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Abstract 

 Osteoarthritis is amongst the top five most disabling conditions affecting Americans over 65 years of age and imposes 
an annual economic burden estimated at $ 89.1 billion. Nearly half of the cost of care of Osteoarthritis is attributable 
to hospitalizations for total knee arthroplasties (TKA) and total hip arthroplasties (THA). The current clinical practice 
relies predominantly on subjective assessment of physical function and pain via patient reported outcome measures 
(PROM) that have proven inadequate for providing a validated, reliable and responsive measure of TKA outcomes. 
Wearable activity monitors, which produce a trace of regularly monitored physical activity derived from 
accelerometer measurements, provide a novel opportunity to objectively assess physical functional status in 
Osteoarthritis patients. Using data from the Osteoarthritis Initiative (OAI), we demonstrate the feasibility of 
quantifying the relative change in physical activity patterns in Osteoarthritis subjects using accelerometer based 
measurements of daily physical activity.  

Introduction 

The prevalence of lifestyle and demographic risk factors associated with Osteoarthritis [1,2], combined with 
expanding indications of TKA have resulted in a dramatic increase in TKA rates over the years.  Based on current 
trends, nearly 3.5 million TKAs will be performed in 2030 [3].  TKA is widely regarded as a cost effective and 
efficacious treatment for end stage knee Osteoarthritis [4] and is associated with better pain and function related 
outcomes compared to non-surgical interventions [5]. An examination of the direct and indirect costs associated with 
TKAs has shown a lifetime societal net benefit from the procedure [6].  Paradoxically, numerous studies suggest that 
a significant proportion of patients remain dissatisfied with the outcome of their primary TKAs [7–10]. Given the 
rising demand for prosthetic replacements and the high absolute cost associated with the procedure, an individualized 
cost-benefit assessment of its value is essential, based on eligibility, stage and outcomes with alternative treatment 
pathways. Unfortunately though, patient reported measures of physical function and pain (PROM), which are the 
primary instruments for outcomes measurement in Osteoarthritis clinical practice, are subjective assessments that lack 
precision due to limitations stemming from their programmed content and responder bias. As a result, no PROM has 
demonstrated sufficient validity, reliability and responsiveness in clinical studies of TKA patients; nor has any 
PROOM provided a clear definition of treatment success. [11,12].  

The International Classification of Functioning, Disability and Health (ICF) groups the functioning levels of an 
individual into two broad categories: capacity (ability to perform standardized tasks) and performance (ability to carry 
out tasks in the individual’s usual environment). Traditionally, clinical measures of functional disability have focused 
on capacity. Wearable activity monitors (WAM) provide a way to objectively measure the performance dimension of 
physical function. Given the interplay between physical activity, patient satisfaction and overall health, assessment of 
TKA outcomes through free-living physical activity may enable patient-centric decision making. Equipped with 
accelerometers, WAMs are able to provide continuous samples of measured activity intensity, duration and frequency.  

Accelerometer based physical activity assessment has been shown to be superior to patient reported measures, with 
reference to the doubly labeled water method – the current gold standard in objective measurement of free-living 
physical activity [13]. The doubly labeled water method quantifies physical activity via the equivalent energy 
expenditure, whereas WAMs record activity directly. Such direct measurement capability can provide an advantage 
over energy based measurement methods—particularly for detecting latent activity patterns in subjects with mobility 
limiting diseases. In subjects with physical disabilities, the daily activity profile consists primarily of sedentary and 
light activities [14–16]. Specific patterns of differences in energy expenditure in such low intensity activities can be 
hard to detect, whereas patterns in directly sampled activity traces may be detected using appropriate statistical 
methods, as we demonstrate in our study.  
Studies comparing accelerometer based, pre and post TKA, measurements differ in their study design, metric used in 
the comparison, and the method of analysis. Walker et al studied the ‘total ambulatory activity’ in 19 subjects before 
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and after TKA and found a significant increase 6 months post TKA, compared with pre TKA measurements obtained 
within a month of surgery [17]. Brandes et al compared the ‘change in gait cycles’ in 44 subjects 3 weeks prior to 
TKA and at 6 months follow up (insignificant) 12 months follow up (increase) [18]. However Harding et al compared 
‘mean activity counts’ in 25 subjects prior to TKA (median 58 days) and at 6 month follow up and reported no 
significant difference [19]. A similar result was reported by Kahn et al who compared ‘mean minutes’ of light, 
moderate and vigorous activity as well as average daily activity counts in two independent groups of subjects one of 
whom had undergone TKA and the other was scheduled to undergo TKA [20]. On the other hand, the study by Lutzner 
et al reported a significant increase in ‘total number of steps’ as well as in in the number of moderate and vigorous 
steps in 97 subjects who were assed prior to TKA and at 1 year follow up [21]. Such variety in methods and results is 
common in an emerging area of enquiry; however, such diversity also makes the interpretation and the clinical 
translation of the results challenging. In addition, accelerometry studies of free-living activity have other challenges; 
for example, activity patterns of a subject may differ substantially from day to day. Over long time intervals (years), 
such studies require appropriate handling of confounding factors such as age, comorbidity as well as the calendar 
month of measurement (to account for weather related changes).   

Our comparison of pre and post TKA physical activity levels is based on the time spent in different activity levels that 
were determined by thresholds calibrated in earlier studies [22,23]. We first present a method to detect differences in 
minutes of light and moderate physical activity levels per day. Our method accounts for the inherent complexities in 
physical activity data through an interpretable statistical approach. We then explore the choice of an alternative 
thresholding scheme to quantify activity-intensity. We show that the activity-intensity thresholds derived from an 
analysis of free-living physical activity (in musculo-skeletal pain and mobility-limited populations) permit a more 
detailed characterization of pre and post TKA activity levels, as opposed the traditional, energy based thresholds.   

 Data 

Our analysis is based on data from the 
Osteoarthritis Initiative 
(http://www.oai.ucsf.edu), a federally funded 
initiative for studying a cohort consisting of 
subjects with clinical grade Osteoarthritis 
(progression), subjects at risk of developing 
Osteoarthritis (incidence), and subjects who do 
not have Osteoarthritis nor are at risk (controls). 
The data from annual follow up visits from all 
4796 subjects in the study consists of clinical, 
radiographic, and biomarker data. Additionally, at 
the 48 and 72 month follow up visits, an invited 
subset of the subjects participated in a physical 
activity study that recorded daily physical activity 
of the subjects via a ActiGraph GT1M uniaxial 
accelerometer (ActiGraph; Pensacola, Florida). 
The Actigraph GT1M is a compact, hip-worn 
device (3.8 cm X 3.7 cm X 1.8 cm, 27 g) that 
measures dynamic acceleration in the range of 
0.05g – 2.0 g, whose validity and reliability in 
physical activity research has been reported in a 
number of studies [24–28] and that has been used 
in large scale studies on physical activity in health 
research [29].The participants in the physical 
activity studies wore the accelerometer upon 
arising in the morning and continuously until 
retiring at night, except during water activities, for seven consecutive days. The participants were also asked to 
maintain a daily log recording time spent in water and cycling activities as the accelerometer may not have been able 
to capture these activities accurately. Post facto analysis revealed that participants spent little time in water and cycling 
activities (median 0 minutes/day, interquartile range = 0.0 to 3.4 minutes/day), indicating that little activity was missed 
by accelerometer monitoring.  The key attributes of the 48 month and 72-month PA study-data are summarized in 
Table 1.  

Table 1 Key attributes of the physical activity data 

 Physical activity (PA) study 

 48 month 72 month 

Cohort size   

Incidence 1490 1080 

Progression 505 340 

Control 6 6 

Total 2001 1426 

TKA date   

Before PA study 63 74 

After PA study 115 45 

Age (mean, sd) (65.08, 9.09) (66.73, 9.04) 

Gender (% male) 44.53 45.37 

BMI (mean, sd) (28.52, 4.87) (28.22, 4.88) 

Mean Comorbidity Index 0.52 0.56 

Median PA days 7 7 
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Method 

In order to make paired comparisons in physical 
activity before and after TKA, we selected those 
subjects from the PA studies who underwent a TKA 
after the first PA study (48 month follow up) but 
before the second PA study (72 month follow up). 
The accelerometer data obtained from the PA 
studies consists of “activity counts” per minute. 
Activity counts are a weighted sum of the discretely 
sampled values of the one dimensional acceleration. 
Since zero or low values of activity counts could 
arise from non-wear time, it is desirable to filter out 
non-wear periods from the data to avoid 
overestimating the proportion of sedentary or 
inactive periods. Following a methodology validated in adults with Osteoarthritis, continuous periods that were more 
than 90 minutes long and zero activity counts (allowing for interruptions of up to 2 consecutive minutes with fewer 

than 100 counts) were discarded as non-wear periods [30]. A day with a wear time of 10 hours or more was considered 

Table 2 Key attributes of the 32 subjects in the paired 
comparison across the 48th month and the 72nd month visits. 

 48 month 72 month 

Age (mean, sd) (70.03, 8.30) (72.03, 8.30) 

BMI (mean, sd) (28.95, 4.53) (28.74, 4.54) 

Mean Comorbidity Index 0.75 0.78 

Median days to/from TKA 284.56 448.63 

Gender (% male) 53.13% 

Remove non-wear minutes 
 

Remove days with < 10 hrs 

Remove subjects with < 4 days 

Subjects for paired comparisons (n=32) 

Troiano 
LF: Light Act. Min. 
MF: Mod Act. Min. 

 
 

Freedson 
LF: Light Act. Min. 
MF: Mod Act. Min. 

 
 

Swartz 
LF: Light Act. Min. 
MF: Mod Act. Min. 

 
 

PPI 
SE: Sed. Act. Min. 

L1: Light Act. Min 1. 
L2: Light Act. Min 2. 

 

Subjects in 48-month PA 
study 
N =  

Subjects in 72-month PA 
study 
N =  

Subjects who did not have a TKA 
before the 48-month follow-up & had a 

TKA before the 72 month follow up  

AC 
Daily Activity Count 

 
Figure 1Key steps in the analysis 
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as valid, and only subjects with 4 or more valid days were considered in the analysis. For the the 32 subjects that met 
this criterion (key attributes are summarized in Table 2) we compared the pre and post TKA physical activity based 
on daily minutes spent in the different intensity strata, defined according to different thresholding schemes. Figure 1 
describes the key steps in our analysis. 

Statistical Analysis 

Our metric for comparing the relative change in physical activity is the time spent (minutes per day) in different 
activity levels, which correspond to different levels of energy expenditure. A 3-way grouping defined by commonly 
cited activity level thresholds provides light, moderate and vigorous levels of activity. For the 32 subjects in our paired 
comparisons, the distributions of light, moderate and vigorous activity minutes (per day), based on three different 
thresholding schemes [22,31,32] are shown in Figure 2. It is evident from the box plots that the measured effect of 
TKA depends on the thresholding scheme used to define activity levels. There is very little activity in our data at the 
vigorous activity levels for a meaningful comparison.  

 
Figure 2 Distribution of moderate, vigorous and light activity minutes before and after TKA. The headers of the 

plots show the specific thresholding scheme used. 

We used mixed effects models to perform between group comparisons taking into account repeated measures from 
each subject before and after TKA. Such paired comparisons allow for effective self-control, however effects due to 
age, body-mass-index (BMI), comorbidity index and calendar month of measurement still need to be adjusted for. 
Concomitant illnesses are known to modulate daily physical activity, particularly in the setting of chronic diseases 
[33,34]. We used the Modified Charleson Index score (MCIS) [35] to adjust for comorbidities at the time of follow 
up closest to the PA studies. There is also weak evidence that weather influences the severity of rheumatic diseases 
[36–38]. We adjust for weather effects by using a cyclic representation of the month computed by taking the cosine 
of the proportional angle, which assigns each month a numeric value given by Cos(𝑖	×	2𝜋/12) where i is the month 
index 1..12. This has the advantage of preserving the seasonal proximity between months; therefore, in this 
representation the values for January and June are farther apart compared to the values for January and December.  

There are two parts to our analysis. First, we use two kinds of thresholding schemes for defining the light and moderate 
activity levels – and compute activity minutes in each level of interest for each thresholding scheme. Second, we fit 
generalized linear mixed models (GLMM) [39] for the activity minutes (light and moderate) as well as the daily 
activity counts, with TKA status, age, BMI, comorbidity index and month as fixed effects and subject ID  a random 
effect. GLMMs are an extension of Generalized Linear Models [40] in that they allow the errors in the response to be 
modelled via a suitable  exponential family distribution, and allow for the relationship with certain predictors to be 
described as random effects. Since the activity minutes lie within bounds denoting the 95% confidence envelope of 
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the simulated distributions (as seen in the quantile plots in Figure 3a and 3b), the Negative Binomial distribution is an 
appropriate choice for modelling the discrete daily minute counts and the Log Normal distribution for modelling the 
activity counts. 

   
 
Figure 3a QQ plots for light and moderate activity minutes 

Inference in mixed effects models is difficult because the cumulative 
distribution function of the estimated coefficients (under the null 
hypotheses) is not known in most hierarchical designs. Typically, 
inference in mixed effects models is done via a likelihood ratio test 
(LRT) that tests the asymptotic log likelihood ratio against a Chi-
Squared distribution. However, the approach assumes a quadratic log 
likelihood surface – an assumption easily violated by many nesting 
designs. Therefore, we obtained significance estimates of the fixed 
effects in our models through the likelihood ratio-test approach, as well 
as through bootstrap confidence intervals as recommended in current 
literature  [41].  
 
Physical performance intervals  
Our prior work has focused on the relationship between pain and patterns of natural physical activity (performance) 
using accelerometry data [42]. Based on a cluster analysis of the observed activity counts per minute, the prior work 
proposed a stratification scheme, called physical performance intervals (PPI), for minute-wise activity counts that can 
describe perturbations in movement related to a variety of pain conditions. Unlike the activity thresholds calibrated 
against the estimated energy expenditure, PPI are based on activity strata that differentiated between various types of 
pain in a population-based sample who reported pain in different regions of the body. PPI are defined as: Performance 
Sedentary (PSE) = 1-100, Performance Light 1 (PL1) = 101-350, Performance Light 2 (PL2) = 351-800, Performance 
Light 3 (PL3) = 801-2500, and Performance Moderate and Vigorous (PMV) = 2501-30000. We repeated the pre and 
post TKA activity-level comparisons by using the activity minutes computed for the PPI and fitting GLMMs as 
described earlier.  

 

Figure 3b QQ plot - activity counts 
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Results 

We present results corresponding to the two parts of our analysis. First, using different thresholding schemes for 
defining light and moderate activity, we compute activity minutes in each level of interest. Second, we fit generalized 
linear mixed models (GLMM) [39] for the activity minutes (light and moderate) as well as the daily activity counts, 
accounting for TKA status, age, BMI, comorbidity index and month as fixed effects and the subject ID as a random 
effect. The fixed effects for our models relating PA to TKA status (TKA), age (Age), calendar month of measurement 
(Month), BMI and the modified Charleson comorbidity index score (MCIS) are presented in Tables 3 and 4 below. 
Table 3 summarizes the parameters for our models that are based on daily activity minutes computed from three 
different energy-expenditure based intensity thresholds. Table 4 summarizes the parameters for models that use daily 
activity minutes computed from PPIs (based on observed activity patterns in patients with mobility-limiting disease). 
Since our GLMMs were based on a log link function, the estimated coefficient for a predictor represents the log of the 
change in the response variable, due to a unit change in the predictor after adjusting for other predictors. The shaded 
cells in Table 3 represent significant effect (p < 0.05) estimates for each of the models, identified by their respective 
labels (LT: Light Activity minutes - Troiano, MT: Moderate Activity Minutes – Troiano, LF: Light Activity minutes 
- Freedson, MF: Moderate Activity Minutes – Freedson, LS: Light Activity minutes - Swartz, MS: Moderate Activity 
Minutes – Swartz, AC: Daily Activity Counts).  

TKA status was significant in all the light activity minute models (LT, LF and LS). The TKA effect on light activity 
minutes (Troiano) may be interpreted as a reduction by a factor of exp(-0.0665), or equivalently a reduction of about 
6.4%. Month effects were significant only in the light activity models a 10.9% reduction in the daily light activity time 
(in the Troiano thresholding scheme) corresponding to a unit change in the predictor (approximately over a quarter in 
the cyclic coding scheme). Both age and BMI are well known risk factors for Osteoarthritis progression.  

Table 3  Fixed effect estimates for models of daily activity minutes and daily activity counts 

Models TKA  Age Month BMI MCIS 
LT Estimate -0.0665 -0.1166 -0.1153 -0.0754 -0.0228 

p (LRT) 0.0199 0.0214 0.0149 0.0901 0.3734 
95% low -0.1189 -0.2236 -0.2059 -0.1617 -0.0742 
95% high -0.0119 -0.0132 -0.0205 0.002 0.0296 

MT Estimate 0.0356 -1.0787 -0.1302 0.1 -0.0823 
p (LRT) 0.8138 0 0.59 0.6287 0.5546 
95% low -0.2236 -1.4689 -0.6073 -0.2574 -0.3122 
95% high 0.2929 -0.664 0.3422 0.5062 0.1813 

LF Estimate -0.0671 -0.1143 -0.1146 -0.0758 -0.0231 
p (LRT) 0.0187 0.0234 0.0153 0.0872 0.3652 
95% low -0.1274 -0.2185 -0.1971 -0.1638 -0.0732 
95% high -0.0125 -0.0115 -0.0165 0 0.033 

MF Estimate 0.0129 -1.0431 -0.1308 0.1359 -0.0756 
p (LRT) 0.9283 0 0.569 0.4968 0.5722 
95% low -0.2886 -1.4736 -0.5688 -0.2416 -0.3307 
95% high 0.2755 -0.5799 0.3012 0.5319 0.1836 

LS Estimate -0.0724 -0.0026 -0.1102 -0.0936 -0.027 
p (LRT) 0.0081 0.948 0.0104 0.0089 0.2531 
95% low -0.1233 -0.0815 -0.1876 -0.1593 -0.0728 
95% high -0.0179 0.0726 -0.027 -0.0244 0.0203 

MS Estimate -0.0942 -0.4389 -0.1276 -0.004 0.0344 
p (LRT) 0.0643 2e-04 0.1294 0.9641 0.4467 
95% low -0.1875 -0.6684 -0.292 -0.1749 -0.0458 
95% high 0.005 -0.2057 0.0397 0.1777 0.1229 

AC Estimate 0.049 -0.3795 -0.1281 -0.1438 0.0108 
p (LRT) 0.2386 0 0.0347 0.0346 0.795 
95% low -0.0629 -0.4668 -0.3295 -0.3858 -0.0747 
95% high 0.1514 -0.3165 0.0843 -0.0073 0.0951 
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Table 4 shows the fixed effects (shading indicates a significant effect) of the models for activity times based on the 
Physical Performance Intervals, and labeled accordingly (SE: sedentary, L1-L3: light activity 1-3, MV: moderate to 
vigorous). Post TKA, the light activity time in level 1 and 2 is reduced by a factor of exp(-0.0763) and exp(-0.0917), 
equivalent to 7.3% and 8.8% respectively. Month effects for the activity times in level 1 and 2 accounted for 9.7% 
and 13.2% reductions respectively.  

In all the activity time models, Month and BMI effects were significant only at the low activity levels. The effect of 
comorbidities was not significant in any model. We tested our counts response models for over-dispersion and 
examined the residual-fit plots from all models to check for potential fitting issues. 

Table 4 Fixed effect estimates for models of daily activity minutes (Physical Performance Intervals) 

Models TKA  Age Month BMI MCIS 

SE Estimate -0.0102 0.0292 -0.0086 -0.0404 -0.0168 
p (LRT) 0.6972 0.5386 0.8422 0.3214 0.4817 
95% low -0.059 -0.0576 -0.0958 -0.1267 -0.0651 
95% high 0.0463 0.1235 0.0752 0.0446 0.0249 

L1 Estimate -0.0763 0.0412 -0.1017 -0.092 -0.028 
p (LRT) 0.0059 0.2903 0.0186 0.0096 0.244 
95% low -0.1299 -0.0376 -0.1895 -0.1509 -0.0743 
95% high -0.0182 0.1127 -0.0143 -0.0301 0.0253 

L2 Estimate -0.0917 -0.1588 -0.1412 -0.1226 -0.0111 
p (LRT) 0.0156 0.0232 0.0265 0.0457 0.7464 
95% low -0.1643 -0.2931 -0.2586 -0.2345 -0.0743 
95% high -0.0174 -0.0264 -0.0223 -0.0091 0.0643 

L3 Estimate -0.1089 -0.5211 -0.0642 0.0628 0.0519 
p (LRT) 0.0737 3e-04 0.5162 0.5613 0.3447 
95% low -0.2314 -0.801 -0.2401 -0.141 -0.0481 
95% high 0.0155 -0.2447 0.1441 0.2628 0.1616 

MV Estimate -0.0256 -1.132 -0.0813 -0.1074 -0.2104 
p (LRT) 0.8955 0 0.7714 0.6076 0.2025 
95% low -0.369 -1.6587 -0.663 -0.4689 -0.4931 
95% high 0.3662 -0.5464 0.4459 0.3131 0.2451 

 

Discussion  

An emerging view of knee Osteoarthritis etiology believes it to be a cascade of maladaptations, occurring in response 
to altered dynamics of the knee joint components [43].  Therefore one could expect that a biomechanical intervention 
aimed at restoring the kinematic alignment of the knee joint [44] must bring about significant changes in the physical 
function phenotype associated with end stage Osteoarthritis. As a result, many of the clinical measures of TKA 
outcome focus on functional capability with regard to standardized tests such as the stand up and go test, 6 minute 
walk, stair climbing and isometric quadriceps strength measurement, to name a few [45].  

Less is known about how TKA affects the levels of routine physical activity, which is a better barometer for patient-
satisfaction and quality of life, and is also correlated with long term health and mortality. Given that the means of 
objectively measuring routine physical activity are now available, establishing systematic patterns in routine physical 
activity data is a worthwhile endeavor. Since free-living physical activity occurs outside the constraints of a pre-
ascertained protocol, the data it generates is vulnerable to many sources of confounding. Within the setting of a TKA, 
factors such as the type and duration of post-operative care, adherence to the prescribed physiotherapeutic regimen, 
concomitant illnesses and medication, dependence on care givers, time after surgery and type of prosthesis may all 
affect the intensity and duration of the observed physical activity. 

In this work, we retrospectively analyzed physical activity data, taking the approach used in observational studies to 
adjust for several confounding factors—which has not been done in the physical activity analysis work so far.  The 
reduction in light activities post TKAs can be meaningfully interpreted with reference to a compendium of routinely 
performed activities, classified on the basis of type, purpose and energy expenditure [46]. For instance, typical light 
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activities (with energy expenditure between 1 – 3 METS) include light yard work. stretching, sitting and casual 
walking. The quantified reduction post TKA (at a median duration of 448 days) for the end stage Osteoarthritis 
population maybe understood as the proportional reduction in similar routine activities. The observed reduction in 
light activity levels post TKA may well be on account of improved joint function that allows a more efficient allocation 
of energy – a plausible explanation that follows from the positive (though statistically insignificant) effect sizes for 
moderate activity minutes in the Troiano and Freedson schemes as well as for the overall activity counts. In order to 
capture the subtle changes occurring in magnitude of low intensity activities, a thresholding scheme such as PPI, that 
emphasizes the lower intensity bands is required.  

The patient population undergoing TKA is diverse, and as a consequence of the high rate of success as well as the cost 
effectiveness of the procedure, will likely consist of younger patients in the future. A limitation of our analysis is its 
applicability to a much narrower population, as described in Table 2. Also, the relatively small size of the sample does 
not allow to adjust for variables such as medication usage and duration after surgery, that may potentially affect 
physical activity level. Our analysis, if repeated on accelerometry data from a larger TKA population, would allow us 
to control for factors that affect physical activity without compromising statistical power. 

Conclusion 

Efforts to optimize TKA utilization must balance eligibility, disease stage and outcomes from alternative treatment 
pathways. A quantitative assessment of the treatment outcome is a pre-requisite for appropriate stratification of the 
patient population. Given sufficient data, after correcting for non-wear time and other invalid observations, treatment 
effect of TKA can be quantified by fitting a hierarchical model that adjusts for confounders.  Our analysis reveals a 
reduction in light activity time at a median 448 days after TKA. While follow-up analysis based on larger sample sizes 
would be required to confirm the estimated change after TKA, the difference in pre and post TKA activity levels 
depends on the thresholding scheme for activity intensity. Performance based thresholds provide an improvement in 
resolution over energy-expenditure based thresholds.  
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