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Abstract

Introduction/objective We aimed to establish sex-specific reference values of objective physical function tests among individ-
uals with or at risk for knee osteoarthritis (KOA) across subsets of age, radiographic KOA severity, and body mass index (BMI).
Method We included Osteoarthritis Initiative participants with data for objective physical function tests, sex, age, BMI, and
radiographic KOA severity (Kellgren-Lawrence [KL] grade) at baseline. Objective physical function was quantified with 20-m
walk speed, chair-stand speed, 400-m walk time, and knee extension and flexion strength. We created participant characteristic
subsets for sex, age, KL grade, and BMI. Reference values were created as percentiles from minimum to maximum in 10%
increments for each combination of participant characteristic subsets. Previously established clinically important differences for
20-m walk speed and knee extension strength were used to highlight clinically relevant differences.

Results Objective physical function reference values tables and an interactive reference value table were created across all combina-
tions of sex, age, KL grade, and BMI among 3860 individuals with or at risk for KOA. Clinically relevant differences exist for 20-m
walk speed and knee extension strength between males and females across age groups, KL grades, and BMI categories.
Conclusions Establishing an individual’s relative level of objective physical function by comparing their performance to individuals
with similar sex, age, KL grade, or BMI may help improve interpretation of physical function performance. The interactive reference
value table will provide clinicians and researchers a clinically accessible avenue to use these reference values.

Key Points

* Since greater age, radiographic knee osteoarthritis severity, and body mass index are all associated with worse objective physical function, reference
values should consider the complex inter-play among these patient characteristics.

* This study provides objective physical function reference values among subsets of individuals across the spectrum of sex, age groups, radiographic knee
osteoarthritis severity, and body mass index categories.

* These reference values offer a more patient-centered approach for interpreting an individual’s relative level of objective physical function by comparing
them to a more homogeneous group of individuals with similar participant characteristics.

» We have provided a clinically accessible interactive table that will enable clinicians and researchers to input their patient’s data to quickly and
efficiently determine a patient’s relative objective physical function compared to individual’s with similar characteristics.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10067-020-04972-1) contains supplementary
material, which is available to authorized users.
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Introduction

One of the primary symptoms of knee osteoarthritis (KOA) is
a decline in physical function leading to physical disability
[1]. Performance-based measures of physical function quanti-
fy functional limitations by testing an individual’s perfor-
mance on a variety of daily tasks (e.g., short/long walking,
standing from a chair) [2, 3]. Additionally, declines in thigh
muscle strength are an underlying physiological impairment
that contributes to greater functional limitation [4, 5]. Both
performance-based measures of physical function and muscle
strength (collectively referred to as objective physical function
tests) are considered clinically important outcome measures as
worse performance is associated with poor quality of life, a
decline in physical activity levels, and mortality in older adults
and those with or at risk for KOA [5-10]. To better understand
the natural history of objective physical function decline due
to KOA, we first need to establish patient-specific reference
values in a large cohort of individuals across multiple partic-
ipant characteristics.

Objective physical function is thought to progressively de-
cline as KOA severity increases [3], with a previous investiga-
tion highlighting that objective physical function is worse in
individuals with greater radiographic evidence of tibiofemoral
KOA compared to individuals with less severe disease [11].
However, other participant characteristics, in addition to KOA
severity, are also involved in a decline in physical function. A
recent population-based study found that symptomatic KOA
was the strongest contributor to walking difficulty, but older
age, female sex, and body mass index (BMI) were also signif-
icantly and independently associated with walking difficulty
[12]. Adults present with fairly consistent performance on ob-
jective physical function tests until ~ 50 to 60 years of age after
which they begin to experience a more accelerated decline in
20-m walk speed, chair stand performance, and 6-min walk
distance [13, 14]. Obesity is another key risk factor of KOA
development and progression [15], and obese individuals walk
slower and perform worse during chair stand tests compared to
individuals with normal BMI [16]. Additionally, females are at
higher risk for KOA compared to males and perform worse
than males on stair climbing, walking endurance, and quadri-
ceps muscle strength tests in individuals with late-stage KOA
[17]. Thus, objective physical function decline is a complex
multi-dimensional construct dependent on multiple participant
characteristics, including, KOA severity, age, sex, and BMI.

Since previous investigators have established that greater
age, radiographic KOA severity, and BMI are all associated
with worse objective physical function, reference values that
consider the complex inter-play among these patient
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characteristics may help provide a personalized description
of an individual’s physical function. Other investigators have
provided sex-specific reference values for various objective
physical function tests among healthy people in the general
population across age groups [14, 18-22], but these analyses
lack the sample size and age group granularity to provide
more personalized results. Additionally, no studies have cre-
ated reference values across the spectrum of BMI or radio-
graphic KOA severity. Therefore, the purpose of this manu-
script was to use a large community-based cohort of adults
with or at risk for KOA to establish reference values of three
performance-based measures of physical function and two
thigh muscle strength tests across both sexes and a wide spec-
trum of age groups, radiographic KOA severity, and BMI
categories. Creating patient-specific objective physical func-
tion reference values will enable researchers and clinicians to
compare a patient to adults with similar participant character-
istics and offer better interpretation of a patient’s relative level
of objective physical function.

Materials and methods
Study design and participant selection

We identified community-based individuals from the
Osteoarthritis Initiative (OAI) [23]. The OAl is a longitudinal
observational study of KOA involving 4 clinical sites in the
USA: Memorial Hospital of Rhode Island, Ohio State
University, the University of Maryland/Johns Hopkins
University, and the University of Pittsburgh. Overall, 4796
participants enrolled between February 2004 and May 2006.
The OAI recruited 3 groups of individuals: (1) individuals
with symptomatic KOA (rn=1396); (2) individuals at risk
for symptomatic KOA (n=3278); and (3) individuals with
no KOA and no risk factors for KOA (n =122) [24]. An indi-
vidual was considered at risk for KOA based on age-stratified
criteria that incorporated several common risk factors for
KOA. Detailed descriptions of the specific eligibility criteria
as well as the OAI protocol are available at the OAI website
[23]. Institutional review boards (IRB) at each OAI clinical
site and the coordinating center (University of California, San
Francisco, USA) approved the OAI study. Since data from the
OALI is deidentified and publicly available, our institution’s
IRB determined that, per federal guidance, our study does
not constitute human subjects research.

For this analysis, we included any participant with data for
each objective physical function test, age, BMI (> 18.5 kg/
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m?), and radiographic KOA severity (Kellgren-Lawrence
[KL] grade) at the OAI baseline visit (Fig. 1).

Knee radiographs

We defined radiographic tibiofemoral KOA severity using
baseline bilateral weight-bearing, fixed-flexion
posteroanterior knee radiographs [25]. Central OAI readers
scored the KL grade of each knee (KLO-KL4), with KL4
indicating the worst radiographic KOA severity. Good intra-
rater agreement was observed for KL grade (weighted « =
0.70). These KL grades are publicly accessible (files:
KXR SQ BU-_SAS [versions 0.6, 1.6, 3.5, 5.5, and 6.3]).

Most affected knee

For unilateral measures, we defined the most affected knee as
follows: (1) the knee with the worst KL grade; (2) if KL grade
was equal between knees, then the knee with the worst

Osteoarthritis Initiative

(n=4796)
BMI < 18.5 kg/m?
(n=15)
n=4781 Missing Baseline Data
Kellgren-Lawrence Grade
(n=339)
n=4442
20m Walk
(n=12)
n=4430
Chair Stand
(n=12)
n=4418
— 400m Walk
(n=175)
n=4243
Knee Extension Strength
(n=376)
n=3867
Knee Flexion Strength
(n=7)
Included Participants
(n=3860)
' ' }
. . No KOA/
With KOA At risk for KOA .
(n=1104) (n=2730) No RE?E;%BKOA

Fig. 1 Flowchart of eligibility for participants in analyses. BMI body
mass index, kg/m’ kilograms per meters squared, KOA knee osteoarthritis

WOMAC pain score; 3) if WOMAC pain was equal between
knees, then the right knee was selected.

Objective physical function tests

The inclusion of objective physical function tests in this anal-
ysis was limited to tests included in the OAI protocol. Full
description of the protocols for each test can be found in the
operations manual on the OAI website [23]. To ensure stan-
dardization across the different clinical sites, each examiner
was required to (1) study the operations manuals and specific
quality assurance checklists for each test, (2) attend an OAI
training session on each test, (3) practice on other staff or
volunteers, and (4) pass a test protocol observed by an OAI
quality control officer. Study staff provided reasons for an
individual’s non-completion for each test based on pre-
specified criteria included on the data collection sheet. We
reviewed these notes to determine if an individual was unable
to complete a test due to limitations in their physical function.
In order to include individuals with potentially the greatest
functional limitations into our final analysis, we assigned a
value to individuals with missing data due to physical function
limitations (the value is defined for each test below).

20-m walk speed

Participants performed two trials of a timed 20-m walk at their
usual, comfortable walking speed to assess their habitual
walking speed [23, 26]. The participants began each 20-m
walk trial in a standing position and timing began when the
participant took their first step and ended when they passed a
cone positioned 20-m away. The time needed to complete the
20-m was converted to walking speed (meters/second [m/s])
and averaged across two trials. If needed, participants used a
walking aid (i.e., cane; n = 44). Testing habitual walking speed
in individuals with KOA has high reliability (intraclass corre-
lation coefficients [ICC]>0.93) [27]. Slower 20-m walk
speed indicates worse functional limitations. Individuals with
missing 20-m walk speed data due to functional limitations
were assigned a 0 m/s speed [28].

Chair stand speed

Participants performed two trials of a chair stand test in which
they stood up from a seated position five times as quickly as
possible to assess their chair stand speed [28]. Prior to com-
pleting the repeated chair stand test, the participants complet-
ed a single chair stand to confirm they were able to stand up
from a standard straight-back chair without using their arms or
walking aids. If able to complete the single chair stand, the
participants then completed the repeated chair stand test. The
time needed to complete five chair stands was converted to a
chair stand speed (chair stands/min) and averaged across two
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trials [28]. Testing chair stand speed in individuals with KOA
has high reliability (ICC =0.96) [29]. Slower chair stand
speed indicates worse functional limitations. Individuals un-
able to complete the single or repeated chair stand test due to
functional limitations were assigned a 0 chair stands/min
speed [28].

400-m walk time

Among those who could complete the 20-m walk test,
participants performed one timed 400-m walk trial, while
being instructed to “pace themselves without overexer-
tion” as a measure of walking endurance [30]. The partic-
ipants walked 20-m to a cone, walked around the cone,
then back 20-m to a starting cone. Completion of 10 laps
resulted in a 400-m walk. Participants could rest during
the 400-m walk trial, but the total test time could not
exceed 15 min [23]. The time needed to complete the
400 m was recorded for the single trial. The 400-m walk
has high reliability in healthy, middle-aged women
(ICC=0.95) [31]. Longer 400-m walk time indicates
worse functional limitations. Individuals with missing
400-m walk time data due to functional limitations were
assigned a time of 15 min, as this is the cutoff in the
literature that defines inability to complete [32].

Knee extension and flexion strength

Participants performed three maximal isometric contrac-
tion trials in each leg for knee flexion and extension on
the “Good Strength Chair” (Metitur Oy, Jyvaskyla,
Finland), as part of the OAI strength assessment protocol
[33, 34]. Participants were positioned with their knee at
60° with straps secured over their waist and thigh to sta-
bilize their pelvis and lower limb. A force transducer was
attached to a lever arm and secured around their leg at a
consistent anatomical position at 2 cm proximal to the
calcaneus [35]. After two warmup trials at 50% of maxi-
mal effort, the participants completed three maximal effort
trials in which the participants pulled (knee extension)
and pushed (knee flexion) against the pad secured around
their leg. A complete description of the procedure can be
found on the OAI website [36]. Since KOA represents a
heterogenous population, and our cohort presents with a
wide range of body mass, we have normalized the trial
with the maximum force (N) to body mass (kg) to account
for the variability in body dimensions between partici-
pants [33, 37]. Lower normalized strength indicates worse
functional impairment. Individuals with missing knee ex-
tension and flexion strength due to functional limitations
were assigned 0 N/kg.

@ Springer

Including individuals with missing objective physical function
data

During data collection for the OAI, the trained study personnel
recorded why a participant had missing data. We reviewed these
reasons for missing data to determine if a participant failed to
complete a test due to physical function limitations. This process
allowed us to assign a new value as specified in the prior sections
for each test. Hence, we could include these individuals in our
main analysis. The following reasons for missing data were at-
tributed to physical function limitations a priori: 20-m walk speed
(n=1, <1%): “cannot do/attempted” or “cannot do/not
attempted”; chair stand speed (n =180, <5%): “attempted, un-
able to complete,” “did not attempt, unable to complete,” or
“used arms to complete”; 400-m walk time (n =41, 1%): “began,
but did not complete all 400-meter,” “did not feel safe walking
400-meter,” “could not complete 20-meter walk,” or “walker or
three-/four-pronged cane use”; knee strength (extension: n =9, <
1%; flexion: n= 11, < 1%): “did not complete due to knee pain”
or “did not complete due to fatigue.”

Participant characteristic categories used to create
subsets for patient-specific reference values

Since the OAI includes males and females across a wide spec-
trum of age, radiographic KOA severity, and BMI, we used
the following categories to create subsets defined by all com-
binations of the participant characteristic categories to create
patient-specific reference values.

Sex was separated into two categories: male, female. Based
on age group classification standards used by the World
Health Organization [38], age was separated into categories
defined by 5-year intervals: 45-49, 50-54, 55-59, 6064, 65—
69, 70-74, and 75-79 years. Radiographic KOA severity was
separated into each KL grade [39]: KLO, KL1, KL.2, KL.3, and
KLA4. BMI was separated into four categories defined by the
World Health Organization [40]: normal: 18.5-24.9 kg/m?,
overweight: 25-29.9 kg/m?, moderately obese: 30-34.9 kg/
m?, and severely/morbidly obese: > 35 kg/m?.

Due to smaller sample sizes when creating reference values
across three/four participant characteristics, we combined
levels of our grouping variables such that males and females
were separated into three levels for age group (i.e., 45-59, 60—
69, and 70-79 years), KL grade (i.e., KLO/1, KL2, KL3/4),
and BMI category (i.e., 18.5-24.9 kg/m?, 25-29.9 kg/m?, and
> 30 kg/m?).

Other demographic information

Additional demographic measures were acquired based on a
standard protocol to describe the cohort [41]. We extracted
baseline WOMAC pain, Physical Activity Scale for the
Elderly (PASE), Short Form-12 Mental and Physical
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Components, history of a previous knee injury, and Charlson
Comorbidity Index (i.e., yes or no indicating any presence of
comorbidity) at the OAI baseline visit.

Statistical analysis

Sex-specific reference values for objective physical function
tests across age, radiographic KOA severity, and BMI

To establish objective physical function test reference values, we
created tables with percentile scores from minimum to maximum
in 10% increments for each combination of sex, age, radiograph-
ic KOA severity, and BMI category. The 50th percentile in these
tables is equivalent to the median. These reference tables will
allow clinicians and researchers to determine a patient’s relative
level of objective physical function test (i.e., an individual’s per-
centile among a subset of similar individuals defined by a com-
bination of multiple participant characteristics).

For brevity, the results focused on the two-way reference
values between sex and the other characteristics for the 20-m
walk speed and knee extension strength to highlight the need
for these reference values across sex, age, radiographic KOA
severity, and BMI. We selected these two tests because they are
clinically relevant tests that reflect different constructs of physical
function. We used established clinically important differences in
individuals with or at risk for KOA for 20-m walk speed (i.e.,
0.07 m/s [42]) and normalized knee extension strength (i.e., 5.2%
[male] or 5.8% [female] strength per body mass [43]) to highlight
within each reference value table (Supplementary File) if (1) the
median of a subset with greater age, radiographic KOA severity,
or BMI exceeded a clinically important difference compared to
the median of the first subset (i.e., age 4549 years, KLO0, or
normal BMI) separately for males and females and (2) the me-
dian of females exceeded a clinically important difference com-
pared to the median of males at each patient characteristic cate-
gory level. The previous walking speed study used a combina-
tion of distribution-based and anchor-based methods to establish
that a walking speed change between 0.07 and 0.12 m per second
is clinically important [42]. The threshold of 0.07 m/s for defin-
ing clinically important change in people with and at risk for
KOA is similar to a substantial change in self-selected walking
speed among sedentary adults aged 70 to 89 years [44]. In our
Supplementary Files, we decided to highlight a difference of
0.07 m/s as potential clinically important differences in walking
speed.

Results

Demographics

Table 1 describes the demographics and physical function
performance of the 3860 included participants, as well as the

available demographics for the OAI participants excluded
from our analyses (7 =936).

Patient-specific reference values for objective
physical function tests

The Supplemental File includes reference value tables across
all combinations of sex, age, radiographic KOA severity, and
BMI (Supplemental File: Tables 2—16). To use these reference
value tables for determining a patient’s relative level of objec-
tive physical function, (1) select a reference value table based
on your availability of patient characteristics, (2) within the
table, find the objective physical function test of interest and
the patient’s specific subset based on any combination of sex,
age, KL grade, or BMI, and (3) find where the patient’s ob-
jective physical function is located within the percentiles from
minimum to maximum in 10% intervals. An individual’s per-
centile will provide an easy, intuitive interpretation of an in-
dividual’s relative level of objective physical function com-
pared to individuals with similar characteristics.

Interactive reference value table to determine
an individual’s relative objective physical function
across all patient characteristics

To facilitate the clinical accessibility of the reference value
tables, we created an interactive table (Supplemental File:
Table 1) that synthesizes the reference values from each ref-
erence value table across all two-, three-, and four-way com-
bination of sex, age, radiographic KOA severity, and BMI
(Supplemental File: Tables 2—16). This interactive table will
allow a clinician or researcher to enter in a patient’s character-
istics and objective physical function performance to deter-
mine an individual’s relative objective physical function
(i.e., percentile) when compared to individuals with any com-
bination of similar sex, age, radiographic KOA severity, or
BML

Sex-specific differences across age

Supplementary File: Table 2 provides the reference values
across sex and age, as well as highlighting the clinically mean-
ingful differences in medians for 20-m walk speed (i.e.,
0.07 m/s [42]) and knee extension strength (i.e., 5.2% [males]
or 5.8% [females] strength per body mass [43]) between sexes
and across the age groups. While the two male subsets >
70 years of age walked slower than the youngest males, the
three oldest female subsets > 65 years of age walked slower
than the youngest female subset. Females 50-54, 65-69, and
75-79 years old walked slower than their male counterparts of
similar age.

For knee extension strength, every male age group (>
50 years) is weaker than the youngest male subset.
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Table 1 Participant

characteristics of OAI individuals Included Excluded
included and excluded in our Variable n Mean (sd) n Mean (sd)
analyses. n, sample size; sd, Age (years) 3860 61.4 (9.1) 936 60.1 (9.3)
standard deviation; BMI, body 5
mass index; KL, Kellgren- BMI (kg/m”) 3860 28.5(4.7) 932 29.0 (5.3)
Lawrence; PASE, physical PASE 3839 163.4 (81.9) 928 150.4 (84.1)
activity scale for the elderly WOMAC Pain (0-100) 3880 15.1(17.2) 936 21.0 21.7)
(greater score indicates more F-12 Mental (01 5 5
physical activity); WOMAC Pain, S ent.a (0-100) 3828 53.8(7.9) 906 52.9 (8.9)
Western Ontario and McMaster SF-12 Physical (0-100) 3828 49.5 (8.6) 906 45.9 (10.8)
Universities Osteoarthritis Index 20-m walking speed (m/s) 3860 1.33 (0.21) 928 1.27 (0.27)
Pain score (grealter Sfc(g)_ri (;1’(;()11(?;65 Chair stand speed (chair stands/min) 3860 28.9 (10.8) 934 27.0 (11.7)
worse pain; scale o ; SF- .
12, Short Form-12 (greater score 400-m walk time (s) 3860 313.3(81.2) 735 343.8 (145.7)
indicates higher level of perceived Knee extension strength (N/kg) 3860 427 (1.49) 369 3.73 (1.58)
health; scale of 0-100); Knee flexion strength (N/kg) 3860 1.77 (0.79) 360 1.44 (0.80)
Comorbidity, presence of any
comorbidities on the Charlson n % n Yo
Com(?rl?ldlty Index; Prevzoys KL grade 0 1043 27 206 35
knee injury, self-reported history
of previous knee injury 1 594 15 93 16

2 1180 31 169 28

3 786 20 94 16

4 257 7 35 6

Missing 0 339

Comorbidity No 2928 77 637 70
Yes 893 23 272 30
Missing 39 27
Previous knee injury No 2484 65 628 68
Yes 1331 35 301 32
Missing 45 7

However, for females, the age groups greater than 55 years of
age had weaker knee extension strength compared to the
youngest female subset. Even with strength normalized to
body mass, the females at every age group are weaker in knee
extension strength compared to males of similar age.

Sex-specific differences across radiographic KOA
severity

Supplementary File: Table 3 provides the reference values
across sex and radiographic KOA severity, as well as
highlighting the clinically meaningful differences in medians
for 20-m walk speed and knee extension strength between
sexes and across KL grades. There are no clinically meaning-
ful differences in 20-m walk speed across the subsets of males
with increasing radiographic severity of KOA when compared
to males with no radiographic evidence of KOA. However,
female subsets with KL.3 and K4 walked slower compared to
females with KLO. Similarly, females with KL3 and KL4
walked clinically meaningfully slower compared to males
with similar radiographic KOA severity.

For knee extension strength, both male and female subsets
with radiographic KOA severity of KL2 or greater are weaker
than their respective subset with no radiographic evidence of
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KOA. The females at every KL grade present with weaker
knee extension strength compared to males with similar radio-
graphic KOA severity.

Sex-specific differences across BMI

Supplementary File: Table 4 provides the reference values
across sex and BMI, as well as highlighting the clinically
meaningful differences in medians for 20-m walk speed and
knee extension strength between sexes and across BMI cate-
gories. Severely/morbidly obese males (BMI> 35 kg/m?)
walk slower than males with a normal BMI. For females,
individuals who are considered at least moderately obese
(BMI> 30 kg/mz) walk slower than females with a normal
BMI. The median 20-m walk speed for females with BMI
greater than 35 is clinically meaningfully slower than males
within the similar BMI category.

For knee extension strength, every BMI category from
overweight to obese presents with weaker knee extension
strength compared to the normal BMI category for both males
and females. The females at every BMI category present with
weaker knee extension strength compared to males within the
same BMI category.
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Discussion

This novel study provides objective physical function refer-
ence values among subsets of individuals across the spectrum
of sex, age, radiographic KOA severity, and BMI. Since indi-
viduals with or at risk for KOA represent a highly heteroge-
neous cohort, these reference values offer a patient-centered
approach for interpreting a person’s relative level of objective
physical function by comparing them to a group of individuals
with similar participant characteristics. Additionally, we have
provided a clinically accessible interactive table that will en-
able clinicians and researchers to input their patient’s data on
one screen to determine a patient’s relative level of objective
physical function. Therefore, these patient-specific reference
values embedded within a clinically accessible interactive ta-
ble help determine a patient’s relative level of objective phys-
ical function, which may help develop more personalized
guidance regarding the maintenance of objective physical
function in individuals with or at risk for KOA.

Previous studies have provided reference values for various
objective physical function tests across age group [14, 18-22].
However, the results of this study using a large cohort of
community-based individuals with or at risk for KOA help
to provide a more granular patient-centered approach to mon-
itoring objective physical function. For instance, we used age
group increments of 5 years instead of 10 [14, 21] or 40 [19]
years used in previous studies. Our results indicate that fe-
males older than 65 years and males older than 70 years pres-
ent with slower walking speed than a sex-specific group be-
tween 45 and 49 years of age. Even when normalizing knee
extension strength to body mass, the female participants are
weaker than males across every 5-year age range. These ref-
erence values with 5-year age ranges offer a more granular
perspective to compare patients to a more similar group of
individuals, which will allow for a more accurate reflection
of'that patient’s relative functional limitations when compared
to reference values based on a broader age range.

Previous studies [11, 15] have demonstrated that higher
BMI and KL grade are associated with worse objective phys-
ical function. However, no previous studies have created ob-
jective physical function reference values across radiographic
KOA severity and BMI categories. Among females, 20-m
walk speed is slower in women with greater radiographic
KOA severity. Specifically, females with KL grades 3 and 4
present with clinically important differences compared to fe-
males with KLO. Conversely, there were no clinically impor-
tant differences in 20-m walk speed among males across ra-
diographic KOA severity. These highlight the need for sex-
specific analyses since walking speed in females may be more
adversely affected by radiographic KOA severity compared to
males. When comparing 20-m walk speed across BMI cate-
gories, females with an obese BMI walk slower than males in
a similar BMI category. For knee extension strength, females

are weaker than males at every stage of radiographic KOA
severity, as well as all BMI categories. Since we know that
worse radiographic KOA severity and greater BMI contribute
to worse objective physical function, our reference value ta-
bles that couple BMI and KL grade to age and sex may pro-
vide a more holistic reflection of an individual’s relative phys-
ical function by comparing a patient to individuals with mul-
tiple similar characteristics.

There may be logistical issues using the 15 different tables
of patient-specific reference values based on the various com-
binations of sex, age, KL grade, and BMI (Supplemental File
1: Tables 2—16). Therefore, we created the interactive table
(Supplemental File 1: Table 1) as an initial attempt to create
a clinically accessible alternative for clinicians/researchers to
input a patient’s data to obtain their relative objective physical
function across all combinations of sex, age, KL grade, and
BMI. We foresee this tool being used to improve participant
selection in clinical trials by specifically selecting people
based on a patient-specific cutoff of relative objective physical
function. Additionally, this could be used within the clinic to
help clinicians interpret and monitor a patient’s relative level
of physical function by comparing them to other individuals
with similar characteristics. Future studies are needed to de-
termine the optimal range of relative objective physical func-
tion that should be used for inclusion within clinical trials to
optimize the treatment response, as well as if this interactive
table can help clinicians interpret the results of objective phys-
ical function tests to better improve physical function in their
patients.

Oftentimes studies create thresholds for physical function
tests using a heterogeneous cohort with a large spectrum of
patient characteristics. However, a threshold created from a
heterogeneous group will likely represent varying degrees of
physical function limitations depending on a patient’s charac-
teristics. Figure 2 illustrates how a common walking speed
threshold of 1.22 m/s reflects different relative levels of ob-
jective physical function (determined by our reference value
tables) that considers each combination of sex with age, ra-
diographic KOA severity, and BMI [30, 45]. For example, a
female with a walking speed of 1.22 m/s represents the 34th
percentile when compared to all females within our cohort,
indicating they walk faster than 34% of the females in the
cohort. However, when a female walking at 1.22 m/s is com-
pared to females within her 5-year age range, a 59-year-old
female represents the 26th percentile, but a 75-year-old female
would represent the 60th percentile of her age-specific cohort
with that walking speed. Rather than relying on a single
threshold for all adults with or at risk for KOA, our reference
values highlight that future analyses may consider creating
patient-specific physical function thresholds within clinically
relevant subsets.

While this manuscript provides important insight into
objective physical function reference values, there are
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Fig. 2 Sex-specific percentile of an individual walking at 1.22 m/s*
varies based on KL grade, age, and BMI. *1.22 m/s is often used as a
threshold for a “functional” walking speed, as this is the minimum speed
needed to cross a timed crosswalk. This figure uses the patient-specific
reference values to determine an individual’s percentile if walking at
1.22 m/s within each of the subsets separated by sex across each
category of KL grade, age, and body mass index (BMI). For example, a
female walking at 1.22 m/s represents the 34th percentile when compared

some limitations that must be discussed. One limitation of
the study is that some individuals in the OAI were exclud-
ed due to missing data. However, one of the strengths of
our study is that we completed a thorough evaluation of
the explanations for missing data that are included within
the OAI database. This allowed us to reclaim and recode
some of this subset to include individuals with potentially
the most severe physical function limitations. However,
we were unable to include missing data that was randomly
occurring (e.g., equipment failure) or if the reason for
missing data was not provided. While the sample size
within this study is large, the OAI eligibility criterion
was limited to individuals with or at risk for symptomatic
KOA and may not be representative of the entire US pop-
ulation. Therefore, we have provided the complete age-
specific eligibility criteria of the OAI within
Supplemental File: Table 17 to help ensure these reference
values are applied to the intended individuals [23].
Similar to KOA clinical trials, we selected an index knee
for this study based on KL grade and pain. However,
walking speed and chair stand tests are person-level out-
comes that are likely influenced by both knees and dis-
ease in other joints. Therefore, future studies are needed
to better understand how bilateral KOA status contributes
to a decline in objective physical function.

In conclusion, this investigation provides an unprecedented
insight into reference values of objective physical function
tests within homogeneous subsets across both sexes and a
wide spectrum of age, radiographic KOA severity, and BMI
categories. The interactive table may provide a clinically ac-
cessible means for clinicians and researchers to incorporate
these patient-specific reference values into practice.

@ Springer

to all females within our cohort, indicating they walk faster than 34% of
the other females in the cohort. However, when compared to females
within a similar age range, a 59-year-old female walking at 1.22 m/s
represents the 26th percentile, but a 75-year-old female walking at the
same speed represents the 60th percentile her age-specific cohort.
Therefore, patient-specific physical function thresholds that are based
on an individual’s demographics may help to provide a more accurate
definition of an individual’s relative level of physical function
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