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Objective: To examine functional performance differences using kinematic and kinetic

analysis between participants with and without knee osteoarthritis (OA) to determine

which outcomes best characterize persons with and without knee OA.

Methods: Participants with unilateral moderate knee OA (Kellgren–Lawrence grades 2 or 3)

and controls without knee pain were matched for age, gender, and body mass index. Primary

outcomes included temporal parameters, joint rotations and moments, and ground reaction

forces assessed via 3D motion capture during walking and ascending/descending stairs.

Secondary outcomes included timed functional activities (sit to stand; tying shoelaces), 48

hrs lower limb activity monitoring, and patient-reported outcome measures (Knee Injury and

Osteoarthritis Outcome Score, Western Ontario and McMaster Universities Osteoarthritis

Index, European Quality of Life–5 Dimensions).

Results: Eight matched pairs were analyzed. Compared with controls, OA participants

exhibited significant reductions in peak frontal hip and sagittal knee moments, and decreased

peak anterior ground reaction force with the affected limb while walking. Ascending stairs,

OA participants had slower speed, fewer strides per minute, longer cycle and stance times,

and increased trunk range of motion (ROM) in assessments of both limbs; longer swing time

and reduced ankle ROM in the affected limb; and increased knee frontal ROM in the

unaffected limb. Descending stairs, OA participants had fewer strides per minute and

decreased trunk transverse ROM in assessments of both limbs; increased knee frontal

ROM in the affected limb; and longer strides, shorter stance and cycle times, increased

trunk sagittal and decreased knee transverse ROMs in the unaffected limbs vs controls.

Compared with controls, OA participants had slower walking cadence (120–130 vs 100–110

steps/min, respectively), took significantly longer on timed functional measures, and had

significantly worse scores in patient-reported outcomes.

Conclusion: Several objectives and patient-reported measures examined in this study could

potentially be considered as outcomes in pharmacologic or physical therapy OA trials.
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Introduction
Knee osteoarthritis (OA), a major cause of disability worldwide,1 adversely affects

health-related quality of life2 and causes significant morbidity.3 When conservative
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measures fail, patients often experience years of pain,

affecting activities of daily living before proceeding, if

eligible, to surgical intervention such as total knee

arthroplasty.4

Numerous objective outcomes are used in OA studies, but

it remains unclear which best characterize OA-related

changes.5 A systematic review found evidence gaps with

most measures; the 15.2-m fast-paced walk test, 30-s chair-

stand test, and timed up-and-go test provided themost effective

indicators of kneeOA.6An expert consensus report has recom-

mended the 40-m fast-paced walk test, 30-s chair-stand test,

stair-climb test, timed up-and-go test, and 6-min walk test.7

Furthermore, it remains unclear which outcome mea-

sures best differentiate persons with and without OAwhen

age and body mass index (BMI) are matched, as knee OA

incidence increases with age and BMI,8,9 and obesity is

associated with increased OA progression.10

This study aimed to identify differences in physical

function and performance of essential activities between

patients with moderate knee OA and matched controls

without knee symptoms. We hypothesized that participants

with OA would demonstrate poorer results in all kine-

matic, kinetic, timed functional, and patient-reported mea-

sures compared with healthy controls, and that the results

could potentially be used to guide pharmacologic and non-

pharmacologic intervention studies for moderate knee OA.

Methods
Study design and procedures
This observational, non-interventional study, conducted at

the School of Engineering, Cardiff University, Cardiff,

Wales, UK, compared people with unilateral (medial or

lateral compartment) moderate knee OA (Kellgren–

Lawrence OA classification grade 2 or 3), with a control

group without knee or lower limb symptoms matched for

age, gender, and BMI. At visit 1, participants provided

demographic and medical history information and an

ActivPAL™ activity monitor (PALtechnologies Ltd,

Glasgow, Scotland, UK) was attached to the right thigh

(for consistency, as the ActivPAL is a measure of general

activity) and worn for 48 hrs. ActivPAL registers activity

utilizing acceleration and inclination logging technology

and algorithms log walking speed and cadence.

They also completed validated subjective question-

naires: Knee Injury and Osteoarthritis Outcome Score

(KOOS),11,12 European Quality of Life–5 Dimensions

(EQ-5D),13–16 and Western Ontario and McMaster

Universities (WOMAC) Osteoarthritis Index.17 The

researchers checked that all questionnaires were completed

appropriately.

Two days after visit 1, investigators phoned partici-

pants with OA to assess pain severity using a numeric

pain rating scale from 0 (no pain) to 10 (maximum/

extreme pain). Participants with ratings ≥4 and ≤7 returned

to the laboratory that day for assessment. These thresholds

were used to ensure that the assessments were made while

patients were experiencing pain symptoms. A level of ≤7
was used as a maximum cut-off because participants with

higher scores could potentially be adversely affected (ie,

marked increase in pain) by walking and stair-climbing

activities. Controls were assessed at the laboratory

approximately 48 hrs after ActivPAL application.

At visit 2, participants were evaluated using 3D motion

analysis with a full-body modified Helen Hayes marker set18

extended with thigh- and shank-fixed clusters, as well as

additional foot and pelvis markers; iliac crest markers were

used to better define the hip during stair trials. Nine Oqus

infra-red cameras (Qualisys, Gothenburg, Sweden) captured

3D marker motion at 120 Hz. Force data were collected at

1080 Hz from four force plates (Bertec Corporation,

Columbus, Ohio, USA) embedded in the laboratory floor.

Participants were recorded while walking six times across

the level laboratory floor (over the force plates) and while

ascending and descending a 4-step staircase19 six times (three

trials leading with each leg). Custom software (Visual3D, C-

Motion, Inc, Germantown, Maryland, USA) was used to scale

a model to the standing position for each participant and apply

this model to the movement data. Reports containing temporal

parameters, joint rotations, external joint moments (rotation

forces acting around the joint), and ground reaction forces

were produced for each participant. Participants also com-

pleted timed activities of daily living: sit to stand, stand to

sit, tying shoelaces, and 10-m walk.

Study population
Patients with knee OA were recruited from Cardiff and

Vale University Hospital Board Physiotherapy

Department outpatient clinics, University Hospital of

Wales, Cardiff, Wales, UK. Controls were recruited

from Cardiff and the surrounding region via poster and

electronic advertising forums for staff at Cardiff

University. Volunteers contacted researchers by e-mail

or telephone and were assessed for eligibility.

Recruitment began January 2, 2015 and data collection

ended on February 26, 2016. Recruitment continued
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through March 31, 2016 in an unsuccessful attempt to

identify the final two matched control subjects.

Eligible participants were 45–65 years and able to

comply with instructions and study procedures. OA parti-

cipants had to have a 6-month history of moderate uni-

lateral (medial or lateral) OA in either knee confirmed by

radiographic evidence of joint space narrowing (grade 2 or

3 based on Kellgren–Lawrence OA classification) and pain

intensity of ≥4 and ≤7 on a scale of 0 (no pain) to 10

(maximum/extreme pain). Verbal checks were made to

ensure OA participants had no current soft tissue injuries

to the lower limbs. Controls had to have good general

health, normal strength, and full range of motion (ROM)

of the lower extremities, with no history of knee OA, knee

instability, major lower extremity joint surgery, or current

soft tissue injuries to the lower limbs and no neurologic

deficits.

The protocol initially required controls to be matched

to OA participants within ±2 years of age and ±5 kg/m2 for

BMI, as well as gender. Due to recruiting challenges (BMI

was usually too low among controls who matched for age),

criteria were subsequently changed to ±5 years for age and

±5 kg/m2 for BMI.

Key exclusion criteria for both groups included adhe-

sive tape allergy; neurologic or balance disorder; recent

(≤2 years) alcohol or other substance abuse; and history of

cerebrovascular accident, head injury, or systemic inflam-

matory arthritis.

Participants had to discontinue oral or topical analge-

sics during the 48 hrs between visits 1 and 2. Up to 1000

mg paracetamol, four times daily, was permitted as rescue

medication, in accordance with European League Against

Rheumatism recommendations for knee, hip, and hand

OA.20 However, participants had to have at least 2 con-

secutive days without pain medication before visit 2.

Outcomes
Primary endpoints were 3D kinematic and kinetic data

from the motion analysis during level walking and stair

ascent and descent, and included temporal-spatial para-

meters, joint rotations, joint moments, and ground reaction

forces. Temporal-spatial measures consisted of walking

speed (m/s), stride width/length (m), cycle time (s), step

length (m), step time (s), stance time (s), swing time (s),

and strides per minute. Kinematic joint ROM (in degrees)

was determined at the hip, knee, ankle, pelvis, and trunk,

and defined through transformation from tracking markers

to the pose of each segment of the biomechanical model.

Cardan sequences of joint angles (X, Y, and Z, repre-

senting flexion/extension, abduction/adduction, and axial

rotation, respectively, and equivalent to the “joint coordi-

nate system”21,22) were used to compute ankle, knee, and

hip kinematics, following International Society of

Biomechanics recommendations.23 Trunk rotations were

also calculated using Cardan sequence X-Y-Z, whereas a

Z-Y-X (axial rotation, obliquity, tilt) description was used

to compute pelvic rotations, following recommendations

of Baker et al.24 Inverse dynamics analysis was applied to

kinematics of the biomechanical model and location, mag-

nitude, and direction of ground reaction forces acting on

the foot. This process computed external moments acting

about the ankle, knee, and hip joints, which were resolved

to distal joint segments. 3D kinetic measures consisted of

XYZ joint moments at stance phase for hip, knee, and

ankle (percentage body weight ⨰ height) and XYZ

power at stance phase for hip, knee, and ankle (w/kg).

XYZ ground reaction forces (medial-lateral, anterior-pos-

terior, and vertical) were normalized to body weight and

XY center of pressure of ground reaction force during

stance phase (M), normalized to foot width and length.

Secondary endpoints included KOOS,11,12 EQ-5D,13–16

and WOMAC Osteoarthritis Index17 scores, walking per-

formance based on ActivPAL, and performance on the

timed activities of daily living. ActivPAL measures were

number of steps taken, cadence (steps/minute), time (min-

utes) spent lying/sitting and standing, number of stepping

events, total number of upright events, and total number of

seated events. Safety outcomes included adverse events

(AEs), consisting of any untoward medical occurrence

following data collection at the two visits, or reported in

response to questioning via telephone between visits.

Statistics
No formal power calculation was performed for this

exploratory study. The protocol called for 10 OA partici-

pants and 10 matched controls as this was deemed suffi-

cient to answer the research question and objectives.

For the primary 3D motion analyses, only matched pairs

of OA and control subjects were included. Kinematic and

kinetic variables were calculated as mean ± standard devia-

tion (SD) for each limb. After testing for normal distribution

using histograms, data were deemed not to be normally

distributed; therefore, the Wilcoxon signed-rank test, a

paired non-parametric analysis, was used to analyze differ-

ences between OA patients and controls. For each matched

pair, the affected leg of the OA participant was compared
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with the same leg (left/right) of the matched control; the

same was done for the unaffected leg. Temporal-spatial

measures were summarized by descriptive and inferential

statistics. Descriptive statistics were used for patient-

reported outcome questionnaires, timed functional tests,

and ActivPAL results, and between-group differences (OA

and controls) were analyzed by the Wilcoxon signed-rank

test. Data that were missing due to technical errors were

excluded from the analyses. All analyses were conducted

using Statistics Package for Social Sciences (IBM, USA),

Version 20.

Results
Participants
Of 65 OA participants screened, 11 were recruited; of 43

healthy participants screened, 8 controls were recruited.

The eleventh OA subject was recruited as a replacement

for a subject whose data were inadequate for processing

because loose clothing had impaired marker visibility.

Because we were unable to recruit two controls to

match two OA patients with the highest BMIs, 3D motion

analysis was performed on eight matched pairs. Other

objective analyses included 10 OA participants and 8

controls. Of the 10 OA patients, 6 had OA in the right

knee, and 4 had OA in the left knee. Baseline demo-

graphics were similar for OA participants and controls

(Table 1).

Objective measures of function
Level walking

3D motion analysis during level walking noted that the

OA-affected limb had significantly reduced maximum

frontal (adduction) hip moment (P=0.036) and sagittal

(flexion) knee moment (P=0.025) compared with the cor-

responding limb of controls (Table 2). A significant

decrease in the anteriorly directed ground reaction force

during the second half of stance was found for the

OA-affected limb compared with the corresponding limb

of controls (mean [SD] 0.16 [0.06] vs 0.22 [0.03] percent

body weight [%BW]; P=0.025).

Hip, knee, ankle, and trunk ROM were not signifi-

cantly different between OA participants on the affected

or unaffected limb and corresponding limbs of controls,

nor were there significant differences in walking speed,

stride width/length, cycle time, step length, step time,

stance time, swing time, or strides per minute.

Ascending and descending stairs

There were no significant differences in ground reaction

forces or joint moments of the hip, knee, and ankle in

affected or unaffected limbs of OA participants and corre-

sponding limbs of controls while ascending or descending

stairs.

Table 3 shows temporal data from 3D motion analysis

while ascending and descending stairs. During ascent,

participants with OA had slower speed and fewer strides

per minute with both limbs compared with controls. OA

participants had longer cycle and stance times in both

limbs, and longer swing time in the affected limb, com-

pared with controls. During descent, OA participants took

fewer strides per minute with both limbs vs controls. On

measurements of unaffected limbs, while descending

stairs, OA participants had longer stride length, and shorter

stance and cycle time than controls.

Table 4 shows results for the ROM analysis while

ascending and descending stairs. During ascent, knee

Table 1 Demographic characteristics

OA Participants (n=10) Controls (n=8) P-valuea

Age, mean (SD), years 58.6 (6.02) 59.62 (3.85) 0.315

Gender, n (%)

Female 8 (80) 6 (75) –

Male 2 (20) 2 (25) –

Height, mean (SD), m 1.71 (0.089) 1.70 (0.12) 0.696

Weight, mean (SD), kg 91.52 (15.09) 87.58 (16.01) 0.573

BMI, mean (SD), kg/m2 30.82 (3.14) 29.80 (3.37) 0.315

Numeric pain rating, mean (SD)b 5.22 (0.97) Not applicable –

Notes: aWilcoxon signed-rank test. bNumeric pain rating scale from 0 (no pain) to 10 (highest pain).

Abbreviations: BMI, body mass index; OA, osteoarthritis; SD, standard deviation.

Sparkes et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Orthopedic Research and Reviews 2019:11132

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


T
ab

le
2
L
e
ve
l
w
al
k
in
g
3
D

m
o
ti
o
n
an
al
ys
is M

ea
n
(S
D
),
D
eg

re
es

M
ea

n
(S
D
),
D
eg

re
es

O
A
-A

ff
ec

te
d
lim

b
(n
=
8)

M
at
ch

ed
co

n
tr
o
ll
im

b
(n
=
8)

P
-v
al
u
ea

O
A
-U

n
af
fe
ct
ed

lim
b
(n
=
8)

M
at
ch

ed
co

n
tr
o
l
lim

b
(n
=
8)

P
-v
al
u
ea

H
ip

m
o
m
e
n
t

M
ax

sa
gi
tt
al
(fl
e
x
io
n
[+
ve
])

4
.8
3
(1
.7
2
)

4
.9
4
(1
.7
7
)

1
.0
0
0

4
.0
0
(1
.6
2
)

4
.6
5
(1
.7
2
)

0
.5
7
5

M
ax

fr
o
n
ta
l
(a
d
d
u
ct
io
n
[+
ve
])

4
.9
2
(1
.3
2
)

6
.2
0
(0
.9
2
)

0
.0
3
6
b

5
.0
6
(1
.6
4
)

5
.5
1
(1
.2
0
)

0
.2
6
3

M
ax

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

0
.6
3
(0
.3
9
)

0
.6
7
(0
.3
6
)

0
.6
7
4

0
.7
8
(0
.3
4
)

0
.5
2
(0
.1
5
)

0
.1
6
1

M
in

sa
gi
tt
al
(fl
e
x
io
n
[+
ve
])

−
5
.0
2
(2
.3
0
)

−
4
.9
0
(1
.0
9
)

1
.0
0
0

−5
.6
1
(2
.1
4
)

−
4
.4
0
(1
.3
0
)

0
.1
2
3

M
in

fr
o
n
ta
l
(a
d
d
u
ct
io
n
[+
ve
])

−
1
.2
3
(0
.8
6
)

−
0
.7
0
(0
.2
3
)

0
.0
6
9

−1
.4
6
(1
.1
8
)

−
1
.1
0
(0
.3
4
)

0
.3
2
7

M
in

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

−
0
.6
4
(0
.5
1
)

−
1
.1
8
(0
.2
5
)

0
.0
6
9

−0
.7
2
(0
.3
0
)

−
0
.9
9
(0
.4
8
)

0
.3
2
7

K
n
e
e
m
o
m
e
n
t

M
ax

sa
gi
tt
al
(fl
e
x
io
n
[+
ve
])

2
.5
9
(1
.2
0
)

5
.0
0
(1
.1
1
)

0
.0
2
5
b

3
.3
9
(0
.7
7
)

4
.3
6
(0
.7
0
)

0
.0
6
9

M
ax

fr
o
n
ta
l
(a
d
d
u
ct
io
n
[+
ve
])

2
.3
0
(1
.3
9
)

2
.7
5
(0
.7
2
)

0
.6
7
4

1
.9
8
(0
.9
5
)

2
.1
1
(0
.3
8
)

0
.6
7
4

M
ax

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

0
.6
9
(0
.4
0
)

0
.8
2
(0
.2
1
)

0
.3
2
7

0
.6
7
(0
.3
2
)

0
.6
3
(0
.1
9
)

1
.0
0
0

M
in

sa
gi
tt
al
(fl
e
x
io
n
[+
ve
])

−
2
.4
5
(0
.5
6
)

−
1
.7
3
(0
.9
8
)

0
.1
2
3

−2
.3
3
(0
.6
8
)

−
1
.7
0
(0
.8
2
)

0
.2
0
8

M
in

fr
o
n
ta
l
(a
d
d
u
ct
io
n
[+
ve
])

−
0
.6
8
(0
.1
5
)

−
0
.5
8
(0
.2
6
)

0
.3
2
7

−0
.7
3
(0
.2
6
)

−
0
.8
2
(0
.2
6
)

0
.5
7
5

M
in

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

−
0
.1
5
(0
.1
0
)

−
0
.2
8
(0
.1
6
)

0
.3
2
7

−0
.1
6
(0
.0
9
)

−
0
.2
2
(0
.0
8
)

0
.4
8
4

A
n
k
le

m
o
m
e
n
t

M
ax

sa
gi
tt
al
(d
o
rs
ifl
e
x
io
n
[+
ve
])

7
.9
6
(1
.0
0
)

8
.6
5
(1
.2
3
)

0
.1
6
1

8
.4
1
(0
.8
8
)

8
.2
2
(0
.9
5
)

0
.6
7
4

M
ax

fr
o
n
ta
l
(i
n
ve
rs
io
n
[+
ve
])

0
.2
3
(0
.1
1
)

0
.5
1
(0
.3
0
)

0
.0
6
9

0
.3
3
(0
.1
9
)

0
.4
4
(0
.2
9
)

0
.4
8
4

M
ax

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

1
.4
7
(0
.5
3
)

1
.6
9
(0
.4
2
)

0
.4
0
1

1
.4
5
(0
.3
9
)

1
.6
6
(0
.5
2
)

0
.4
8
4

M
in

sa
gi
tt
al
(d
o
rs
ifl
e
x
io
n
[+
ve
])

−
1
.0
1
(0
.2
1
)

−
0
.9
9
(0
.2
7
)

0
.7
7
9

−0
.2
4
(0
.6
7
)

−
0
.2
4
(0
.8
7
)

1
.0
0
0

M
in

fr
o
n
ta
l
(i
n
ve
rs
io
n
[+
ve
])

−
0
.8
0
(0
.2
5
)

−
0
.5
2
(0
.1
5
)

0
.0
9
3

−0
.1
2
(0
.2
8
)

−
0
.1
2
(0
.3
2
)

0
.7
7
9

M
in

tr
an
sv
e
rs
e
(i
n
te
rn
al
ro
ta
ti
o
n
[+
ve
])

−
0
.2
0
(0
.1
2
)

−
0
.2
2
(0
.1
1
)

0
.8
8
9

0
.0
1
(0
.2
0
)

0
.0
2
(0
.1
5
)

0
.5
7
5

N
o
te
s:
Jo
in
t
m
o
m
e
n
ts
(%
B
W

*H
)
(s
ag
it
ta
l,
fr
o
n
ta
l,
tr
an
sv
e
rs
e
p
la
n
e
s)
fo
r
af
fe
ct
e
d
an
d
u
n
af
fe
ct
e
d
lim

b
s
o
f
O
A
p
ar
ti
ci
p
an
ts
co
m
p
ar
e
d
w
it
h
p
ar
ti
ci
p
an
ts
w
it
h
o
u
t
k
n
e
e
p
at
h
o
lo
gy

ar
e
sh
o
w
n
.
a
W

ilc
o
x
o
n
si
gn
e
d
-r
an
k
te
st
.
b
D
e
n
o
te
s
st
at
is
ti
ca
lly

si
gn
ifi
ca
n
t
d
if
fe
re
n
ce

(P
<
0
.0
5
).

A
b
b
re
vi
at
io
n
s:

%
B
W

*H
,
p
e
rc
e
n
t
b
o
d
y
w
e
ig
h
t
x
h
e
ig
h
t;
M
in
,
m
in
im
u
m
;
M
ax
,
m
ax
im
u
m
;
O
A
,
o
st
e
o
ar
th
ri
ti
s;
S
D
,
st
an
d
ar
d
d
e
vi
at
io
n
.

Dovepress Sparkes et al

Orthopedic Research and Reviews 2019:11 submit your manuscript | www.dovepress.com

DovePress
133

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


ROM for OA-affected limbs was similar to corresponding

limbs in controls, but OA participants had greater frontal

knee ROM in the unaffected knee vs controls. Sagittal

ankle ROM was decreased in OA-affected limbs vs con-

trols, and sagittal and transverse trunk ROM were

increased in the cycles of both limbs of OA participants

compared with controls while ascending stairs. Hip ROM

was not different for OA participants vs controls, for the

affected or unaffected side.

While descending stairs, OA participants had greater

knee frontal ROM in the affected limb, and less knee

transverse ROM in the unaffected limb compared with

controls. Trunk sagittal ROM was increased in cycles of

the unaffected side of OA participants compared with the

corresponding side of controls, and trunk transverse ROM

was decreased on assessments of both sides of OA parti-

cipants vs controls. Hip and ankle ROM did not differ

during stair descent for either limb of OA participants

compared with controls.

Time to complete functional tests

Based on ActivPAL, participants with OA had slower

cadence while walking compared with controls.

Descriptive data show that the most common cadence

was 100–110 steps/minute for OA participants and 120–

130 steps/minute for controls (Figure 1). Other

ActivPAL measures were not significantly different

between the two populations. OA participants took

significantly longer than controls on all timed activities

(Table 5).

Subjective patient-reported outcomes

Patient-reported outcomes surveys (KOOS, WOMAC

Osteoarthritis Index, and EQ-5D) were completed by all

10 OA subjects and 7 of the 8 controls. The OA participants

had significantly lower scores than controls on all domains

of the KOOS and WOMAC Osteoarthritis Index (Table 6).

The EQ-5D asked participants to rate their current health

state on a scale from 0 (worst imaginable) to 100 (best

imaginable health). The mean (standard deviation [SD])

score was 81.3 (15.1) among OA participants and 96.9

(11.7) among controls (P=0.019). On other sections of the

EQ-5D, a larger percentage of OA participants compared to

controls reported having some or extreme problems with

pain/discomfort, mobility, and usual activities (Figure 2).

Safety
There were no AEs in this non-interventional study. OA

participants all tolerated the study protocol without rescue

analgesics.

Discussion
This study identified objective measures of functioning

that differentiate people with and without knee OA.

These results may help guide selection of outcomes for

OA treatment intervention trials.

Table 3 Ascending and descending stairs, temporal data from 3D motion analysis

Mean (SD) Mean (SD)

OA-Affected

limb (n=8)

Matched control

limb (n=8)

P-valuea OA-Unaffected

limb (n=8)

Matched control

limb (n=8)

P-valuea

Ascending stairs

Speed, m/s 0.31 (0.06) 0.33 (0.06) 0.025b 0.31 (0.06) 0.33 (0.06) 0.025b

Stride length, m 0.45 (0.13) 0.39 (0.02) 0.069 0.52 (0.13) 0.39 (0.02) 0.067

Cycle time, s 1.60 (0.36) 1.22 (0.18) 0.025b 1.65 (0.41) 1.22 (0.18) 0.049b

Stance time, s 1.12 (0.25) 0.84 (0.15) 0.036b 1.18 (0.38) 0.84 (0.15) 0.049b

Swing time, s 0.48 (0.14) 0.37 (0.05) 0.036b 0.47 (0.12) 0.37 (0.05) 0.207

Strides per minute 35.32 (5.34) 44.43 (6.32) 0.036b 36.65 (6.30) 43.06 (5.48) 0.049b

Descending stairs

Speed, m/s 0.31 (0.06) 0.33 (0.07) 0.208 0.31 (0.06) 0.33 (0.07) 0.208

Stride length, m 0.33 (0.06) 0.45 (0.13) 0.735 1.29 (0.12) 0.52 (0.13) 0.025b

Cycle time, s 0.39 (0.02) 1.60 (0.36) 0.063 0.40 (0.04) 1.64 (0.41) 0.036b

Stance time, s 1.22 (0.18) 1.12 (0.25) 0.063 1.21 (0.17) 1.17 (0.38) 0.036b

Swing time, s 0.84 (0.15) 0.48 (0.14) 0.271 0.84 (0.17) 0.47 (0.12) 0.123

Strides per minute 39.40 (8.93) 50.23 (6.98) 0.043b 38.80 (10.12) 50.30 (6.73) 0.036b

Notes: aWilcoxon signed-rank test. bDenotes statistically significant difference (P<0.05).
Abbreviations: m, meters; m/s, meters per second; OA, osteoarthritis; s, seconds; SD, standard deviation.
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With 3D motion analysis, kinetic data demonstrated

significantly decreased hip frontal (adduction) moments

in OA-affected limbs during level walking, which has

been seen in other studies of moderate or severe OA.25

The reduced knee sagittal (flexion) moment we observed

in OA participants has also been seen with increasing OA

severity25 and may be a compensatory mechanism of

limiting knee flexion, and therefore compressive forces in

the knee, during weight acceptance.

OA participants ascended stairs more slowly, spending

longer time in stance and with greater swing time of the

gait cycle. Reasons for this could include muscle weak-

ness, apprehension of pain, or actual pain. However,

increased stance time could indicate longer loading time,

Table 4 Ascending and descending stairs, joint range of motion on 3D motion analysis

Mean (SD), Degrees Mean (SD), Degrees

OA-Affected limb

(n=8)

Matched control

limb (n=8)

P-valuea OA-Unaffected

Limb (n=8)

Matched control

limb (n=8)

P-valuea

While ascending stairs

Hip ROM

Sagittal 23.85 (4.73) 21.85 (3.40) 0.575 23.44 (4.28) 21.19 (3.52) 0.484

Frontal 14.52 (7.83) 10.79 (3.70) 0.093 15.13 (4.25) 11.52 (3.01) 0.889

Transverse 17.45 (5.39) 13.51 (3.42) 0.484 17.00 (4.51) 12.07 (2.54) 0.327

Knee ROM

Sagittal 68.70 (14.80) 75.46 (4.90) 0.401 77.40 (6.73) 76.27 (5.67) 0.327

Frontal 14.63 (5.23) 8.49 (1.35) 0.208 16.43 (5.29) 8.18 (2.47) 0.049b

Transverse 14.19 (3.76) 14.75 (2.36) 0.263 17.21 (2.25) 12.96 (3.35) 0.263

Ankle ROM

Sagittal 50.65 (8.58) 51.45 (6.97) 0.049b 52.53 (8.95) 48.05 (5.65) 0.069

Frontal 14.82 (4.62) 14.90 (1.67) 0.575 17.19 (5.90) 15.07 (2.67) 0.779

Transverse 13.60 (5.50) 13.49 (5.99) 0.401 13.16 (3.01) 11.00 (3.00) 0.327

Trunk ROM

Sagittal 5.69 (1.22) 4.53 (1.00) 0.017b 6.38 (1.46) 4.29 (0.95) 0.036b

Frontal 7.98 (3.60) 5.15 (2.50) 0.069 6.42 (2.71) 5.69 (1.48) 0.161

Transverse 20.26 (7.96) 13.04 (1.86) 0.036b 22.26 (11.33) 11.94 (2.60) 0.017b

While descending stairs

Hip ROM

Sagittal 13.50 (5.99) 23.86 (4.73) 0.327 21.20 (3.52) 23.44 (4.28) 0.069

Frontal 21.85 (3.40) 14.53 (7.83) 0.327 11.03 (3.00) 15.13 (4.25) 0.263

Transverse 10.80 (3.70) 17.45 (5.39) 0.161 11.52 (3.01) 16.99 (4.51) 0.123

Knee ROM

Sagittal 13.51 (3.42) 68.70 (14.80) 0.263 76.27 (5.67) 77.39 (6.73) 0.208

Frontal 75.47 (4.90) 14.63 (5.23) 0.025b 12.08 (2.54) 16.44 (5.03) 0.123

Transverse 8.49 (1.35) 14.20 (3.76) 0.327 8.18 (2.47) 17.21 (2.25) 0.036b

Ankle ROM

Sagittal 13.04 (1.86) 50.66 (8.58) 0.889 11.95 (2.60) 52.53 (8.95) 0.069

Frontal 51.46 (6.97) 14.82 (4.62) 0.889 48.05 (5.65) 17.20 (5.90) 0.263

Transverse 14.89 (1.67) 13.65 (5.50) 1.000 15.07 (2.67) 13.16 (3.01) 0.123

Trunk ROM

Sagittal 50.23 (6.98) 5.69 (1.22) 0.069 50.30 (6.74) 6.38 (1.46) 0.017b

Frontal 4.53(1.00) 7.98 (3.60) 0.263 4.29 (0.95) 6.42 (2.71) 0.889

Transverse 5.15 (2.50) 20.27 (7.96) 0.025b 5.70 (1.48) 22.27 (11.33) 0.049b

Notes: aWilcoxon signed-rank test. bDenotes statistically significant difference (P<0.05).
Abbreviations: OA, osteoarthritis; ROM, range of motion; SD, standard deviation.
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which may increase pain. Increased joint contact forces

experienced during stair ascent, compared with level walk-

ing, may exacerbate pain.26 Compared with controls, OA

participants had significantly decreased strides per minute

on both limbs and increased stride length, and shorter

cycle and stance time on the unaffected limb while des-

cending stairs.

While ascending stairs, OA participants had increased

sagittal and transverse trunk ROM in cycles assessing both

limbs. While descending, sagittal trunk ROM was increased
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Figure 1 Cadence (steps per minute) measured by ActivPAL in OA participants (n=10) and controls (n=8). This figure graphically shows a categorical analysis of cadence

(spm) gathered from the ActivPAL for each group (OA and controls) on days 1 and 2. The different colors indicate the proportion of subjects in each cadence category,

spanning a range of approximately 11 spm; dark blue indicates the slowest spm and purple indicates the fastest.

Abbreviations: OA, osteoarthritis; spm, steps per minute.

Table 5 Time to complete functional tests

Functional test Mean (SD) time to complete test, seconds P-valuea

OA Group (n=10) Controls (n=8)

Timed 10-m walk 9.63 (2.17) 7.54 (1.01) 0.034b

Tying shoelaces

Right leg 17.32 (5.95) 10.31 (4.00) 0.009b

Left leg 17.37 (7.56) 10.71 (4.40) 0.043b

Sit to stand

Right leg 3.10 (2.07) 1.57 (0.31) 0.002b

Left leg 2.91 (2.03) 1.49 (0.29) 0.001b

Stand to sit

Right leg 2.95 (1.69) 1.74 (0.44) 0.027b

Left leg 3.13 (2.13) 1.67 (0.34) 0.012b

Notes: aWilcoxon signed-rank test. bDenotes statistically significant difference (P<0.05) for participants with OA vs healthy participants.

Abbreviations: OA, osteoarthritis; SD, standard deviation.
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during assessments of the unaffected limb, and transverse

trunk ROMwas decreased during assessments of both limbs.

Increased lateral trunk ROM has been observed in other

studies of OA,27–29 and may be another compensatory

mechanism. OA participants rotated their pelvis more during

stair ascent, possibly because some chose to use the handrail,

which was discouraged but available for safety. The only

differences in hip, knee, and ankle kinematics during ascent

were a decreased ankle sagittal ROM on the affected limb,

and an increased frontal knee ROM on the unaffected limb.

Knee frontal ROM was increased in the affected limb during

descent, which could be due to a decrease in knee stability

during the single support phase on the affected leg.

OA participants took fewer steps per minute while walking

based on the ActivPAL and took longer to complete a timed

10-mwalk, tie shoes, and sit or stand. It could be hypothesized

that anticipation of pain, actual pain, and/or joint stiffness may

have contributed to slower times to complete these tasks.

Results of the ActivPAL cadence measure and timed 10-m

walk contrast with the lack of difference in walking speed and

walking cycle time on 3D motion capture. Reasons for this

may be because on 3D motion capture, speed is calculated

within the Visual3D (C-Motion, USA) software from heel

strike to heel strike for each trial and then averaged. This

represents a shorter distance with potentially more variable

results, subject to a larger error margin compared with the

Table 6 Patient-reported outcome measures of pain and function

Outcomes scale OA Group (n=10) Controls (n=7) P-valuea

KOOS, mean (SD) scoreb

Pain 54.18 (12.78) 95.57 (11.7) <0.005c

Symptoms 52.85 (18.34) 95.85 (6.69) <0.005c

Activities of daily living 63.40 (18.05) 99.14 (2.26) <0.005c

Sports/recreation 32.63 (14.18) 97.00 (5.74) <0.005c

Quality of life 31.89 (19.42) 93.85 (13.78) <0.005c

WOMAC, mean (SD) scored

Knee stiffness 1.75 (0.754) 0.214 (0.393) <0.005c

Knee pain 1.50 (0.707) 0.075 (0.212) <0.005c

Function 1.49 (0.72) 0.329 (0.086) <0.005c

Total 1.51 (0.71) 0.486 (0.111) <0.005c

Notes: aWilcoxon signed-rank test. bIndividual items on the KOOS are each rated on a 5-point Likert scale; summed scores for each of the five dimensions of the scale are

transformed to a percentage score from 0 (extreme knee problems) to 100 (no knee problems).11 cDenotes statistically significant difference (P<0.05) for participants with
OA vs healthy participants. dIndividual items on the WOMAC are rated on a 5-point Likert scale (0=none to 4=extreme), and scores for each of the three dimensions are

summed and then divided by the number of items in that dimension; the total score is obtained by summing the scores for all 26 items (7 for pain, 2 for stiffness, and 17 for

physical function) and dividing by 26.17

Abbreviations: KOOS, Knee Injury and Osteoarthritis Outcome Score; OA, osteoarthritis; SD, standard deviation; WOMAC, Western Ontario and McMaster Universities

Osteoarthritis Index.
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longer 10-m walk, where differences are cumulative over the

total number of gait cycles. It is also possible that cumulative

fatigue and discomfort over the 1.5- to 2-hr assessment period

contributed to slower walking on the timed 10-m walk, which

was one of the last assessments performed. TheActivPAL data

were collected over a 48-hr period of regular activity, whereas

3D motion analysis data were collected at a single time in the

laboratory, making comparisons difficult. People may walk

differently under laboratory conditions than when walking at

their own pace, in their choice of footwear, in real-world

settings. The longer period of data collection with the

ActivPAL may also facilitate detection of differences.

Other studies have found walking speed and sitting/stand-

ing speed to be useful performance measures for persons with

OA or other knee joint diseases.6,29–31 Consistent with our

results, a previous study showed a slower sit-to-stand time in

patients with knee OA compared with controls without OA.32

That study also found that OA patients lean forward, shifting

their center of mass over their feet, while minimizing knee

extension as they stand up, to improve stability as they leave

the chair.32

Our study identified fewer differentiating outcomes

between OA subjects and controls than previous 3D motion

capture studies. One such study found moderate or severe

OA to be associated with reduced speed, increased stance

time and percentage, increased stride time, decreased stride

length, reduced knee early stance flexionmoments, increased

knee mid-stance adduction moments, reduced peak hip

adduction moments, and reduced late stance hip extension

moments.25 Another study identified walking speed, stride

length, hip and knee flexion, thorax obliquity, and knee

adductor moments during early and terminal stance as objec-

tive parameters that differentiate persons with severe OA

from persons without knee pathology.33 Our inclusion cri-

teria for OA participants required that they have moderate

OA (Kellgren–Lawrence grade 2 and 3), which may differ

from other studies; also there may be differences in the type

of data analyses performed and procedures used.

Differences in patient-reported outcomes were not unex-

pected given differences in inclusion/exclusion criteria for

the two groups and the well-established effects of OA on

these outcomes.2,25,34 The findings regarding patient-

reported outcomes are also consistent with previous reports

about the impact of OA on disability and quality of life.1,2,4

Of note, our participants with moderate OA were able to

complete tasks of daily living, albeit with greater pain and

impaired mobility than controls. Despite pain, it is beneficial

for knee OA patients to continue tomove and load their joints

to ensure that essential synovial fluid receives adequate nutri-

tion and continues to provide appropriate lubrication, and to

maintain muscle strength and aid in joint stability. Effective

analgesics may help restore function and quality of life for

patients with knee OA and are considered appropriate

according to Osteoarthritis Research Society International

guidelines for non-surgical management of knee OA.35

Due to the small sample size, this exploratory study has

limited power and precision. For the kinetic data, sample sizes

were particularly small due tomissing data and paired analysis.

Given the small size of both groups, and the fact that controls

were matched to OA participants for age and BMI, our study

populations may not be representative of OA and general

populations. In addition, we did not control for knee instability,

which could be relevant as previous studies using motion

analysis found that knee instability, as well as severity of OA,

affected walking ability and gait.28,36 While we analyzed the

primary 3D motion outcomes separately for the OA-affected

and the non-affected knee, the timed functional activities were

analyzed by left or right leg despite heterogeneity as to which

knee was affected among OA subjects. In addition, no adjust-

ments were made for multiple comparisons. The researchers

and subjects were not blinded to the study groups (OA or

control). Lack of blinding of the researchers who were

involved in the data collection should, therefore, be regarded

as a limitation of the study.

Due to the specificity of the inclusion criteria, we had

to screen large numbers of people to recruit participants. A

larger future study with greater statistical power would

likely require recruitment from a wider geographical area

and more extensive recruitment tools (eg, social media) to

maintain these inclusion/exclusion criteria.

Conclusions
Measures that involve some aspect of speed of task execu-

tion (particularly ascending/descending stairs, tying shoes,

sitting/standing), hip and knee moments while walking,

trunk ROM, and strides per minute while ascending and

descending stairs are useful in discriminating OA patients

from participants without knee pathology and can be con-

sidered as outcomes in future OA intervention trials. If 3D

motion analysis variables are used, ascending/descending

stairs better distinguish OA patients from persons without

knee pathology than does walking on a level surface.

Timed functional tasks (10-m walk, time to tie shoelaces,

time to sit and stand) and cadence (steps per minute)

measured with the ActivPAL device are also representative

of everyday tasks.
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