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Background: Patients undergo total joint arthroplasty to improve function and resolve pain. Patient-re-
ported outcome measures (PROMs) are often sought to determine the success of total joint arthroplasty
but are time-consuming and patient response rates are often low. This study sought to determine
whether pain numeric rating scores (NRSs) were associated with PROMs and objective mobility
outcomes.
Methods: This is a retrospective review of data in patients who utilized a smartphone-based care
management application prior to and following total joint arthroplasty. NRS, Hip Disability and Osteo-
arthritis Outcome Score, Joint Replacement and Knee Injury and Osteoarthritis Outcome Score, Joint
Replacement, and objective mobility data (step counts, gait speed, and gait asymmetry) were collected
preoperatively and at 30 and 90 days postoperatively. Quantile regression was performed to evaluate the
correlations between NRS and PROMs.
Results: Total knee arthroplasty patients reported higher NRS than total hip arthroplasty patients
postoperatively. NRS was significantly correlated with gait speed preoperatively and at 30 and 90 days
postoperatively on quantile regression. Gait asymmetry was significantly associated with NRS at 30 days
postoperatively. Regression results suggested significant correlations between NRS and PROMs scores;
Hip Disability and Osteoarthritis Outcome Score, Joint Replacement, —0.46 (95% confidence interval:
—0.48 to —0.44, P < .001) and Knee Injury and Osteoarthritis Outcome Score, Joint Replacement, -0.38
(95% confidence interval: —0.40 to —0.36, P < .001).
Conclusions: NRS is correlated with both objective and subjective measures of function in patients un-
dergoing arthroplasty. Simple pain ratings may be a valid measurement to help predict functional out-
comes when collection of traditional PROMs is not feasible.
© 2023 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/).

Introduction

include subjective reports of return to activity and adequate
reduction of pain [1]. A number of these PROMs have been created

The treatment for end-stage osteoarthritis, total joint arthro-
plasty (TJA), is pursued after the failure of conservative treatment,
where pain and loss of function can no longer be managed without
surgical intervention. The success of surgery is most often defined
in terms of patient-reported outcome measures (PROMs), which
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and validated for use in populations who have undergone total hip
arthroplasty (THA) or total knee arthroplasty (TKA). Specifically, the
Hip Disability and Osteoarthritis Score and Knee Injury and Oste-
oarthritis Outcome Score (KOOS) are among the most commonly
used PROM:s for these populations [2,3].

Given the length of the questionnaires and the level of burden
completion places on both the patient and clinician, shorter ver-
sions have been created and validated. Specifically, the Hip
Disability and Osteoarthritis Outcome Score, Joint Replacement
(HOOS JR) and Knee Injury and Osteoarthritis Outcome Score, Joint
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Replacement (KOOS JR) have been designed for use in joint
replacement populations, encompassing pain and function in daily
living domains [4,5]. In fact, collection of these PROMs has been
mandated under the CMS Comprehensive Care for Joint Replace-
ment Model [6]. While these versions are less taxing, the patient
response rates in many studies remain quite low. Digital collection
of these surveys has led to improvements in patient compliance [7],
but some shortcomings continue to exist with regard to these
PROMs. Specifically, authors have suggested that significant ceiling
effects exist, wherein the granularity of information is lost because
such a high proportion of patients reach the highest possible score
[8].

Recent research has begun to focus on objective measures of
function after TJA. Mobility metrics such as step counts and gait
speed [9—11] can now be collected passively and accurately using
mobile devices, which most Americans now own [12]. Gait speed
has been suggested as a good indicator of functional capacity and
has been associated with commonly reported arthroplasty out-
comes such as range of motion and quadriceps strength, as well as
exhibiting correlation with traditional functional tests including
the Stair Climbing Test and Timed-Up and Go test [13—16]. In many
studies where both PROMs and mobility metrics are obtained, there
is often little correlation between the objective and subjective ac-
counts of function after arthroplasty, with correlation coefficients
between steps and PROMs between 0.17 and 0.29 [17—19]. The
majority of patients report high satisfaction after their procedure,
suggesting continued value in collection of PROMs and need for
more research to understand how objective mobility relates to
other outcome measures. Despite the adaptation of shorter PROMs
and their apparent usefulness in clinical practice, it would be ad-
vantageous to identify a measure that could predict outcomes
while introducing as little inconvenience as possible. The pain
numeric rating score (NRS) is a well-known, validated system for
collection of patient-reported pain in medicine [20]. This study
seeks to investigate the relationship between this score and tradi-
tional PROMs. In addition, we evaluated the correlation of objec-
tively collected mobility metrics with NRS in a cohort of patients
who have undergone TJA.

Material and methods

This is a retrospective study of a database of patients who were
prescribed the use of a smartphone-based care management plat-
form for standard clinical care (sbCMP, mymobility, Zimmer Bio-
met, Warsaw, IN), or who were enrolled in a prospective trial
investigating the sbCMP (NCT03737149). Results of the RCT phase
of the study evaluating this platform have been previously reported
[21—23]; this analysis included only patients enrolled in the
observational longitudinal phase of the study. The sbCMP is an iOS
and Android-supported application with connectivity to the Apple
Watch (Apple Inc, Cupertino, CA) for collection of step counts in
Apple iPhone users. Apple HealthKit data, including gait speed and
gait asymmetry, was available only for iPhone users and was
collected by the mymobility application upon download and
acceptance of user terms and conditions. The sbCMP provides ed-
ucation to patients that is synchronized with their stage in the
episode of care, delivering questionnaires in a similar manner with
regard to the clinical timeline, where PROMs (KOOS JR and HOOS
JR) are requested to be completed preoperatively as well as at 30
and 90 days postoperatively. The option to deliver the NRS ques-
tionnaire and its delivery frequency are chosen on a provider basis;
however, patients have the ability to self-report pain up to 3 times
daily in addition to prompts. Those enrolled in the clinical study
were eligible only if they owned a smartphone compatible with the
smartwatch, were not a current abuser of drugs or alcohol, were

ambulatory with maximum support of a single cane or crutch, and
were not planning staged bilateral procedures <90 days apart. Only
patients in the trial were provided with a smartwatch; those in the
commercial database were required to be deemed suitable for in-
home telerehabilitation and own a smartphone prior to down-
loading the application. Patients in both the study and the com-
mercial cohorts were treated according to each individual
institution’s preoperative and perioperative standard of care (sur-
geon’s choice of technique, pain medication, in-person physical
therapy, etc.).

Patients undergoing TKA or THA with NRS pain scores reported
between April 2021 and June 2022 and treated at 34 unique sites
were eligible to be included in the analysis. Analyses of correlations
to PROMs and mobility metrics were limited to those with available
data during the preoperative period (—30 to —1 days), 30-day
postoperative period (25 to 35 days), and 90-day postoperative
(85 to 95 days) timeframe. For the analysis of mobility metrics and
their correlation with NRS at different points in the episode of care,
we only considered patients with data available for step count, gait
speed, and gait asymmetry measures in all of the listed time pe-
riods. Patients missing pain scores or a single mobility metric at any
one of these timeframes were excluded from analysis. Gait asym-
metry is presented as a percentage, referring to the percentage of
time that asymmetric steps are detected within a qualified walking
bout and determined by the smartphone’s algorithms, recorded as
a daily average [24]. Step count readings of zero were filtered out.
Secondary analysis of the commercial dataset was considered
exempt by the institutional review board due to the deidentified
nature of the data used (IRB# 20222582). All patients in the pro-
spective trial provided written informed consent to participate.

Statistical analysis

Baseline characteristics are reported with descriptive statistics,
as frequency with percentages for categorical data and as median
with interquartile range for continuous variables. Correlations were
evaluated by univariate quantile regression, comparing NRS pain
scores with the corresponding timeframe’s PROMs or mobility
metrics, where both NRS and PROMs are normalized on a 0 to 10
scale. All pain and PROM scores (preoperative, 30-day, and 90-day)
were plotted together in a single scatterplot for quantile regression
for KOOS JR and HOOS JR scores separately. The relationship be-
tween preoperative pain scores and those reported at 30 and 90
days postoperatively was also investigated by quantile regression.
The coefficient at the 50% quantile parameter is reported for all
regressions presented. Analyses were performed using Python
version 3.8.11 (2021 Python Software Foundation, Wilmington, DE).
Two-tailed P-value < .05 was considered statistically significant.

Results

In total, 327 patients had pain scores and all 3 mobility metrics
available in the preoperative, 30-day postoperative, and 90-day
postoperative windows. The median age of the TKA cohort was
67.0 years (interquartile range 60.0, 72.0) and 59.1% were female
(Table 1). The THA cohort was 56.1% female with median age of 65.0
years (58.0, 71.0). Scatterplots displaying the results of the
normalized KOOS JR and HOOS JR compared to the normalized NRS
from the corresponding timepoints are shown in Figure 1. In pa-
tients who underwent TKA, the NRS pain score was significantly
correlated with KOOS JR, where the relationship suggests that as
pain decreases, KOOS JR scores increase by —0.38 (95% confidence
interval [CI] —0.40 to —0.36, P < .001). HOOS ]R scores were also
significantly associated with NRS pain (Fig. 1) with regression co-
efficient of —0.46 (95% CI —0.49 to —0.44) (Table 2). Preoperatively,
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Table 1

Baseline and postoperative patient characteristics, including NRS pain score, mobility metrics and PROMs scores.

Variable Preoperative

30 days postoperative 90 days postoperative

Total knee arthroplasty

Gender (female) 59.1%

Age (median) 67 0 (60.0, 72.0)

NRS 0 (4.0, 7.33)

KOOS JR 50 0 (42.3,59.4)

Step count 3943.0 (1948.75, 5892.25)
Gait speed 0. 99 (0.93,1.07)

Gait asymmetry % (1%, 10%)

Total hip arthroplasty
Gender (female)
Age (median)

56.1%
65.0 (58.0, 71.0)

(
NRS 6.33 (5.0, 7.67)
HOOS JR 53.0 (46.7, 61.8)
Step count 3523.5 (2216.25, 6296.0)
Gait speed 1.02 (0.94, 1.11)
(

Gait asymmetry 3% (2%, 7%)

2.0,4.5)
63 8 (57.1,68.3)

0 ( 0.33, 3.0)
(
2898.0 (1379.25, 4558.0)
(
(

0(
68 3 (61.6, 76.3)
4018.5 (2206.0, 6453.25)
0.82 (0.73,0.91) (
31% (10%, 61%) % (

0. 97 0.89, 1.05)
2%, 14%)

0,1.3)
806 70.4, 92.3)

1.75 (1.0, 3.0) 0(
(

5038.0 (2704.5, 7823.5)
(
% (

(
70.4 (64.7, 80.6)
4091.0 (2363.0,6110.0)
0. 93 (0.81, 1.02)
% (3%, 29%)

103 0.95, 1.11)
1%, 7%)

All continuous variables are presented as median with interquartile range (25th, 75th percentile values).

NRS was similar between the TKA and THA cohorts, though median
scores were lower in those who underwent THA at 30 days post-
operatively (Fig. 2).

Univariable quantile regression models were fit to investigate
the association between NRS and each of the mobility metrics
collected during the corresponding time windows (Table 3). The
preoperative NRS showed association with gait speed (—0.10, 95%
Cl —0.19 to —0.02, P =.02), but not with step count or gait asym-
metry. Pain score was also significantly associated with gait speed
at both 30 days and 90 days postoperatively. The negative co-
efficients suggest higher pain reports were associated with slower
walking speeds. The regression analyses of gait asymmetry suggest
that patient-reported NRS was only significantly associated with
gait symmetry at 30 days postoperatively, where higher pain levels
were correlated with higher percentages of gait asymmetry. There
was no association between NRS and asymmetry at 90 days post-
operatively (Table 3).

Finally, quantile regression was utilized to evaluate the rela-
tionship between 90-day NRS pain scores with preoperative and
30-day pain scores. Preoperative pain scores were not associated
with patient-reported pain at 90 days (0, 95% CI —0.05 to 0.05, P =
1.0); however, 30-day pain scores were highly associated with 90-
day pain scores (0.47, 95% CI 0.43-0.51, P < .001) (Fig. 3).

Discussion

In this study, we demonstrate that patient-reported pain scores,
as collected using the well-established 0 to 10 point NRS were

significantly correlated with validated PROMs for patients under-
going both TKA and THA. In addition, correlations of NRS pain with
mobility metrics were also investigated, suggesting that patient-
reported pain may be correlated with gait quality. These results
support the potential value of regular collection of NRS pain scores
to assist clinicians in identifying patients whose gait recovery may
not progress as desired.

Several of our findings are consistent with previous reports in
the literature. Our observation of preoperative gait speed was
similar to those reported by other authors, which typically ranges
between 0.85 and 1.13 m/s in arthroplasty populations [25,26].
Preoperative step counts are also aligned with existing literature,
where average daily steps range between 2078 and 5237 in THA
cohorts and 1861 and 4777 in TKA patients [9,17,18]. Few studies
have reported asymmetry as recorded by smartphone algorithms as
included herein; the majority describe asymmetric steps in terms
of single limb support, step length, or force- and weight-bearing
[27,28]. Those reports have also observed increases in asymmetric
patterns in the early postoperative period, which may recover more
slowly than step counts. We also observed that pain reduction
occurred more quickly in patients undergoing THA compared with
those who underwent TKA. Previous authors have reported greater
reductions in pain after surgical intervention in THA patients uti-
lizing both NRS pain scores and pain domains contained within a
variety of PROM tools [29]. The average pain scores that we
observed preoperatively and postoperatively were also comparable
to previously reported figures [30]. Comparisons of pain reports
highlight the need to standardize not only the instrument used for
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Figure 1. Scatterplot of normalized NRS and PROMs scores utilized in regression model.
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Table 2
Quantile regression estimating the correlation between KOOS and HOOS JR total
scores with corresponding NRS pain scores.

Variable Regression coefficient (95% CI) P-value
KOOS Jr total score —0.38 (—0.40 to —0.36) <.001
HOOS Jr total score —0.46 (—0.49 to —0.44) <.001

collection but also the timeframes for recording this outcome, as
the data presented in the literature varies from days to weeks, and
even years, postoperatively. It is important to note as well that
patients’ definition and reporting of pain may be multifactorial,
perhaps not limited only to the pain of the operative joint but also
to neuromuscular pain caused by the use of muscles that have
atrophied postoperatively.

Several authors have observed similar trends in PROMs, with
greater improvements in functional outcomes and higher levels of
patient satisfaction after surgery for those undergoing THA
compared to TKA [31]. Because the raw scores of these validated
PROMs do not always correlate with patient perceived improve-
ment, research has begun to focus on patient acceptable symptom
state thresholds, where focus is placed on a patient-defined satis-
factory outcome rather than the minimal clinically important dif-
ference. Kunze and colleagues showed that patient acceptable
symptom state thresholds were higher for those undergoing THA
(76.7 points) compared to those undergoing TKA (63.7 points),
which was expected given the fact that HOOS score changes are
greater after hip arthroplasty procedures. Similarly, we observed
greater functional improvements in THA patients as captured by
HOOS JR. Given the concomitant larger reductions in pain scores for
THA patients, the quantile regression results suggesting a stronger
relationship between NRS and HOOS JR compared to KOOS JR
scores in TKA patients might be expected.

It has been suggested by many authors that the bulk of
improvement in both pain and function after TJA is observed within
the first 2 months after surgery [9,18]. Investigators have begun to
assess the relationships between pain and functional recovery
utilizing more objective measures of function, specifically those
related to physical activity such as step counts and gait speed [32].
These studies have also reported similar findings, where most
progress with regard to recovery of physical activity is attained
within the first 6 to 10 weeks postoperatively following TJA.
Negligible changes are noted between 6 and 12 months after sur-
gery and beyond [30,33]. However, patient satisfaction and func-
tion as measured by PROMs have demonstrated only modest
correlations with activity measures. This could be related to the
ceiling effects demonstrated with some PROM tools, where the
ability to discriminate such trends may become difficult when large
proportions of patients reach the highest possible score. Lack of
discriminatory power could also be related to the difficulty in col-
lecting PROMs frequently; few researchers or clinicians collect

Pain score

Days post-op

Figure 2. Median pain scores relative to surgery date by procedure type.

Table 3

Quantile regression results evaluating mobility metrics and NRS according to clinical
timeframes of interest, where mobility metrics are medians calculated within each
time period.

Variable Regression coefficient (95% CI) P-value
Preoperative NRS
Step count —0.11 (-0.23 to 0.04) .16
Gait speed (m/s) —0.10 (-0.19 to —0.02) .02
Gait asymmetry (%) 0.02 (—0.0 to 0.05) 35
30-day postoperative NRS
Step count —0.11 (-0.24 to 0.02) .09
Gait speed (m/s) —0.19 (-0.32 to —0.06) .004
Gait asymmetry (%) 0.37 (0.18 to 0.55) <.001
90-day postoperative NRS
Step count —0.04 (-0.15 to 0.06) 44
Gait speed (m/s) —0.15 (-0.27 to —0.03) .02
Gait asymmetry (%) 0.03 (—0.02 to 0.07) .19

PROM scores more than once during the period where most re-
covery occurs within (6 to 10 weeks). Alternately, the NRS pain
scores can be easily collected frequently and may be particularly
helpful to monitor during this initial recovery period, when it may
not be feasible or helpful to collect PROMs on a daily or weekly
basis.

Relatively little research has focused on the relationship be-
tween pain and physical activity following TJA. It remains unclear
whether the improvements appreciated in terms of function and
pain translate into increased physical activity, as some authors have
found that postoperative activity levels remain roughly 20% lower
in patients after arthroplasty compared to similar patients without
osteoarthritis [10]. Twiggs et al reported that pain was associated
with preoperative step counts as well as steps taken on days 2 to 4
postoperatively [34]. The authors suggest that patients who take
more steps immediately following surgery recover their preoper-
ative activity sooner and have higher step counts at 6 weeks
postoperatively [34]. Despite this, some investigators suggest that
changes in pain are not directly related to changes in physical ac-
tivity. Patterson et al report that decreased activity after TJA was
associated with less pain; those who returned to their preoperative
levels of activity earlier did not demonstrate earlier pain reductions
or clinically relevant changes in mobility [35]. Alternately, studies
clustering patients by pain scores have suggested significant dif-
ferences in PROMs and physical capacity when comparing those
who report better pain recovery trajectories to those whose pain
recovers more slowly [36]. This supports the need to collect infor-
mation about pain after surgery more frequently than is currently
done using validated PROMs alone.

In recent years, the use of a patient reported numeric pain rating
has fallen out of favor, particularly in the United States. Numeric
pain scores were heavily relied upon during the “pain as the fifth
vital sign” campaign by the American Pain Society, where adequate
pain control was considered an indicator of quality of care and a
possible proxy for patient satisfaction [37]. The overtreatment of
pain with opioid medications and the ensuing epidemic have left
clinicians hesitant to collect simple pain scores from patients.
Current guidelines suggest that pain should be collected in terms of
its effect on function and with special importance in understanding
how pain is affecting progress toward treatment goals [38]. While it
may not be reasonable to return to a practice in medicine where
pain and its treatment are given utmost precedence, it is reasonable
to advocate for collection of simple pain ratings when these may be
predictive of, or assist clinicians in managing, patient recovery. This
is particularly true for patients recovering from TJA. Previous trials
have shown that validated PROMs are not as sensitive to changes in
pain as simple ratings, are subject to significant ceiling effects, and
exhibit possible shortcomings with regard to the rigid wording
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Figure 3. Correlation of 90-day pain scores with preoperative and 30-day NRS.

where changes may not be detected in patients in whom some
questions may not be relevant [8,39]. While it is important to
measure functionally relevant pain, it is just as important to iden-
tify a measure that is both reliable and easy to collect. Our results
suggest that NRS may be an early indicator of mobility after TJA and
may serve as a supplemental measure alongside PROMs to monitor
early recovery, as NRS can be collected and reviewed frequently and
easily during the postoperative period and demonstrates signifi-
cant correlation with PROMs scores. Quite notably, preoperative
NRS was not correlated with 90-day pain reports, while 30-day NRS
was strongly correlated with pain later in recovery. This suggests
pain reports may not be dependent on patients’ pain perception as
previously proposed [40] and supports the value of repeated
measurement postoperatively to predict and monitor for poor
outcomes.

This study is subject to a number of limitations, specifically
those related to a retrospective review of data of this type. We were
not able to control for any comorbid conditions or the presence of
osteoarthritis in other locations. In addition, due to the anonymous
nature of the commercial data, we could not control for clinical
variables that could impact outcome or postoperative pain,
including surgical approach or use of robotic assistance. Moreover,
patients were treated by multiple surgeons at different facilities, all
of which utilized their own standard of care approach to pain
management and postoperative physical therapy; differences in the
standard use of physical therapy could impact the activity measures
that were included. We could not account for differences in
compliance with regard to patient utilization of mobile devices and
wearables, as is often a limitation for any study that includes this
type of passive continuous activity data. Finally, the eligibility
requirement of owning a smartphone may have introduced selec-
tion bias, wherein our results may not be generalizable to the
arthroplasty population that does not utilize these technologies.
However, reports suggest increasing use year-over-year in all age
groups, with approximately 85% of the US population currently
owning a smartphone, with only 61% over the age of 65 reporting
ownership in 2021 [12].

Conclusions

Numeric pain scores are limited in the scope of information that
can be provided to a healthcare professional and should not be the
sole indicator of recovery or quality of care. However, given the
limitations of validated instruments to measure function and pain
for patients who have undergone TJA, measures that are easy to

administer and interpret and can be collected multiple times early
in the postoperative period, when the majority of recovery occurs,
are needed. Numeric pain scores may be a good indicator of PROMs
and can be administered using mobile devices for remote moni-
toring of patient recovery, potentially allowing earlier intervention
where necessary.
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