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Abstract1)

The purpose of this study was to determine the muscle activities of the erector spinae (ES), gluteus

maximus (Gmax), gluteus medius (Gmed), and the hamstring (HAM) and the ratios of Gmax/ES,

Gmax/HAM, and Gmed/HAM during the prone heel squeeze (PHS) with different knee flexion angles

(45°, 90°, and 135°). Fifteen young and healthy subjects (8 men, 7 women) were recruited for the study.

Surface electromyography signals were collected on ES, Gmax, Gmed, and HAM during PHS. A separate

one-way analysis of variance with repeated measures was used to determine the significance of the

muscle activities of ES, Gmax, Gmed, and HAM and the ratios of Gmax/ES, Gmax/HAM, and

Gmed/HAM with different knee flexion angles during PHS. There was a significant increase in the Gmax

activity at the knee flexion of 90° in comparison with that of the 45° (p=.016). There were significant

increases in the Gmed activity at the knee flexion of 90° (p=.008) and 135° (p=.006) in comparison with

that of the 45°. There were significant decreases in the HAM activity at the knee flexion of 90° (p=.009)

and 135° (p=.004) in comparison with that of the 45°. There were significant increases in the Gmax/HAM

muscle activity ratio at the knee flexion of 90° (p=.007) and 135° (p=.012) in comparison with that of the

45°. There were significant increase in the Gmed/HAM muscle activity ratio at the knee flexion of 135°

in comparison with that of the 45° (p=.008). The knee flexion of 90° during PHS can induce decreasing

activity of HAM and increasing activity of Gmax, and the knee flexion of 135° during PHS can induce

decreasing activity of HAM and increasing activity of Gmed. Hence, PHS with different knee flexion

positions could be considered for the different target muscle.
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Introduction

Clinically, the weakness of the hip musculature

has been reported to cause changes in gait bio-

mechanics (Kennedy et al, 2009), increase pain

(Fukuda et al, 2012; Souza and Powers, 2009; Tyler

et al, 2006), and limit functional activities (Neumann,

2010). Weakness in the gluteus maximus (Gmax) and

gluteus medius (Gmed) is theoretically thought to in-

crease patellofemoral joint stress by resulting in

femoral internal rotation, which causes patellofemoral

pain syndrome (Powers, 2003). Gmax weakness cre-

ates slouched posture, causing gait difficulties

(Kisner and Colby, 2007). Gmed weakness increases

the excessive rotation of the pelvic and femur bones

that leads to pain and injury (Philippon et al, 2011;

Zeller et al, 2003). Also, the weakness of Gmed con-

tributes to the subtalar inversion resulting in the an-

kle instability (Friel et al, 2006).

Due to the fact that a muscle imbalance in

strength and activity patterns causes movement im-

pairments, the dominance of the hamstring (HAM)
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Variables Mean±SDa

Age (year) 21.7±.4

Height (㎝) 167.0±2.4

Weight (㎏) 60.5±3.1

BMIb (㎏/㎡) 21.5±.7
amean±standard deviation, bbody mass index.

Table 1. General characteristics of subjects

as the synergist muscle of the Gmax has been sug-

gested to contribute to compensatory motions, espe-

cially of the spine (Chance-Larsen et al, 2010;

Sahrmann, 2002). An early pelvic anterior pelvic tilt-

ing and rotation with increased erector spinae (ES)

activity in individuals with lumbar rotation syndrome

during prone knee flexion (Park et al, 2011) is the

result of a dominant HAM with an imbalance due to

a weak Gmax. Moreover, a dominant HAM, often

developed by distance runners, causes a high in-

cidence of running injuries (James et al, 1978; Wang

et al, 1993).

Previous studies have demonstrated the optimal

exercise position and compensatory lumbopelvic con-

trol methods for proper exercise implementation by

investigating the activities of ES, Gmax, Gmed, and

HAM during the exercises (Chance-Larsen et al,

2010; Cynn et al, 2006; Kang et al, 2013; Park et al,

2011). Prone hip extension with knee flexion in dif-

ferent hip abduction angles were investigated to ex-

amine the influence of different hip abduction angles,

which showed the most effective way of facilitating

the Gmax muscle (Kang et al, 2013). More, an ab-

dominal drawing-in maneuver during the prone hip

extension showed lower the compensatory lumbopel-

vic motion by reducing the contraction delay of the

Gmax in relation to the biceps femoris (Chance-Larsen

et al, 2010). Another research has also shown the use

of a pressure biofeedback unit during side-lying hip

abduction that provided lumbar stabilization which in

result increased muscle activities of the Gmed (Cynn

et al, 2006).

The prone heel squeeze (PHS) is one of the re-

habilitation exercises performed to activate and

strengthen the hip musculature. A previous study in-

vestigated the muscle activities of the pectineus and

piriformis during 13 hip rehabilitation exercises.

Among the exercises performed, PHS showed the

highest muscle activity in the piriformis, which was

performed at the knee flexion angle 45° (Giphart et

al, 2012). Moreover, the activities of the Gmed and

iliopsoas during the 13 hip rehabilitation exercises

including PHS were performed to identify the Gmed

strengthening exercise while minimizing the iliopsoas

activation. PHS was performed at the knee flexion of

approximately 70° and had the highest peak of Gmed

activation among the other hip exercises (Philippon

et al, 2011). Despite previous studies of the PHS, no

study has suggested standard knee flexion degrees

when performing PHS. Moreover, no study has in-

vestigated how different knee flexion angles would

influence the back and hip extensor muscles during

the PHS.

Thus, the aim of this study was to determine the

muscle activities of the ES, Gmax, Gmed, and HAM

and the ratios of Gmax/ES, Gmax/HAM, and

Gmed/HAM with knee flexion angles of 45°, 90°, and

135° during PHS in healthy subjects. We hypothe-

sized that the different knee angles would show dif-

ferences in the muscle activities of the ES, Gmax,

Gmed, and HAM, and the muscle activity ratios of

the Gmax/ES, Gmax/HAM, and Gmed/HAM during

the PHS in healthy subjects.

Methods

Subjects

G*power 3.1.6 software (Franz Faul, Kiel

University, Kiel, Germany) was used to estimate the

sample size in this study. A sample size of 7 sub-

jects was calculated from an effect size of .58 and

power of .80 collected from a pilot study of 4

subjects. Fifteen young and healthy subjects (8 men,

7 women) were recruited and participated in the

study (Table 1). The exclusion criteria were a his-
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tory of lumbar, sacroiliac, or lower limb injury within

the past year; past or present neurological, muscu-

loskeletal, or cardiopulmonary diseases (Kang et al,

2013); hip flexor shortness assessed by the Thomas

test (Vogt and Banzer, 1997); tensor fasciae latae

shortness assessed by a modified Ober’s test; adduc-

tor muscle shortness assessed by the adduction con-

tracture test (Magee, 2002); and lumbar or hip pain

during PHS. Prior to participation, all subjects signed

an informed consent form. The study was approved

by the Yonsei University Wonju Institutional Review

Board (IRB 1041849-201409-BM-039-02).

Instrumentation

Surface electromyography (EMG) signals were

collected by a Noraxon TeleMyo 2400T transmitter

(Noraxon, Scottsdale, AZ, USA). EMG data were

collected by MyoResearch XP Master Edition 1.06

software (Noraxon, Scottsdale, AZ, USA) at the

sampling rate of 1000 ㎐ with the band-pass filter

between 20 and 450 ㎐. The root-mean-square was

calculated with a moving window of 50 ㎳.

Electrodes

The muscle activities were measured on each par-

ticipant’s dominant and non-dominant side by calcu-

lating the average of both sides. All of the subjects

had a dominant side on the right. Prior to the ex-

periment, the skin was first shaved and cleaned with

alcohol to reduce skin impedance and for better elec-

trical conductance. Disposable Ag/AgCl surface elec-

trodes were positioned parallel to the muscle fibers

with center-to-center spacing of 2 ㎝. All electrodes

were placed bilaterally over the following muscles:

(1) ES: parallel to the spine, approximately 2 ㎝ lat-

eral to the L3 vertebra determined by the iliac crest.

(2) Gmax: half the distance between the greater tro-

chanter and S2 vertebra in the middle of the muscle

in an oblique angle. (3) Gmed: parallel to the muscle

fibers, a third of the distance between the iliac crest

and the greater trochanter. (4) HAM: the center of

the back of the thigh, approximately half of the dis-

tance from the gluteal fold to the back of the knee

(Criswell, 2010).

Normalization

After attaching the electrodes, EMG data were

collected to obtain the maximum voluntary isometric

contraction (MVIC). The subjects’ testing positions

were determined according to Kendall and McCreary

(2005). The subjects’ positions were as follows: (1)

ES: a prone position with the hands clasped behind

the head. The subjects extended the trunk with the

examiner holding the pelvis in the direction of the

posterior pelvic tilt. (2) Gmax: a prone position with

the knee flexed. Resistance was applied against the

lower part of the posterior thigh, in the direction of

the hip flexion. (3) Gmed: a side-lying position with

the underneath leg slightly flexed at the hip and

knee. The subjects abducted the hip with slight ex-

tension and external rotation. Resistance was applied

against the leg near the ankle in the direction of the

hip abduction and flexion. (4) HAM: a prone position

with the knee flexed between 50° and 70°. Resistance

was applied against the leg proximal to the ankle.

Each trial was repeated two times with 30 s rest

period between the two trials. To collect the MVIC

data, resistance was applied for 5 s. The middle 3 s

were used for the analysis.

Procedures

The subjects were asked to choose one number from

1 to 15 to select the random order of the knee flexion

angle (available from: http://www.randomization.com;

accessed 10 July 2014). Once the number was se-

lected, the subjects performed modified knee flexion

based on the randomized plan.

The PHS starting position was as follows: the

subjects were in the prone position with their hands

overlapped in front of their forehead facing the table.

The subjects’ hips were abducted 30° according to

the line between the anterior superior iliac spine and

the midpoint of the patella (Kang et al, 2013). The

subjects’ knees were flexed using a 12-inch goni-
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A

B

Figure 1. Prone heel squeeze exercise
performed with the different knee
flexion angles (A: knee flexion 45°, B:
knee flexion 90°, C: knee flexion 135°).

ometer (Baseline Plastic 360 Degree ISOM

Goniometer 12" Length, BaselineTM, OR, USA) for

knee flexion modified to 45°, 90°, and 135°. To begin

the exercise, a wooden target bar was placed at the

height of the subjects’ distal part of the tibia when

the subjects’ heels touched (Figure 1). Prior to the

exercise, 10 minutes were spent for familiarizing

subjects with the PHS. During the familiarization,

subjects were educated how to correctly perform the

PHS. With the verbal instruction “start”, the subjects

pressed their heels into one another for 6 s (Giphart

et al, 2012). They were instructed to engage in

maximum effort when pressing their heels. With the

verbal instruction “relax”, the subjects stopped the

performance. The trials were done 3 times for every

knee flexion angle. The middle 4 s of the perform-

ance were used for analysis.

Statistical analysis

A Kolmogorov-Smirnov Z test was used to exam-

ine whether the continuous data approximated a nor-

mal distribution. A separate one-way analysis of

variance with repeated measures was used to de-

termine the significance of the ES, Gmax, Gmed, and

HAM muscle activities and the Gmax/ES,

Gmax/HAM, and Gmed/HAM muscle activity ratios

at the different knee flexion angles during PHS. All

alpha levels were set at .05. If a significant differ-

ence was found, the Bonferroni correction was per-

formed with alpha=.05/3=.017 for the post-hoc

analysis. The analysis was undertaken using SPSS

ver. 21.0 software (SPSS Inc., Chicago, IL, USA).

Results

All the continuous variables approximated a nor-

mal distribution (p>.05). There were significant dif-

ferences found in the Gmax (F=3.701, p=.050), Gmed

(F=5.077, p=.013), and HAM (F=7.449, p=.003) muscle

activity among the different knee angles during PHS.

The post-hoc test results were as follows: 1) there

was a significant increase in the Gmax activity at

the knee flexion of 90° in comparison with that of

45° (p=.016), 2) there were significant increases in

the Gmed activity at the knee flexion of 90° (p=.008)

and 135° (p=.006) in comparison with that of 45°, 3)

there was a significant decrease in the HAM activity

at the knee flexion of 90° (p=.009) and 135° (p=.004)

in comparison with that of 45° (Figure 2).

There were significant differences found in the

Gmax/HAM muscle activity ratio (F=3.918, p=.032)

and Gmed/HAM muscle activity ratio (F=6.301,

p=.006) among the different knee angles during PHS.

The post-hoc test results were as follows: 1) there

C
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Figure 2. Comparisons of the muscle activities with knee flexion angles at 45°, 90°,
and 135° (MVIC: maximal voluntary isometric contraction, ES: erector spinae,
Gmax: gluteus maximus, Gmed: gluteus medius, HAM: hamstring, error bar:
standard deviation, *p<.017).

Figure 3. Comparisons of the muscle activity ratios with knee flexion angles at 45°,
90°, and 135° (ES: erector spinae, Gmax: gluteus maximus, HAM: hamstring, error
bar: standard deviation, *p<.017).

was a significant increase in the Gmax/HAM muscle

activity ratios at the knee flexion of 90° (p=.007) and

135° (p=.012) in comparison with that of 45°, 2) there

was a significant increase in the Gmed/HAM muscle

activity ratio at the knee flexion of 135° in compar-

ison with that of 45° (p=.008) (Figure 3).

Discussion

The purpose of this study was to determine

whether different knee flexion angles can influence

the ES, Gmax, Gmed, and HAM muscle activities

and the ratios of Gmax/ES, Gmax/HAM, and

Gmed/HAM during PHS. The results of this study

concur with our hypothesis that there would be dif-

ferences in the muscle activity and muscle activity

ratios among the different knee angles. Because no

previous studies have investigated the muscle activ-

ities of ES, Gmax, Gmed, and HAM and the muscle

activity ratios of Gmax/ES, Gmax/HAM, and

Gmed/HAM with different knee flexion angles during
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PHS, to our knowledge, this study is novel and can

provide a viable base for selecting the optimal knee

flexion angle for specific muscle activation during

PHS in healthy subjects.

The Gmax muscle activity increased significantly

32% at the knee flexion of 90° in comparison with

that of 45° during PHS. Previous study also reported

results similar to the current study that the HAM

muscle activity decreased as the knee flexion in-

creased during the hip extension with different knee

flexion angles (Kwon and Lee, 2013). The result of

the current study can be explained by the possible

occurrence of the posterior pelvic tilt at the knee

flexion of 45° during PHS. Even though the kine-

matic data of the pelvic movement was not meas-

ured in this study, the increased activity of the

HAM at the knee flexion of 45° may induce posterior

pelvic tilt during PHS. Because the HAM is attached

to the ischial tuberosity of the pelvis, the augmented

activity of the HAM might have caused posterior

pelvic tilt at the knee flexion of 45°. Once the pelvis

was posteriorly tilted at the knee flexion of 45°, the

gluteal muscle is placed into a shortened range, and

due to the length-tension relationship, the isometric

muscle tension in the shortened range is diminished

compared with that of the mid-range at the knee

flexion of 90°. Therefore, PHS at the knee flexion of

90° can be recommended to selectively activate

Gmax.

The Gmed muscle activity increased significantly

44% and 50% at the knee flexion of 90° and 135° in

comparison with that of 45°, whereas the HAM

muscle activity decreased significantly 19% and 22%

at the knee flexion of 90° and 135° in comparison

with that of 45° during PHS. The reduced muscle

activity of the HAM and the increased muscle activ-

ity of the Gmed at the knee flexion of 90° compared

with that of 45° may be explained by the decreased

knee extension moment arm at the knee flexion of

90° compared with that of 45°. While PHS is being

performed at the knee flexion of 45°, clockwise knee

extension torque is increased from the lengthened

moment arm and gravity, thus, to sustain PHS at

the knee flexion of 45° or to counterbalance the in-

creased clockwise knee extension torque, counter-

clockwise knee flexion torque might be required.

This required counterbalance could be accomplished

by increasing the HAM activity that occurred with

the decreasing muscle activity of the Gmed at the

knee flexion of 45°. The HAM muscle activity was

also significantly reduced when the Gmed muscle

activity increased at the knee flexion of 135° com-

pared with that of 45°. This rise of the Gmed mus-

cle activity can possibly be caused by the reduction

of the HAM muscle activity due to the shortened

length of the HAM at the knee flexion of 135° and

the limited tension generation capability at the short-

ened length due to active insufficiency. This finding

is in agreement with the previous study, which also

reported that the HAM muscle activity decreased as

the knee flexion increased during hip extension with

different knee flexion angles (Kwon and Lee, 2013).

Kennedy and Cresswell (2001) reported that when

one joint is fixed as the muscle is shortened by the

other joint during the movement, the number of

muscle fibers used for the movement decreases and

as a result the muscle activity decreases. Therefore,

the knee flexion of 90° or 135° can be recommended

to decrease the HAM muscle activity in comparison

with that of 45° during PHS.

The Gmax/HAM muscle activity ratio significantly

increased at the knee flexion of 90° and 135° in

comparison with that of 45° during PHS. The greater

Gmax/HAM muscle activity ratio suggests increased

Gmax activity and decreased HAM activity. Our re-

sults have shown a significant increase in the Gmax

activity at the knee flexion of 90°, however, there

was no significant increase in the Gmax activity at

the knee flexion of 135°. Moreover, the HAM activity

has shown a significant decrease at the knee flexion

of 90° and 135° in comparison with that of 45°.

Therefore, we find that the knee flexion of 90° dur-

ing PHS is the better PHS position for increasing

the Gmax/HAM ratio and selectively increasing the
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activation of the Gmax relative to the HAM activity

among the different knee flexion angles.

The Gmed/HAM muscle activity ratio significantly

increased at the knee flexion of 135° in comparison

with that of 45° during PHS. The greater

Gmed/HAM muscle activity ratio suggests increased

Gmed activity and decreased HAM activity. The re-

sults of our study have shown significant increases

in the Gmed activity and decreases in the HAM ac-

tivity at the knee flexion of 90° and 135° in compar-

ison with that of 45°. Although the selective muscle

has shown an increase in the Gmed activity in rela-

tion to the HAM activity, the ratio of Gmed/HAM

muscle activity has shown a significant increase only

at the knee flexion of 135° in comparison with that

of 45°. Therefore, we find that the knee flexion of

135° during PHS is the better PHS position for in-

creasing the Gmed/HAM ratio and selectively in-

creasing the activation of the Gmed relative to the

HAM activity among the different knee flexion

angles.

There were several limitations in this study. First,

the subjects were recruited as a young healthy

group. This limits the generalizability of the results,

which cannot be generalized to patients performing

PHS. Second, the muscle activities were only col-

lected to analyze the PHS. Thus, future studies is

needed to incorporate lumbopelvic kinematics on the

muscle activities of ES, Gmax, Gmed, and HAM to

analyze the compensatory movements during the

PHS. Third, the study was designed as a cross-sec-

tional study, thus, training effects of PHS with dif-

ferent knee flexion angles could be examined. Future

studies should investigate the longitudinal effects of

PHS to confirm the findings of this study.

Conclusion

The purpose of this study was to determine

whether different knee flexion angles can influence

the muscle activities of ES, Gmax, Gmed, and HAM

and the ratios of Gmax/ES, Gmax/HAM, and

Gmed/HAM during PHS. The findings of this study

showed a significant increase in the Gmax activity

at the knee flexion of 90° and Gmed activity of 90°

and 135° in comparison with that of 45°. Moreover,

there was a significant increase in the Gmax/HAM

muscle activity ratios at the knee flexion of 90° and

135° and the Gmed/HAM muscle activity ratio of

135° in comparison with that of 45°. The PHS dur-

ing knee flexion of 90° induces decrease in the HAM

muscle activity and increase in the Gmax muscle ac-

tivity, and the knee flexion of 135° induces decrease

in the HAM muscle activity and increase in the

Gmed muscle activity. Therefore, we suggest PHS

with different knee flexion positions for the different

target muscles.
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