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Abstract
Background: To compare the performance (as determined by lower extremity kinematics) of knee
exercises in healthy middle-aged and older individuals immediately after instruction and one week later.

Methods: This is a cross-sectional study in a laboratory setting. Nineteen healthy volunteers (age [y] 63.1
± 8.6, mass [kg] 76.3 ± 14.7, height [m] 1.7 ± 0.1) participated in this study. High speed video and
re�ective markers were used to track motion during four exercises. The exercises were knee �exion,
straight leg raise, and “V“ in supine position, and hip abduction in side lying position. All participants
received verbal and tactile cues during the training phase and the therapist observed and, if necessary,
corrected the exercises. Upon return a week later the participants performed the same exercises without
any further instructions. Knee and hip sagittal and rotational angles were extracted from the motion
capture. A repeated measures t-test was used to compare the motions between two visits.

Results: Participants demonstrated more knee �exion during straight leg raise and “V in” exercises at the
2nd visit compared to the 1st visit (both p < 0.05). During the “V out” exercise, they performed more
external rotation (p < 0.05) while they showed more internal rotation during the “V in” exercise at the 2nd

visit compared to the 1st visit.

Conclusions: Exercise performance declined signi�cantly in healthy middle-aged and older individuals
one week after instruction. This decline occurred despite an instructional exercise sheet being given to
every participant. Improper execution of exercise programs might prolong the rehabilitation time and
increase levels of pain and impairment unnecessarily.

Background
The 2020 Clinical Practice Guidelines for the physical therapy management after total knee arthroplasty
[1] (TKA) recommend supervised postoperative physical therapy for patients who have undergone TKA.
This “moderately strong” recommendation is based on two studies that showed that approaches with
more supervision from a physical therapist yielded better quality-of-life scores 3 and/or 6 months after
surgery [2] and better self-reported outcomes, mobility scores, and balance at the end of the intervention
compared with the less-supervised group [3].

Unfortunately, due to inconvenient logistics, non-availability of physical therapy, patient’s lack of
insurance and other factors, many patients cannot or do not take advantage of this important service. In
those cases, patients are sent home with exercise instructions. Several studies (e.g.[4, 5]) have shown
that direct supervision from a physical therapist may not be required for effective physical therapy; these
studies reported no difference in outcomes between patients after TKA who received physical therapy in
an outpatient clinic and those who performed exercises at home. However, non-compliance to home
exercise programs is common with over 50% of the patients only partially adhering to their program and
over 15% not adhering at all [6]. The reasons vary and include that exercises are too boring, the patient
forgot about them or did not remember how to do them correctly [6]. Non-compliance to exercise
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programs affects the effectiveness of the intervention [7], might prolong the rehabilitation time
unnecessarily, and increase levels of pain and impairment [8].

Written exercise instructions are often given to the patient as a reminder. This simple strategy has been
shown to be effective in promoting adherence to exercise[9] and improve compliance to home-based
exercises[10]. Unfortunately, depending on the age of the individual, some patients do not remember
exercises effectively after a single teaching session, even if they were given an instructional exercise
pamphlet [11].

Previous studies [12-14] have assessed exercise performance, mostly by using pre-de�ned clinical
observation protocols. These protocols assess the amount of cueing needed, and control, coordination
and rhythm of the exercise [14] or speci�c physical components of each exercise [12, 13]. However, those
can be subjective and might not be able to detect subtle changes in exercise performance. In this study
we used a marker-based motion capture system that yields objective quantitative data [15].

The purpose of this study was to determine whether older adults can accurately replicate physical
therapy exercises that are often used following TKA, when those exercises are performed away from the
direct supervision of a licensed physical therapist. We hypothesized that older adults are unable to
accurately replicate the aforementioned physical therapy exercises.

Methods

Participants
Nineteen healthy volunteers (age [y] 63.1 ± 8.6, mass [kg] 76.3 ± 14.7, height [m] 1.7 ± 0.1) participated in
this study. These individuals were recruited by word of mouth. Inclusion criteria were > age 45 and no
recent injury to the legs. IRB approval was obtained from the appropriate institutional review board.

Data collection
All data collection occurred in the university biomechanics laboratory. To obtain kinematic data, 36
re�ective markers were attached on participant’s lower extremity over the following anatomical
landmarks: anterior/posterior superior iliac spines, top of the iliac crest, medial/lateral epicondyles of the
femur, medial/lateral malleolus, dorsal aspect of the heads of 1st and �fth metatarsals, lateral aspect of
calcaneus. Rigid clusters of 4 markers each were attached to the distal-lateral thigh and lower leg. Twelve
high speed video cameras (100Hz; Qualisys, Inc., Gothenburg, Sweden) were used to track the 3D
positions of each re�ective marker while the participants perform the rehabilitative exercises.

Each participant was instructed in and performed a series of four exercises, see Figure 1. All exercises are
open chain exercises that are meant to promote neuromuscular control and strength of the intended
muscle group [16]. They were selected because they are commonly used as part of a knee rehabilitation
protocol and do not require special equipment. The participants were positioned on a treatment table with
a pillow placed under the head. The sequence of exercise was always the same though the starting side
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(right or left) was randomized. Each exercise was performed 5 times on each side. The �rst exercise was
called ‘knee �exion’. While in supine position the participant was told to bend the knee by sliding the heel
as close to the buttocks as possible, then return to the original position. This basic exercise was chosen
as a standard or control movement. There should not be a difference in its performance, i.e. knee �exion
and hip rotation angles, between the two visits. The second exercise was called ‘straight leg raise’ (SLR).
A rolled-up hand towel was placed underneath the knee of the exercising leg. The participant was told to
push the knee into the towel and lift off the heel, draw the toes toward the nose and let the heel be the
guide of the raising leg motion. The contralateral knee was �exed to about 90° with the foot resting on
the table. Once the knee of the raising leg was at the same height of the contralateral knee the raising leg
could be lowered again. The muscles were to relax after each exercise. This exercise is typically chosen to
focus on and strengthen terminal knee extension. The third exercise was called ‘the V’ and was separated
into two parts. During the �rst part the straight leg was internally rotated at the hip and, while performing
hip �exion/abduction, the heel was “writing” the one side of the V. For the second part of this exercise the
leg was externally rotated at the hip and, while performing a SLR into adduction, the heel was writing the
other side of the V. This exercise focuses on the lateral (hip abductors and internal rotators)[17] and
medial muscle groups (vastus medialis oblique and hip adductors) [18] of the lower extremity kinematic
chain, respectively. It is crucial to perform this exercise with the hip rotated in the correct direction in order
to recruit the targeted muscle groups [17, 18]. The fourth exercise was called the ‘Jane Fonda exercise’
and was performed in side lying position. It required the participant to abduct the hip in the frontal plane
with neutral hip rotation. Care was taken to point out that the abduction was to happen in the plane of the
body and the hip was not to be �exed. This single-plane open chain exercise promotes neuromuscular
control and strength of the gluteus medius when performed properly [16].

 

All participants received feedback in form of tactile stimuli and verbal cues during the instructional
phase. During the �rst data collection phase the physical therapist observed exercise performance after
the instruction was given and, when necessary, corrected the movements by guiding the participant
verbally. At the end of the �rst data collection day each participant received an instructional pamphlet
with pictures and the recognizable names of the exercises. Each participant was encouraged to perform
the exercises every day for one week, �ve repetitions each. The instructions were meant to re�ect the
routine of clinical practice. The participants were informed that they were expected to perform the same
exercises again one week later without instructions.

One week later, the participants returned to the aforementioned biomechanics laboratory. Re�ective
markers were attached to the bony landmarks in the same arrangement as before and the participants
were asked to perform the same exercises. No cues, other than the names of the exercises, were given.

Data acquisition and processing
The 3D trajectories for each re�ective marker were tracked using Qualisys software (more info likely
needed here), and then exported to Visual 3D software (C-Motion, Germantown, MD, USA) in order to
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calculate the 3D hip and knee joint angles. Before the joint angles were calculated, the marker trajectories
were smoothed using a fourth-order, low-pass Butterworth �lter with a cutoff frequency of 6Hz and time
normalized in percentage. To calculate hip joint internal and external rotation, during the V exercises, we
used a foot segment and lab coordinate as reference segments to eliminate errors from marker
trajectories on the hip. The kinematic variables that were compared between the �rst and second data
collection sessions are described in Table 2. For each of the following kinematic variables, the average of
5 cycles in each variable (knee �exion angles for all 4 exercises, hip rotational angles for the V exercises
and SLR, and hip sagittal angles for knee �exion and hip abduction exercises) was used to analyze the
data statistically.

Statistical Analysis
A mean of peak angles and the averaged angles throughout each variable were used to identify overall
angle throughout each cycle. A repeated measures t-test was used to compare the performance of the
same exercises between with and without supervision of a physical therapist. Signi�cance was set a
priori at p < .05. All statistical analyses were conducted using JMP Pro 15 (SAS Institute Inc, Cary, NC).

Results
Between the �rst and second data collection sessions the participants reported that they performed the
exercises at home an average of 4.83 ±1.75 days a week. (Table 1) Participants also reported that they
were involved in other exercises, such as walking, biking, stretching (Table 1).

Table 1
Participants Demographics

Characteristics Mean (SD)

Gender, male/female 9/10

Age, y 63.1 (8.6)

Height, cm 169.1 (10.2)

Mass, kg 76.2 (14.7)

Physical Activity, day 4.3 (1.4)

Compliance, day 4.8 (1.8)

Mean peak joint angles and average angles throughout the �ve repetitions are shown in Table 2. As
expected, there was no difference in mean peak knee �exion angles during the knee �exion exercise
between the two visits (Table 2).
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Table 2
Joint Angles of Each Variable

  Exercises Kinematic Variables Joint Angle, Mean (SD) P value

  1st visit 2nd visit

Peak Angle Knee Flexion Knee Flexion 117.3 (12.2) 116.1 (14.3) 0.691

SLR Knee Extension −7.7 (5.5) −10.8 (6.0) 0.024*

Average Angle

(5 repetitions)

SLR Knee Flexion 2.1 (4.6) 6.4 (4.9) 0.001*

V "Out" Knee Flexion 4.4 (5.6) 7.3 (5.2) 0.105

Hip IR (+)/ER(−) 12.4 (19.0) −16.3 (29.4) 0.0003*

V "In" Knee Flexion 3.4 (3.3) 8.4 (3.8) 0.000*

Hip IR (+)/ER(−) −46.1 (12.5) −12.5 (30.2) < .0001*

"Jane Fonda" Knee Flexion 1.6 (5.8) 5.3 (9.5) 0.069

Hip Flexion 8.3 (9.4) 13.0 (12.8) 0.125

Abbreviation: SD, standard deviation; SLR, straight leg raise

*: signi�cant difference between 1st and 2nd visit.

The “V” exercise exhibited the largest changes in kinematics between visits and between participants,
with second visits demonstrating standard deviations up to twice the magnitude of the mean. On
average, the participants used almost 30° less hip internal rotation and over 30° less hip external rotation
during “V out” (p = 0.0003) and “V in” (p < 0.0001) exercises, respectively, at the second visit compared to
the �rst visit.

Table 2 represents kinematic data and statistical results. During SLR the participants exhibited almost 3°
less peak knee extension at the second visit compared to the �rst visit (p = 0.024). In addition, they
demonstrated 4.3° and 5° greater average knee �exion angle (i.e. less extension) throughout the 5
repetitions during SLR (p = 0.001) and “V out” (p = 0.0001) exercises at the 2nd visit compared to the 1st
visit, respectively. There were no differences in knee �exion (p = 0.069) and hip �exion (p = 0.125)
averaged angles during “Jane Fonda” exercise between visits.

Figures 2 and 3 represent an example of one participant who showed signi�cant differences between 1st
and 2nd visits. Figure 4 and 5 show �gures as examples where there is no statistical difference between
the angels between visits.

Discussion
The purpose of this study was to determine whether healthy middle-aged and older adults can accurately
replicate post TKA physical therapy exercises one week after learning how to perform the exercises from
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a licensed physical therapist. In order to answer this query we obtained objective and quantitative data by
using a marker-based motion capture system. Our results show that not one of the participants was able
to accurately replicate all the aforementioned physical therapy exercises (Table 3) and that exercise
performance (as determined by hip and knee joint kinematics) declined signi�cantly one week after
instruction. This decline occurred although every participant was given an instructional exercise sheet.
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Table 3
Individual angle differences between visits

  Angle differences (2nd visit – 1st visit), degree

  SLR Knee
Flexion

“V Out”

hip
rotation

“V In”

Knee
Flexion

“V In”

hip
rotation

Participant 1 -0.1 -0.1 -6.5 5.6

Participant 2 5.3 -40.7 9.2 57.0

Participant 3 -1.0 -72.0 31.0 102.2

Participant 4 1.0 -10.2 1.1 74.5

Participant 5 9.3 -6.0 -5.6 26.8

Participant 6 9.8 -53.6 -4.6 60.0

Participant 7 3.2 -6.9 3.0 38.3

Participant 8 10.4 -43.9 1.1 57.0

Participant 9 8.1 -3.2 10.1 -0.6

Participant 10 2.3 -1.0 -1.7 11.2

Participant 11 2.3 -80.1 8.4 18.2

Participant 12 1.2 -58.5 -0.2 57.2

Participant 13 10.8 -47.2 4.7 43.3

Participant 14 4.4 -22.5 5.7 23.9

Participant 15 4.6 -9.4 -0.1 32.4

Participant 16 15.2 -8.3 2.0 -0.9

Participant 17 -1.4 -69.5 1.5 17.0

Participant 18 -2.6 -12.8 1.9 14.2

Participant 19 0.4 -0.1 7.8 0.6

# of participants who performed exercise
parts “correctly”

12 8 11 4

Bold values represent “correct exercise performance” during the second visit. “Correct performance”
was de�ned as a knee �exion angle difference between the two visits of less than 5 ° for the SLR and
“V” exercise and a hip rotation angle difference of less than 10 ° for the “V” exercise.
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More speci�cally, the most obvious and severe change in exercise performance within one week of
instruction occurred with the “V exercises”. In order to target the lateral hip muscles the “V out” phase
needs to be performed with hip internal rotation [17]. However, during the second visit the hip was, on
average, rotated 232% more into external rotation during this exercise compared to the �rst visit.
Consequently, it was performed using the anterior muscle chain (quadriceps) and not, as intended, the
abductors. The “V in” phase was performed with 73% less hip external rotation in the second visit
compared to the �rst, therefore also promoting the anterior muscle chain, and not, as intended, the
adductors [18]. Throughout all exercises that require terminal knee extension the knee was, on average,
held in more �exion during the second visit. This indicates that terminal extension was, on average, not
maintained. Full extension is an important part of the exercises because it is the position in which the
oblique head of the vastus medialis is best activated [19].

Standard deviation was up to twice as high during the second visit for hip rotation during the “V in” phase
compared to the �rst visit. With the exception of one variable (knee �exion during the “V out” exercise) all
standard deviations were higher during the second visit. This could be a reason why some of the
differences in joint angles between visits are not statistically signi�cant. More importantly the greater
variability between participants during the second visit indicates that some participants retained the
exercises better than others, suggesting that the exercise bene�ts, i.e. strengthening of the targeted
muscle groups, also varied. A similar phenomenon was reported by Faber et al [12]. who compared
shoulder exercise form and quality during time of exercise instruction and two weeks thereafter. Exercise
form was determined using a pre-de�ned clinical observation protocol, and exercise quality was de�ned
by the muscle’s time under tension. They found that only 13 of the 29 participants used correct exercise
form. In addition, the standard deviation of the exercise quality, i.e. time under tension, was almost four
times as high during the second visit compared to the �rst. The authors surmised that this variability in
quality re�ects the fact that some participants received a 50% higher exercise dose and others a 40%
lower exercise dose than intended [12].

No participant was able to perform all exercises correctly in our study. “Correct performance” was de�ned
by the following variables: hip rotation difference of less than 10° and knee extension difference by more
than 5° during the 2nd visit compared to the 1st (Table 3). Hip �exion during the “Jane Fonda” exercise
was also considered as a potential source for incorrect performance, but this variable was not different
between the two visits. Six of the 19 participants performed only one exercise incorrectly, while one
participant made a mistake on every exercise. Only four participants exhibited the correct (external) hip
rotation amount and angle during the “V in” exercise.

As expected, there was no difference in mean peak knee �exion angles during the knee �exion exercise
between the two visits (117° and 116°, respectively). This exercise was used as reference exercise,
meaning, no change was expected to occur over one week. Had there been a disagreement between the
data collected on the �rst visit and the ones collected on the second visit it could have indicated that our
methodology was not sound.
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We are aware that not every participant, and patient, responds to and retains home exercise instructions
the same. One could argue that �ve exercises are too many to recall. We decided to use 5 exercises based
on the �ndings by Henry et al [14]. They found that there is no difference in quality of performance
between executing two or �ve exercises as measured by the amount of cueing needed, and control,
coordination, and rhythm of the exercise. Others[13] have used the same amount of exercises in their
studies that test their recall.

While our study’s methodology was strengthened by its use of objective and validated outcome
measures, the fact that our participants were not actual patients remains a limitation. A strong barrier for
adherence to a home exercise program is pain when performing the exercises [20]. Since our sample
consisted of healthy participants who had not undergone any knee surgery, this barrier was not, or at
least not strongly present. Additionally, the correct execution of the exercises might not have presented a
priority to our participants, as it might have been to patients after knee surgery. On the �ipside, our
participants were probably able to perform the exercises better because they were not actual patients.
Either way, our results cannot be generalized to actual patients. Nonetheless, the clinician must keep in
mind that many patients who are not supervised for these particular knee exercises may not perform
them correctly.

Conclusion
Thorough and individual instructions into lower extremity exercises and an instructional pamphlet are not
enough to ensure proper execution of the home exercise program. Other methods need to be explored to
get the greatest possible bene�t from home exercises.
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Figure 1

Panel A: knee �exion exercise; panel B: straight leg raise; panel C: “V out” exercise; panel D: “V in” exercise;
panel E: “Jane Fonda” exercise 



Page 14/16

Figure 2

Graphs of the hip and knee angles during knee �exion, SLR, and “Jane Fonda” exercises The graphs
represent only participant 6. Panel A: knee angles in the sagittal plane (�exion/extension) and panel B:
hip angle in the transverse plane (rotation) during the knee �exion exercise; panel C: knee angles in the
sagittal plane (�exion/extension) during SLR and panel D: hip angle in the sagittal plane
(�exion/extension) during the “Jane Fonda” exercise). Solid lines represent the average of 5 repetitions
for each exercise at the �rst visit while dotted lines represent the same for the second visit; the shaded
gray area around each line represents standard deviation of the 5 repetitions; X-axis: time normalized in
percentage

Figure 3

Graphs of the hip and knee angles during “V out” and “V in” exercise The graphs represent only
participant 6. Panel A: knee angles in the sagittal plane (�exion/extension) and panel B: hip angle in the
transverse plane (rotation) during the “V out” exercise; panel C: knee angles in the sagittal plane
(�exion/extension) and panel D: hip angle in the transverse plane (rotation) during the “V in” exercise.
Solid lines represent the average of 5 repetitions for each exercise at the �rst visit while dotted lines
represent the same for the second visit; the shaded gray area around each line represents standard
deviation of the 5 repetitions; X-axis: time normalized in percentage
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Figure 4

Graphs describing no difference between visits for the �exion exercise, SLR, and “Jane Fonda” exercise.
Panel A: knee angles in the sagittal plane (�exion/extension) and panel B: hip angle in the transverse
plane (rotation) during the knee �exion exercise; panel C: knee angles in the sagittal plane
(�exion/extension) during SLR and panel D: hip angle in the sagittal plane (�exion/extension) during the
“Jane Fonda” exercise). Solid lines represent the average of 5 repetitions for each exercise at the �rst visit
while dotted lines represent the same for the second visit; the shaded gray area around each line
represents standard deviation of the 5 repetitions; X-axis: time normalized in percentage
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Figure 5

Graphs describing no difference between visits for the “V out” and “V in” exercises. Panel A: knee angles
in the sagittal plane (�exion/extension) and panel B: hip angle in the transverse plane (rotation) during
the “V out” exercise; panel C: knee angles in the sagittal plane (�exion/extension) and panel D: hip angle
in the transverse plane (rotation) during the “V in” exercise. Solid lines represent the average of 5
repetitions for each exercise at the �rst visit while dotted lines represent the same for the second visit; the
shaded gray area around each line represents standard deviation of the 5 repetitions; X-axis: time
normalized in percentage


