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ABSTRACT 

Background: The functional outcome of total knee replacement (TKR) is usually satisfying. However, patients may show functional limitations for years after surgery, 

which have been ascribed to impairments in balance and proprioception, mainly during standing tasks. A number of instrumentat ions and parameters have been 

used, rising confusion for clinical decisions on the assessment of patients. 

Research question: Which are the most widespread and consistent procedures to assess balance and proprioception following TKR? 

Methods: A literature review was conducted in Pubmed, PEDro, and Cochrane database. From a total sample of 112 articles, 23 original studies published between 

2008 and 2019 met inclusion criteria. The primary outcomes selected were variables related to balance and proprioception assessment in static and dynamic tasks 

performed with instrumented platforms. Data from papers using the same instrumentation, on patients with unilateral TKA and at least 12 months postoperatively 

were synthesized quantitatively in a random effect meta-analysis. 

Results: Fourteen articles were appropriate for the review. A large variability was found both in the instrumentation and the parameters used. The Neurocom Balance 

Master System™ was the most used instrument (four articles). On a total population of 186 patients with unilateral TKR 12 months postoperatively, a low degree of 

heterogeneity was found adopting the random effect in the four tasks explored (Firm and Foam Surface both with Eyes Open and Eyes Closed). 

Significance: This review found a large variability in the instrumentation used to assess balance and proprioception in patients operated on TKR. The meta-analysis 

demonstrated that the Neurocom Balance Master System™ for static assessment of balance showed an acceptable consistency and can be considered as a reference for 

further studies. However, balance and proprioception impairments following TKR have not been widely quantified by means of instrumented platforms. Further 

research is needed to address this issue and improve clinical practice. 

 

1. Introduction 
 

Knee osteoarthritis is a common condition in older individuals leading to limiting pain and disability. Usually, a conservative therapy as initial 

treatment is performed; when conservative treatments fail to improve symptoms, total knee replacement (TKR) is then proposed. Overall, the outcome 

of joint replacement is satisfactory for the patients. However, even one year after surgery, a number of patients show functional and balance limitations, 

which have been ascribed to deficits in the proprioceptive system [1,2]. There is evidence that both osteo- arthritis pathology and TKR alter the 

proprioceptive function of the knee [3], with impaired movement patterns, difficulties in walking and postural control [1,4–11]. Many studies have 

focused on the imple- mentation of rehabilitation protocols aimed at improving balance and proprioception, which are considered as important 

predictive factors for quality of life and function after primary TKR [1,12–20]. However, it has been reported that patients with TKR do not fully recover 

balance and proprioception in the long-term, remaining clearly below the “abilities” of their healthy matched controls [21]. Low balance and 

proprioception have been ascribed to the loss of knee receptors located in the structures such as the menisci, the cruciate ligaments and the cartilage, 

which are removed for the prosthesis implant [22] It is not known to what extent the receptors remaining after TKR surgery may compensate for the 

ones lost to restore proprioception and balance. It has been observed that standing balance tasks are effective to quantify impairments following TKR 

[1–4], as the maintenance of a standing posture requires a coordinated action of whole body sensitive information and related muscle activations [23]. 

The lack or inadequate information arising from the knee causes an alteration as first in the lower limb and then in the whole-body, which translates 

in an abnormal balance control. The evaluation of balance and proprioception during stance tasks is thus essential to monitor the postoperative recovery 

and the effectiveness of the rehabilitation. Standing balance and proprioception assessment has been usually carried out by means of instrumented 

platforms [22,30]. The platforms commonly used are laboratory force plates [24], as well as platform embedded in ad-hoc systems [3,25–29], or 

commercial plat- forms apparatus [4]. Platforms are static or dynamic with various degree of freedom, and are used to assess single-limb or double-

limb stance tasks, performed with eyes open or eyes closed. Generally the body sway is recorded and is expressed using various parameters or indexes 

depending on the system used. 

This large variety of instrumentations and parameters reported in 

literature making extremely difficult to accordingly address the clinical practice. 

Thus, this study aimed to provide a systematic review of the instru- mented platforms used for balance and proprioception assessment in patients 

undergoing total knee replacement, and a meta-analysis of data to identify the most consistent procedures. 

 

2. Methods 
 

2.1. Population and diagnosis of interest 

 

This review includes all studies that provide assessment of balance and proprioception by means of instrumented platforms in patients who 

underwent total knee replacement for osteoarthritis at different time points of the follow up. 

 

2.2. Information sources, search strategy and inclusion criteria 

 



A systematic review of MEDLINE, PEDro, and Cochrane database was performed in September 2019. The inclusion criteria were limited to articles 

published between May 1, 2008, and August 31, 2019. The terms and key words used for the research strategy were: ‘total knee replace- ment’ OR ‘total 

knee arthroplasty’ OR ‘total knee prosthesis’ OR ‘TKA’ OR ‘TKR’ AND ‘propriocept*’ OR ‘balance’ OR ‘body sway’ OR ‘postural control’ OR ‘stance’ OR 

‘instability’ OR ‘stability’ AND ‘platform’ OR ‘device’ OR ‘board’ located within the title and/or abstract and/or keywords. The character * was used to 

include in the research both the terms proprioceptive, proprioception, and proprioceptors. In each article the use of instrumented platforms as evaluation 

tools was sought. Reference lists and citations of the included articles were manually screened to identify additional studies of interest. The literature search 

was limited to papers written in English. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and checklist 

were employed to guarantee review methodological quality. The study was registered in PROSPERO (N. CRD42020137897). 

 

2.3. Selection process and data extraction 

 

Two independent reviewers performed the search (LL, BG). There- after, the reviewers extracted the data and discussed the results. In case of 

disagreement in the appropriateness of the paper, a third author was consulted (MGB). The articles meeting the criteria based on their titles 

and abstracts were included, and their full-text versions were then extracted. Those articles that did not meet the inclusion criteria were excluded. 

The two authors who selected the literature also independently extracted the following information from included studies: first author’s name, 

publication year, aim of the study, devices’ characteristics, and results. 

 

2.4. Evaluation of study bias 

 
Two researchers independently assessed the risk of bias. According to the “The systematic review of studies of diagnostic test accuracy” [31], the 

following items were evaluated: patient’s spectrum bias, pa- tient selection bias, Index test information bias, and excluded data. Any disagreement 

was solved by discussion until a consensus was reached. Other biases included in the Manual were not appropriate for the present review and were not 

considered. The tool requires users to assign a judgment of low, high, unclear risk of bias. Two independent reviewers assigned the judgment and the 

Fleiss’ Kappa measure was used for assessing the reliability of agreement between the two reviewers by the use of an independent observer. This 

measure calculates the degree of agreement in classification compared to what would be expected by chance and is scored between 0 and 1. Reliability 

from Kappa values was 

interpreted as < 0 = Poor agreement; 0.0–0.20 = Slight agreement; 0.21–0.40 = Fair agreement; 0.41–0.60 = Moderate agreement; 0.61–0.80 = 

Substantial agreement and 0.81–1.00 = Almost perfect 

agreement, according to Landis and Koch [32]. 

 

2.5. Data synthesis: outcomes of interest 

 
The primary outcome selected for the review was the measure of balance and proprioception variables according to the device used in selected 

papers. Both static task and dynamic task assessment were considered. Studies retrieved are reported in Table 1 according to the patients and TKR 

implant characteristics, the time of assessment (pre- operative, pre-postoperative assessment), the device used and the vari- able output, mono or 

bilateral TKA implant, and the follow up length. 

Due to the number of variables explored in the studies, it was decided to carry out a quantitative analysis involving a meta-analysis only on 

parameters common to at least four studies. To this purpose the following criteria were followed: static task on Neurocom Balance Master System™ 

(using the Modified Clinical Test of Sensory interaction on Balance-mCTSIB score, which corresponds to the center of gravity movement on the plate), 

only postoperative studies at least at 12 months after surgery, only unilateral TKR patients. The statistical analysis and the forest plot were carried out 

according to Neyeloff et al. [33] using Microsoft Excel. 

The heterogeneity was assessed using I2 index according to the following thresholds: 0 %–30 %=no heterogeneity; 30 %–50 %= low 

heterogeneity, 50 %–75 %= moderate heterogeneity, 75 %–100 %= 
high heterogeneity. The estimation of the expected value and its 95 % confidence interval was based on random effect analysis of variance. 

 

3. Results 
 

3.1. Selected studies, reliability and risk of bias 

 

The databases searched from May 1, 2008 to August 31, 2019 yielded 128 articles of which 99 on PubMed database, 9 articles on PEDro database, and 

19 articles on Cochrane Library. After the removal of duplicates, 112 reports were considered (15 removed). The analysis of complete full texts 

resulted in the exclusion of 89 articles in which no instrumented platforms were used for balance, proprioception or postural stability assessment.  

Full-text articles assessed for inclusion were 23 [3–11,24–29,34–41]. The PRISMA flowchart of the article selection process is shown in Fig. 1. The level of 

agreement between the two reviewers was excellent and the consultation of a third reviewer was not necessary in any case. Of the twenty-three studies 

selected, ten were excluded [5,8,4–11,37,35–41] because of the presence of high risk of bias or unclear risk of bias, or because “study did not address 

this outcome” in the items “Patients Spectrum bias”, “Patients Selection bias”, and “Data Analysis bias” (Appendix A).  

There was a complete agreement rate between the two reviewers in selecting these studies (K = 1). The most common sources of bias were related 
to the low number of participants and an unclear description of participants selection, recruitment and randomization. 

 

3.2. Effect in the assessment in the studies 

 

In order to assess the consistency of effects across studies, we selected only the studies in which common evaluating instruments, task and parameters 

were used (Table 2). The group of studies selected for meta- analysis included: Bakiran et al. [25], Vandekerckhove et al. [26], separating Cruciate 

Retaining (CR) and Posterior Stabilized (PS) knee prosthesis (cumulative data were not available), Bascuas et al. [34] and Schwartz et al. [35]. These 

two latter were assessed only for post- operative values. The Neurocom Balance Master System™, which is a computerised dual-force platforms 

systems with a visual display giving feedback for performance of the tasks, allows clinicians to explore the three sensory (somatosensory, visual, and 



vestibular) inputs involved in postural stability during a steady state balance assessment, was used in all the studies. The outcome measure considered 

was the Modified Clinical Test of Sensory Interaction on Balance (mCTSIB), which assess static balance by measuring postural sway in the four 

standard trials: standing in erect position on firm and foam surfaces with eyes open and closed conditions. The dual-force platforms system records the 

ampli- tude, the direction and the speed of movement of the center of pressure for each condition and during quiet standing for 20 s. The parameter 

reported in all studies involved in this meta-analysis was the speed of 

center of pressure sway expressed as degrees (◦) per second (s) during 
the mCTSIB. 

On a total population of 186 patients operated on TKR at a minimum follow up of 12 months, a moderate- to-high degree of heterogeneity among 

the results was found in all the four conditions of balance 

assessment included (Figs. 2 and 3). Respectively, an I2 = 73 % was found for the Test on Firm Surface with Eyes Open, I2 = 51 % for the Test on Firm 

Surface with Eyes Closed, I2 = 89 % for the Test on Foam Surface with Eyes Open, and I2 = 70 % for the Test on Foam Surface with Eyes 

Closed. The random effect was used for the evaluation of the confidence intervals. 

 

3.3. Other studies 

 
The second group included the studies of Goetz et al. [28], Gotz et al. [29], and Isyar et al. [27], which used the Biodex Balance System, 

consisting in a circular platform free to move in the anterior-posterior and medial-lateral axes simultaneously with various degree of freedom, 

providing stability indexes and a fall risk index as common outcome. Due to the small number of studies and the high heterogeneity of examined tasks, 

no quantitative analysis was indeed possible in this group (Table 3). 

For the same reason, no analysis was possible for individual studies retrieved in the search which used a miscellaneous group of devices: Nintendo 

Wii Balance Board [4], FDM plate [36], Gravicorder [6], PosturoMed [7], and a Kistler forceplate [24]. These studies used various instrumented 

platforms and various stance tasks, providing a number of outcome parameters and follow up. Additional information on these studies is reported in 

Table 1. 

 

4. Discussion 
 

This systematic review and meta-analysis on the instrumented plat- forms used for balance and proprioception assessment in patients who 

underwent TKR provided a very heterogeneous number of studies differing for the instrumentation and the parameters used. Furthermore, different 

TKR population, age, follow up, rehabilitation trials after surgery, implant model and comorbidities which not always were appropriately specified, 

were included in the experimental studies. 

In order to make the meta-analysis as homogeneous as possible, four studies were selected as they used similar platforms, measure outcome, task for 

measuring balance, and TKR follow up. The Neurocom Balance Master System™, providing mCTBS score for postural sway velocity, resulted to be 

the most used instrumentation to assess static balance, though it was also used in dynamics and during different motor tasks (rhythmic weight shift, 

sit to stand, squat etc.). Notwithstanding the restrictive criteria for the meta-analysis, a moderate-to-high heterogeneity on the index parameter to 

evaluate balance was found (mCTSIB), depending on patient’s sample size, and different confidence intervals of reported values, which were removed 

by the random effect model. When considering the mean values of the sway velocity provided by the mCTSIB in the four conditions of static 

postural assessment, it is interesting to note that they are below the reference value produced by the Company [42]. Unfortunately, none of the four 

studies included pro- vided a control group. Even if the device and the parameters used have shown to be consistent across studies for the measure of 

balance in patients with TKR, it is not clear if the measure has enough sensitivity to avoid clinical bias (i.e. implant model). This should be investigated 

by future studies. 

All of the studies in the present review addressed static or dynamic balance assessment. In a previous review [22], we found that only 4 studies 

resulted actually able to provide a direct measurement about knee proprioceptive skills, by means of joint positions sense tests consisting in passively 
or actively reaching an object, quantifying the error between the position reached by the subjects and the exact target position required by the examiner, 

while nine studies proposed an indirect measurement of proprioception abilities before and after TKR, mainly evaluating balance. 

Balance, in fact, can be considered as an indirect measurement of proprioception, since it is an essential parameter for dynamic postural control 

[36], representing proprioceptive function [11]. Furthermore, since TKR did not affect any substantial changes about visual and vestibular elements 

of balance, the main changes measured in balance may be attributable to proprioception [34]. Hence balance and proprioception are strictly related 

and impairments in kinaesthesia and proprioception result in negative effects on standing balance [43]. 

While there is some evidence in literature stating specific rehabilitative exercises are effective in improving proprioception and balance after TKR, 
there is no complete agreement on the positive effect of TKR in improving standing balance after surgery [22]. Studies with positive outcomes 

concluded that improvement was not caused exclusively by increase in proprioception, but it could be due also to other factors, such as the decrease in 

joint effusions, pain and/or inflammation, changes inv resting length and muscle activation [11]. 

However, although the assessment of balance and proprioception impairments after TKR is relevant for the implication in disability, risk of fall and 

quality of life, it is difficult to disentangle which is the factor or the factors leading to deficits in proprioception because of the variety of outcome 

measures, assessment instrumentations and procedures used in the large number of studies in literature. 

In conclusion, balance and proprioception impairment before and after total knee replacement by means of instrumented platforms has not been 

widely studied. Moreover, a large number of instruments has been used making difficult to draw consistent information and rising confu- sion for the 

clinical practice. The present meta-analysis demonstrated that the Neurocom Balance Master System™, one of the most used in- struments, showed 

enough consistency of the static measure in terms of postural sway velocity in the four studies included, and can be consid- ered as a reference for 

further studies on balance and proprioception in patients who underwent TKR. 

It is strongly suggested, however, to plan further clinical trials in the future in order to compare TKR patients with healthy control, and to compare 

the effects of the various implant models and rehabilitation procedures on functional outcome. In addition, measurements related to the knee joint and 

other single-joints and single body segments contri- bution should be integrated to instrumented platforms assessments to better understand how knee 

proprioceptive deficits affects whole body balance control, and how the improvements during rehabilitation re- flects on it. 

Finally, it should be mentioned that balance and proprioception impairments are common among various populations of orthopedic or neurological 

patients. The results of this systematic review cannot be generalized, as literature search was strictly focused on TKR patients. However, it would be 

of high clinical relevance for future studies to investigate which are most reliable procedures to assess balance and proprioception impairments also 



in other pathologies. 
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Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart. 

 

 
 

Fig. 2. Heterogeneity among the results of balance assessment performed on firm surfaces. 



 

 
 

Fig. 3. Heterogeneity among the results of balance assessment performed on foam surfaces. 
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