAS (2019) (2015) (2019)
Mental health Depression/ Xu (2019) Lopez-Olivio Judge Clement Van Onsem  Abrecht Clement Abrecht
Anxiety (2011) (2012) (2018) (2016) (2019) (2019) (2019)
Giurea Zabawa
(2016) (2019)
Ability to Sanchez- Lopez-Olivio Giurea Van Onsem
cope Santos (2011) (2016) (2016)
(2018)
Hospital Blackburn Xu (2019)
Anxiety and (2012)
Depression
Scale (HAD)
Pre-op SF-12 Rajgopal Escobar Escobar Lingard (2004) Clement Escobar (2007)
MCS (2008) Xu  (2007) (2007) Franklin (2008) (2018) Clement
(2019) Clement Clement (2019)
(2019) (2019)
other Geography Lingard
(UK vs US/ (2018)
AUS)

(continued on next page)
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