Gait & Posture 68 (2019) 335-339

journal homepage: www.elsevier.com/locate/gaitpost

Contents lists available at ScienceDirect

Gl

PUSTURE

Gait & Posture

Full length article

Concurrent validity and measurement error of stair climb test in people with = R)

pre-radiographic to mild knee osteoarthritis

a,b,c,x

Hirotaka Iijima

Check for
updates

, Kanako Shimoura®, Ryo Eguchid, Tomoki Aoyamab, Masaki Takahashi®

2 Department of System Design Engineering, Faculty of Science and Technology, Keio University, Yokohama, Japan
® Department of Physical Therapy, Human Health Sciences, Graduate School of Medicine, Kyoto University, Kyoto, Japan

¢Japan Society for the Promotion of Science, Tokyo, Japan

4 School of Science for Open and Environmental Systems, Graduate School of Science and Technology, Keio University, Yokohama, Japan

ARTICLE INFO

Keywords:

Knee osteoarthritis
Stair climb test
Validity
Bland-Altman plot

ABSTRACT

Background: Stair climbing is the task first affected in patients with knee osteoarthritis (OA); therefore, the
precise measurement of time required to climb stairs is important to identify mobility limitations, particularly in
the early phase of knee OA.

Research question: This study aimed to examine the test-retest reliability, measurement error, and concurrent
validity of the stopwatch-based stair-climb test (SCT) in adults with pre-radiographic to mild knee OA.
Methods: Fifty-nine participants (mean age, 59.1 [range, 50-69] years; 72.9% female) with Kellgren and
Lawrence grade <2 disease underwent an 11-step SCT (11-SCT) in accordance with the Osteoarthritis Research
Society International recommended method while wearing pressure sensor-mounted standard shoes that is used
as a gold standard procedure. Test-retest reliability, measurement errors, and the concurrent validity of the
stopwatch-based 11-SCT were evaluated.

Results: The test-retest reliability of the stopwatch-based 11-SCT was excellent (intra-class correlation coeffi-
cient; ; [ICCy 1], 0.952; 95% confidence interval [CI], 0.560 to 0.985; p < 0.001) and the minimal detectable
changegs was 0.102s. Concurrent validity was excellent (ICC,;: 0.957; 95% CI: 0.661 to 0.986; p < 0.001).
Significance: The stopwatch-based 11-SCT had high test-retest reliability and high concurrent validity, which
justify its clinical use for identifying mobility limitations in individuals with pre-radiographic to mild knee OA. A
difference of 0.2s in the stopwatch-based 11-SCT time would be considered a true difference beyond a 95%
measurement error.

1. Introduction

Based on currently available evidence and expert consensus, the
stopwatch-based stair-climb test (SCT) is recommended as a perfor-

Knee osteoarthritis (OA) is the leading cause of knee pain and mo-
bility limitations [1]. The measurement of treatment outcomes and
mobility limitations over time is a critical component of clinical prac-
tice and research in patients with knee OA. Stair climbing is a common
and frequent activity that is the first task affected in patients with knee
OA [2]. A recently published meta-analysis revealed that a poor stair
climbing capacity was associated with established knee OA [3]. Con-
sidering that stair climbing is biomechanically and physiologically
more challenging than level walking [4,5], a reliable and valid mea-
surement of one’s stair climbing capacity is important in evaluating
knee OA-related mobility limitations and rehabilitation efficacy in
clinical practice and research and may be more useful than analysis of
other activities, such as level walking.

mance-based test to assess mobility limitations in patients with knee OA
[6]. Previous studies reported excellent test-retest reliability and/or
measurement errors using the stopwatch-based SCT in patients with hip
or knee OA [7], those with severe knee OA scheduled for total knee
arthroplasty (TKA) [8], and those with severe OA scheduled for TKA or
total hip arthroplasty (THA) [9]. These studies ensured the reliability of
the SCT for identigying mobility limitation in these patients. However,
no study to date has assessed these measurements in patients with the
earlier stage of knee OA (i.e., pre-radiographic and mild knee OA), as
currently recommended OA prevention studies [10]. Radiographic
disease severity would be expected to influence SCT time variability;
thus, the determination of reliability in patients with earlier-stage dis-
ease is required. Furthermore, we were unable to identify any studies
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that compared the simple clinical measurement of SCT to a “gold
standard” procedure. While reliability refers to the consistency or sta-
bility of measurement, validity refers to the suitability or meaningfulness
of the measurement. Since SCT in clinical practice is evaluated using a
manual stopwatch, which includes operability error [11], investigating
the concurrent validity (i.e., the manually recorded SCT time compared
to the gold standard procedure) further ensures its clinical use for
identifying mobility limitations. Given that patients with less severe
radiographic disease respond better to therapeutic interventions than
patients with severe disease [12], investigating the test-retest relia-
bility, measurement error, and concurrent validity of SCT and identi-
fying mobility limitations at an earlier stage of knee OA has a ther-
apeutic advantage.

This study aimed to examine the test-retest reliability, measurement
error, and concurrent validity of the stopwatch-based SCT in patients
with pre-radiographic to mild knee OA. To determine concurrent va-
lidity, the stopwatch-based SCT time was compared with measurements
made using a pressure sensor-mounted insole (i.e., the gold standard
procedure). We hypothesized that stopwatch-based SCT had excellent
test-retest reliability and concurrent validity.

2. Methods
2.1. Participants

This study is a secondary cross-sectional analysis of baseline data
from a randomized controlled trial (RCT) examining the immediate
effects of transcutaneous electrical nerve stimulation (TENS) on knee
pain and physical function in individuals who report knee pain [13].
The ethics committee of our university approved the study (approval
number: C1349), and written informed consent was obtained from all
participants before enrollment. The required sample size for the RCT
was calculated based on the data from a previous clinical trial to detect
the therapeutic effects of TENS. Details of the sample size calculation
were provided in the original RCT [13]. Community dwelling adults
reporting knee pain within the prior month were identified through a
website. Those interested in this study answered a questionnaire con-
cerning physical condition, and those who met the inclusion criteria
were invited to the university in February 2018 to participate in the
study. The eligibility criteria included (1) age = 50 years; (2) Kellgren
and Lawrence (K&L) grade <2 in one or both knees evaluated using
weight-bearing anteroposterior radiographs, and (3) average pain score
=4 but =9 on a numeric rating scale (0-10 total points) in the prior
month. Participants were excluded if they (1) had a history of knee
surgery or intra-articular corticosteroid or hyaluronic acid injection
within 6 months, (2) had a history of knee joint replacement or tibial
osteotomy, (3) were receiving physical therapy, (4) had any other
major joint pain (e.g., back, hip, or ankle) with a greater effect than
their knee pain on current limits of ability, (5) had severe medical or
neurologic conditions (e.g., chronic obstructive pulmonary disease,
cardiovascular disease, arteriosclerosis obliterans, cerebrovascular ac-
cident, lumbar disc herniation, or rheumatoid arthritis), (6) did not
usually use stairs in daily living, and (7) did not have the ability to walk
or climb stairs without an ambulatory assistive device and handrail.
From the website survey, 59 participants (mean age, 59.1 [range,
50-69] years; 72.9% female) were included in the original RCT [13].
The participants underwent a 1-month observation period, during
which they did not receive any treatment for knee pain as part of the
study. This was to ensure that only participants with ongoing chronic
symptoms were enrolled.

2.2. Study procedure
All tests were administered by trained physical therapists and per-

formed in the same testing session. During the testing session, the
subjects first completed a self-reported questionnaire of personal
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characteristics, the OA-related health domain measure (Japanese Knee
Osteoarthritis Measure [JKOM]), and radiographic assessment of dis-
ease severity, followed by the SCT. The JKOM is a patient-based self-
answered scoring system that assesses “pain and stiffness” (8 questions,
0-32 points), “activities of daily living” (10 questions, 0-40 points),
“participation in social activities” (5 questions, 0-20 points), and
“general health conditions” (2 questions, 0-8 points), with a maximum
score of 100 points, in a person-specific assessment [14]. Radiographic
OA severity in both knees was assessed using the anteroposterior short
view in the weight-bearing position and the original version of the K&L
grading system [15] as described in the previous study [16]. OA se-
verity in the tibiofemoral joint was assessed by an experienced ex-
aminer. We previously reported excellent intra-rater (kappa: 0.876;
95% confidence interval [CI]: 0.829 to 0.924) and inter-rater (kappa:
0.845; 95% CI: 0.793 to 0.897) reliability scores [17].

2.3. Instrumentation

Footwear influences balance performance [18,19] and walking
speed [19]; thus, to prevent potential bias from the their own footwear,
all participants wore pressure sensor (Force register sensors Model 402;
Interlink Electronics Inc., CA, USA)-mounted standard shoes (LD
AROUND M, Mizuno, Tokyo, Japan) on both feet [20]. A total of 15
sensors were attached to the shoe’s insole to allow the precise detection
of the initial contact and foot-off time points during SCT. Concurrent
validity of the step detection during locomotion has been tested in the
laboratory setting and against gold standard procedures such as the
force platform [21,22], three-dimensional motion capture systems [23],
foot switch [24,25], and pressure-sensing insole [26]. Among these
devices, the latter two methods allow for the examination of SCT time
on actual stairs outside the motion laboratory. Furthermore, during
stair climbing, forefoot contact without heel contact was expected, and
a pilot study of one healthy adult (age: 30 years; height: 1.83 m; body
mass: 75.0kg) indeed confirmed forefoot initial contact during stair
descent, which cannot be adequately captured by a single foot switch
(see Supplemental Appendix, S1). In-shoe foot pressure sensors can
more precisely detect foot contact than a single foot sensor; therefore,
they were used as a gold standard procedure in this study. The sensors
were connected to a flexible circuit board containing a microcontroller
and a micro SD card that were placed on the lower legs [20]. Although
the footwear was novel for each participant, all subjects verbally re-
ported that the shoes were comfortable and caused no pain. Data were
sampled at 100 Hz.

2.4. Procedure for determining 11-SCT time

Each participant underwent the SCT in accordance with the
Osteoarthritis Research Society International recommended method
(http://oarsi.org/research/physical-performancemeasures), while
wearing pressure sensor-mounted standard shoes. To exclude the in-
fluence of participant’ clothing on stopwatch operability, the pants
were rolled up to the knee level. The 11-SCT using a regular stairwell
was selected since it represents the stair types and sizes that subjects
likely need to manage during daily activities; moreover, previous stu-
dies of reliability also used the 11-SCT [7,27]. Participants descended
and ascended a flight of stairs consisting of 11 steps with a height of
17 cm, width of 135cm, and tread of 29 cm each. Although the stan-
dard SCT starts with stair ascent, the 11-SCT in this study started with
descent because of environment constraints. A pilot study performed in
the same place with the conditions of the validation study confirmed
that the 11-SCT time in six healthy adults (age: 24.3 *= 3.93 years; 1
female) did not significantly differ between an ascending
(9.31 + 1.47s) and descending (9.17 *+ 1.45s) start (mean differ-
ence: 0.15 * 0.43s; 95% CI: -0.30 to 0.60; p = 0.439). A trained
physical therapist measured the time required to perform the 11-SCT in
a test-retest session using a stopwatch (TD-392; TANITA Corp., Tokyo,
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Japan). On the trained physical therapist’s “start” command, each
participant was instructed to walk as quickly and safely as possible
without running [6] and was subsequently retested to ensure a stable
physical condition during the testing period. The use of any walking aid
or handrail was prohibited. Participants performed one practice trial for
familiarization and to verify safety. The stopwatch-based 11-SCT time
was defined as the time from the “start” command to when the subject
reached a point with both feet on the top platform. The stopwatch
measurement and the gold standard procedure (i.e., insole measure-
ment) were performed simultaneously. Knee pain during the 11-SCT
was evaluated after the retest procedures using a visual analog scale
(0-100 mm).

To determine insole-based 11-SCT time, the vertical ground reaction
force was calculated, as previously described [20]. The initial contact
and foot-off on each side were subsequently defined as the time point at
which the vertical ground reaction force exceeded or was below the 1%
threshold of estimated maximum ground reaction force using MATLAB
version R2017a (MathWorks Inc., Natick, MA, USA). Insole-based 11-
SCT time was defined as the time from the initial foot-off on the top
platform to the point of foot contact with both feet on the top platform.

2.5. Calculation of test-retest reliability, measurement error, and concurrent
validity

Test-retest reliability of the stopwatch-based 11-SCT time was cal-
culated using the intra-class correlation coefficient (ICC, ;) with a 95%
CI for a one-way random-effects model and absolute agreement.
Measurement error in the stopwatch-based 11-SCT time was expressed
as the standard error of measurement (SEM). To quantify inherent
variability, the minimal detectable changes (MDCqo and MDCgs) were
calculated.

A linear regression analysis was performed to estimate the pre-
dictive ability of the stopwatch-based 11-SCT for the insole-based 11-
SCT and a regression equation was determined. We checked the re-
gression model features via residuals versus fitted values (i.e., residuals
had to be normally distributed around zero), and independence be-
tween observations. Concurrent validity (inter-method reliability) was
also calculated using ICC, ; with a 95% CI for a two-way random-effects
model and absolute agreement. Bland-Altman plots were used to assess
agreement between the stopwatch- and insole-based 11-SCT times. The
difference between and mean of the two measurement methods were
plotted against each other. The average difference and 95% CI were
calculated. The proportional bias and radiographic disease severity ef-
fect on the difference between the two methods were also evaluated. In
test-retest reliability and concurrent validity, the interpretation of ICC
was based on inspection of the lower one-side 95% CI set at a minimum
acceptable level of 0.700 and point estimates set a sufficient level of
0.800 or more [28,29]. All statistical analyses were performed using
JMP Pro 13.0 (SAS Institute, 100 SAS Campus Drive Cary, NC, USA). A
p value < 0.05 was considered statistically significant.

3. Results

Fifty-nine participants were enrolled in the original RCT and all
participants were included in this cross-sectional secondary analysis.
Table 1 shows the participants’ characteristics. All patients with K&L
grade 1 or 2 disease (61.0%) had medial OA in the index knee.

3.1. Stopwatch-based 11-SCT had high test-retest reliability

The point estimate of test-retest reliability was excellent with ex-
cellent agreement [29] (ICC;,1: 0.952; 95% CI: 0.560 to 0.985; p <
0.001), although the lower limit of 95% CI did not reach 0.700. The
SEM for test-retest reliability was 0.036 s and the resulting MDCq, and
MDCys values were 0.086 s and 0.102 s, respectively.
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Table 1
Participant characteristics (n = 59).
Age, years 59.1 + 6.05
Female, no. (%) 43 (72.9)
Height, m 1.60 = 0.08
Mass, kg 58.7 = 10.5
BMI, kg/m? 22.7 + 3.55
Index knee K&L grade, no. (%)
Grade 0 23 (38.9)
Grade 1 27 (45.8)
Grade 2 9 (15.3)
Bilateral knee OA, no. (%) 6 (10.2)
VAS score for knee pain during stair climbing, mm 15.7 + 17.3;10.0 [0, 67]'

JKOM, points

Pain and stiffness 7.00 = 3.89; 7 [0,22]'
Activities of daily living 2.98 + 3.09; 2 [0,14]'
Participation in social activities 2.44 + 1.95; 2 [0,9]'
General health conditions 1.97 + 0.98; 2 [0,4]'
Total score 14.4 + 7.60; 13 [3, 49]'

11-SCT, s
Stopwatch-based 11-SCT time

Test 8.88 + 1.35

Retest 9.20 + 1.40

Average 9.04 = 1.37
Insole-based 11-SCT time

Test 9.37 + 1.50

Retest 9.40 + 1.42

Average 9.38 = 1.43

BMI, body mass index; JKOM, Japanese Knee Osteoarthritis Measure; K&L
grade, Kellgren and Lawrence grade; OA, osteoarthritis; VAS, visual analog
scale; 11-SCT, 11-step stair climb test.
Except where otherwise indicated, values are mean + SD.

* Bilateral knee OA is defined as K&L grade = 2 in both knees.

© Median [lower range, upper range] is also provided because of the scat-
tered distribution of the answered item.

3.2. Stopwatch-based 11-SCT had high validity but systematic bias

Fig. 1 compares the two measurement methods presented as a re-
gression analysis (A) and Bland-Altman plot (B). The point estimate of
inter-method reliability was excellent (ICC3;: 0.957; 95% CI: 0.661 to
0.986; p < 0.001), although the lower limit of 95% CI did not reach
0.700. Linear regression revealed that the stopwatch-based 11-SCT had
a high predictive ability for insole-based 11-SCT with a high coefficient
of determination (R% 0.962). The Bland-Altman analysis revealed that
the mean stopwatch-based 11-SCT time was 0.304 s (95% CI: 0.230 to
0.379 s) shorter than the mean insole-based 11-SCT time, with limits of
agreement of -0.254 to 0.861s. A significant proportional bias was
confirmed (Fig. 1B, right panel). Radiographic disease severity had a
small and non-significant effect on the difference in 11-SCT between the
two measurement methods.

4. Discussion

This study aimed to test the hypothesis that the stopwatch-based
SCT had excellent test-retest reliability and concurrent validity (i.e.,
compared with a gold standard sensor-mounted insole procedure for
determining 11-SCT) and determine the absolute measurement error of
the stopwatch-based 11-SCT in 59 subjects with pre-radiographic to
mild knee OA. Based on the point estimates of the ICC, stopwatch
measurement had excellent reliability and concurrent validity [29],
thus supporting the aforementioned hypotheses. MDCos was 0.102s,
indicating that a difference of 0.2 s in the stopwatch-based 11-SCT time
would be considered a true difference beyond the 95% measurement
error.

4.1. Test-retest reliability and measurement error

The excellent test-retest reliability and measurement error (MDCgy:
0.086 s; MDCos: 0.102s) in this study were in line with or much better
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Fig. 1. Comparison of two measurements methods using regression analysis (A) and a Bland-Altman plot (B).

The solid line represents the regression line.
The regression equation is expressed as: Y = a (95% CI) X + b (95% CI).
95% CI, 95% confidence interval; SCT, stair-climb test.

than those reported in previous studies of hip and knee OA (n = 50;
MDCos: 2.77 s) [7], severe knee OA scheduled for TKA (n = 30; MDCos:
5.505s) [8], and severe OA scheduled for primary TKA or THA (n = 150;
MDCy: 5.495) [9]. In this study, the retest of 11-SCT was performed
immediately after the first test to avoid changes in participant physical
condition, which might explain the higher test-retest reliability and
measurement error than those of previous studies. Furthermore, 11-SCT
time and knee pain intensity was much less than that reported in these
studies [7,8], which implies relatively better knee pain and function in
the participants in this study and might influence main results.

The small measurement error of 11-SCT would enable us to use the
test as an adjunct to identify knee OA-related mobility limitations and
rehabilitation efficacy. Although there is a lack of adequate pooled data
on the SCT in knee OA [3], the difference in the mean 11-SCT between
OA patients and healthy adults was 0.80 s in mild knee OA and 3.10s in
moderate knee OA [30]. Since the MDCgys in this study was 0.102s (i.e.,
a difference of 0.2s in stopwatch-based 11-SCT time would be con-
sidered a true difference), the stopwatch-based 11-SCT has a distinct
ability to identify the presence of OA-related mobility limitations in at
least patients with mild to moderate knee OA. Although we are not
aware of an RCT investigating rehabilitation efficacy based on SCT in
pre-radiographic knee OA, 12 weeks of hip abductor muscle strength-
ening exercise improved the SCT time by 1.0 s in patients with mild to
severe knee OA [31]. The measurement error of 0.102 s is adequate for
the identification of therapeutic exercise efficacy in these patients.

4.2. Concurrent validity

Accurate stopwatch-based SCT time is required to identify mobility
limitation in clinical practice. Although the ideal option would always
be to use a force platform or three-dimensional motion capture system
[21-23], these devices cannot be used outside the laboratory. Alter-
natively, this study used a pressure-sensing insole [20] as a gold stan-
dard procedure to identify initial contact in both limbs during loco-
motion [26], which can be used in actual stairs outside the motion
laboratory. Wearing pressure sensor-mounted standard shoes could
accurately identify initial contact even when forefoot contact was ex-
pected and could exclude influence of patient’s own shoes on SCT
performance [18,19].

Excellent inter-method agreement for 11-SCT time justifies its use
for determining OA-related mobility limitations and rehabilitation
outcomes in clinical practice and research. Since no data are available
on the concurrent validity of stopwatch-based 11-SCT, the findings of
this study cannot be compared to those of other studies. Clinicians
should interpret our stopwatch-based 11-SCT findings with caution
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since there was systematic bias (i.e., stopwatch-based 11-SCT time is
0.304 s shorter than the insole-based 11-SCT time, a gold standard
method). Potential sources of the differences between the two mea-
surement methods include evaluator operability of the stopwatch and
definition of 11-SCT time. The measurement of stopwatch-based 11-
SCT began with the “start” command, which is an earlier time point
than that using insole-based 11-SCT, which begins at the initial foot-off
on the top platform.

4.3. Limitations

First, knee pain intensity was evaluated only after the retest SCT.
Thus, we cannot deny the possibility that test performance may in-
crease pain perception, which may influence the retest results.
Nevertheless, the global knee pain score was comparable before and
after all baseline performance measurements of the original RCT [13],
indicating that the influence of altered pain perception on retest per-
formance would be minimal. Second, 11-SCT in this study was per-
formed while wearing standardized shoes that may not be used in
clinical practice. The data should be interpreted with caution since
most of the clinicians would perform the stopwatch-based 11-SCT with
participants wearing their own footwear, which might influence the
SCT time. Third, this study did not calculate the required sample size to
establish adequate and minimal acceptable reliability for clinical
measurement. The lower limit for the 95% CI of test-retest reliability
and concurrent validity did not reach the minimum benchmarks of
acceptable reliability (i.e., ICC > 0.700), possibly due to the small
sample size. Finally, this study did not determine whether the 11-SCT
time can be consistently measured by more than one rater (i.e., inter-
examiner reliability). The results of this study do not necessarily ensure
the reliability of 11-SCT measurement for knee OA by different clin-
icians in a clinical setting. Since patients with knee OA tend to parti-
cipate in both inpatient and outpatient physical therapy, determining
inter-examiner reliability is warranted as was done in patients with TKA
[27].

5. Conclusion

This study examined the test-retest reliability, measurement error,
and concurrent validity of stopwatch-based SCT in patients with pre-
radiographic to mild knee OA. Given that the measurement of mobility
limitations over time is a critical component of clinical practice and
research, high test-retest reliability and concurrent validity of the
stopwatch-based 11-SCT justifies its clinical use for identifying mobility
limitation in patients with pre-radiographic to mild knee OA. A
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difference of 0.2 s in stopwatch-based 11-SCT time would be considered
a true difference beyond the 95% measurement error.
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