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Abstract
Study Design: Asymptomatic volunteers underwent a vastus medialis oblique (VMO) muscle-strengthening programme, in
both lower limbs. Neuro-muscular electrical stimulation (NMES) was applied to one limb, with the contralateral limb acting as the
control.
Background: The usual first line treatment for patellofemoral pain is physiotherapy, targeting the vastus medialis oblique
(VMO), with or without NMES. There is a lack of data on the effect of NMES on the architecture of the VMO.

Objectives: To investigate the effect of targeted exercises, with and without NMES, on the fiber angle and insertion level of the
VMO.

Methods: Twenty-four asymptomatic female volunteers undertook a six-week muscle-strengthening programme targeting
the VMO, on both lower limbs. An Empi electrical stimulator was used on one limb, with the other limb as the control. The VMO
fiber angle with respect to the femoral axis, and insertion level on the medial border of the patella, before and after the exercise
programme, were measured with ultrasound. Patellar length was measured, and the insertion ratio (insertion length/patella
length*100) was calculated.
Results: Mean VMO fiber angle increase with and without NMES was 7.33 and 3.95, respectively. There was a significant
increase in the insertion level in both limbs, but no significant difference between the stimulated and unstimulated limbs. There
was a significant change in insertion ratio in the unstimulated limb. An inverse correlation was found between initial fiber angle and
fiber angle change.
Conclusion: Electrical stimulation significantly enhances the effects of targeted exercises on the VMO fiber angle.
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Introduction
The vastus medialis has (VM) been the object of much
research. There is continuing controversy over whether it should
be regarded as a single anatomical structure or if it consists of
two separate muscles, the vastus medialis longus (VML) and the
vastus medialis oblique (VMO), based on the difference between
the muscle fiber angle with respect to the femoral axis [1,2]. The
oblique angulation of the distal VMO fiber means that it provides

a dynamic medial pull on the patella and is therefore implicated
in patellar tracking [3]. A recent study has concluded that due to
the electrophysiological difference of the VMO and VML, the two
parts should be considered as separate muscles, especially for the
purposes of knee rehabilitation [4]. The VM is also of interest due
to its association with patellofemoral pain (PFP). PFP is a very
common problem, particularly in young athletic females, resulting
in anterior or retro patellar knee pain [5]. The prevalence of
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PFP is reported to vary from 8% to 40% [6]. While undoubtedly
multifactorial in origin, PFP can be due to imbalances in the forces
that control patellar tracking during flexion and extension of the
knee, especially during strenuous activities that overload the joint,
such as running [7]. VMO insufficiency, which can result in lateral
patellar mal-tracking, is therefore thought to be implicated in
the aetiology of PFP. First-line treatment for PFP usually consists
of conservative physical therapy involving quadriceps-training
exercises, specifically targeted at the VMO [8]. It has been shown
that such exercises can increase the fiber angle of the VMO [9]. The
increased strength and angulation of the muscle fibers increases
the medial pull of the VMO on the patella and can help to alleviate
the symptoms of this condition [10].

Electrotherapy is being increasingly used to aid the
rehabilitation process in many musculoskeletal injuries. There is
evidence to support the use of electrical muscle stimulation in the
management of PFP [11] and a six-week electrotherapy programme
with a cohort of 74 patients with PFP was found to give significant
symptom relief [12]. Studies into the effect of exercise alongside
electrical stimulation of the VMO have shown an increase in the
force-generating capacity of the muscle alongside a decrease in
pain in patients with PFP [13] and the use of electrical stimulation
alongside physical therapy is now encouraged in the conservative
management of PFP [14]. The study reported here aimed to
evaluate the effects of exercise combined with electrical muscle
stimulation on the fiber angle and insertion level of the VMO in
asymptomatic individuals. Ultrasonography was used to allow
an in-vivo investigation into the changes in muscle architecture
following a six-week muscle-strengthening regime. Ultrasound is a
safe, non-invasive imaging technique that has been used in many
investigations into muscle architecture [15,16]. Measurement of
VMO fiber angle and insertion level using ultrasound has been
validated [28] and used in several previous investigations into
the VMO in both symptomatic and asymptomatic individuals
[9,17-19]. The aim of this study was to investigate the effect of the
Empi electrical muscle stimulator on the architecture of the VMO
following a six-week physiotherapy programme.

power calculation indicated a required sample size of twenty-three
to achieve statistical significance. All volunteers underwent an
initial ultrasound scan, in which the parameters of VMO fiber angle
and insertion level were recorded. The participants then undertook
a six-week exercise programme, designed to target the VMO. Each
was given an Empi muscle stimulator, which was assigned to either
the left or right lower limb alternately (Figure 1).

Identical exercises were carried out on both limbs, one with the
addition of the stimulator, and the other without. Three exercises
were chosen, as there is evidence to suggest that adherence to
exercise programmers decreases when more than 3 exercises
are prescribed [20]. The participants were then scanned again.
Non-athletic volunteers were recruited so that any observed
changes would be attributable to the physiotherapy programme.
Furthermore, previous studies have shown that there is a strong
correlation between low initial VMO fiber angle, which is common
among sedentary individuals [17] and the changes observed
following physiotherapy [9].
Twenty-five volunteers were recruited to the study. One was
assigned to the intra-rater reliability study, and so did not take
part in the exercise programme. All gave informed written consent,
and the study received ethical approval from the Institutional
Research Ethics Committee. Participation in the study was based
on the following inclusion criteria: age (18-25), female sex, no
current or previous knee pain/pathology, no current or previous
quadriceps pain/ pathology, no previous knee surgery, no lower
limb deformities or abnormalities, and a Tegner Score ≤3. The
Tegner activity score is a method by which to numerically grade an
individual’s activity levels [21]. The average age of the participants
was 19.54 years (range 18-22). The mean Tegner score was 2.58
(range 1-3). Sonographic images were taken using a Philips iU22
ultrasound machine, with a L17-5 linear array probe. Measurements
were taken with Duratool digital callipers (accurate to 0.1mm) and
a flexible goniometer.

Methods

Figure 2A: The subjects lay supine with a pillow under the ankles.

Figure 1: The Empi neuro-muscular electrical stimulation unit in
use.

As PFP is more common in young women [5] an all-female
cohort of twenty-five participants were recruited for this study. A

All participants underwent an initial ultrasound scan. The
methodology used in this study followed previously published
studies in which ultrasound measurement of VMO architecture
has been shown to be both valid and reliable. All scans and
measurements were taken by the same operator throughout the
study to eliminate inter-observer error. Participants lay supine on
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an examination couch, with a pillow under the ankles in order to
keep both knees stationary (Figure 2A). The superior and inferior
borders of the patella were palpated and marked. The patella length
was measured using digital calipers. The mid-point of the patella
was then located using the calipers and marked. The femoral axis
was then marked, using a meter-rule placed between the subject’s
ASIS and the mid-point of the patella (Figure 2B).

timing of electrical stimulation. Upon completion of the 6-week
exercise regime, a second ultrasound scan was carried out. The
procedure was identical to the first scan. An intra-rater reliability
study was carried out to determine the reliability of the recorded
data. One participant, randomly selected from the cohort, did not
take part in the physiotherapy programme, and was measured
once a week over a period of 7 weeks. The parameters measured
were exactly the same. A paired t-test was used to determine if
the differences in fiber angle and insertion ratio before and after
exercise was significant, and to determine if the difference between
the stimulated and unstimulated limb was significant. For the intrarater reliability study, the coefficient of variation was calculated.
Significance was set at < 0.05. Statistical analysis was carried out
using SPSS v 24.0 (IBM SPSS Statistics).

Result

VMO fiber angle
Table 1: VMO fibre angle change following physiotherapy with and
without NMES. The difference between the + NMES and –NMES results
was found to be significant (P<0.001).
Figure 2B: The superior and inferior borders of the patella,
femoral axis (a), VMO fiber angle (b), and insertion level (c) were
marked on the skin.

The VMO fiber angle and insertion level were then determined
with the ultrasound probe. Transmission gel was applied to the
probe, which was then was placed on the distal VMO, and rotated
until it was in line with the fibers. The position of the probe was
marked. The probe was then moved distally until the muscle fibers
could no longer be seen; this represents the insertion level of the
VMO on the patella. The position of the probe was again marked
(Figure 2B). The VMO fiber angle with respect to the femoral axis
was measured using a flexible goniometer. The insertion level of the
VMO was measured from the superior border of the patella. The
insertion ratio was calculated by dividing this value by the total
patella length and expressing the result as a percentage.
Following the initial scan, each volunteer was provided with an
Empi Phoenix™ Neuromuscular Electrical Stimulator by DJO Global
(Figure 1) set to program 2, which sends neuromuscular electrical
stimulation (NMES) pulses cycling between a working frequency
of 75Hz for 4 seconds followed by a rest period of 10 seconds at
a frequency of 4Hz. Participants then undertook a 6-week musclestrengthening program consisting of 3 sets of 3 different exercises
to be performed on alternate days. Each set consisted of 12
repetitions, designed to cause light fatigue and induce muscular
hypertrophy. The exercises were carried out on both limbs, with
the Empi muscle stimulator on one limb, and the contralateral limb
acting as a control. The stimulator also recorded the compliance
of the volunteers, who had been made aware of this function. All
participants were given full training in using the stimulator, and in
the exercises they were required to follow. The three exercises in
the physiotherapy program were: static quadriceps contractions
while lying supine, knee extensions while sitting on the edge of
a bed or chair, and ‘mini-squats’ from an upright position to 45°
of knee flexion. Participants were told to hold each position for 2
seconds, then rest for 3 seconds, which was synchronous with the

Mean

SD

Range

P-value

7.33

1.84

4-10

<0.001

VMO fibre angle change (°) +
NMES
VMO fibre angle change (°)
-NMES

3.95

VMO insertion length

0.91

2-6

<0.001

Table 2: Changes in insertion length with and without NMES. The
difference between the stimulated and unstimulated limb was found to be
not significant (P=0.231).
Mean

SD

Range

P-value

0.38

0.75

-0.8-1.4

0.02

Insertion length change +NMES
(mm)
Insertion length change
-NMES (mm)

0.74

Insertion ratio

1.13

-0.6-3.6

0.004

Table 3: Changes in insertion ratio (insertion length relative to patella
length expressed as a percentage) with and without NMES. The
difference between the +NMES and –NMES results was found to be not
significant (P= 0.296).

Insertion ratio change +NMES
(%)
Insertion ratio change -NMES
(%)

Mean

SD

Range

P-value

0.51

1.71

-3.364.86

0.156

+1.21

Intra-rater reliability study

2.39

-2.618.40

0.021

Table 4: Summary of the results of the intra-rater reliability study,
indicating a high degree of reliability.
Mean

Standard
Deviation (SD)

Coefficient
of Variation

Patella Length (mm)

49.36

0.36

0.00729

VMO Fiber Angle (°)

73.86

0.38

0.00514

Insertion Length (mm)

19.43

0.21

0.01008

Relationship between initial VMO fiber angle and VMO
fiber angle change
There was a negative correlation between initial VMO fiber
angle and fiber angle change. With NMES, the correlation was
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moderate (R2=0.49); without NMES, the correlation was weaker
(R2=0.25) (Figure 3).

Figure 3: Initial VMO fiber angle vs VMO fiber angle change.
There was a negative correlation between initial VMO fiber angle
and fiber angle change. With NMES, there was a moderate
correlation (R2=0.4906); without NMES, the correlation was
weaker (R2=0.2522).

Relationship between initial insertion length and change
in insertion length
With NMES, there was a moderate correlation between initial
insertion length and the change in insertion length (R2=0.33);
without NMES, the correlation was found to be much weaker
(R2=0.034).

Effect of compliance of volunteers and VMO fiber angle
change

The average compliance was 82.4% (range 50% - 123.8%)
(100% compliance was calculated to be equivalent to using the
stimulator for a total of 210 minutes). Some participants completed
the exercise regime more often than prescribed, and hence
recorded compliance > 100%. A strong positive correlation was
found between compliance and VMO angle change in the + NMES
limb (R2=0.61871), and a moderate correlation in the -NMES limb
(R2=0.28724).

Discussion

Currently, in clinical practice, symptoms of PFPS may be managed
by VM strengthening exercises [10] and significant improvements
have been reported [22]. The management of PFPS requires
long-term VMO strengthening, as the symptoms may return after
cessation of the exercises [23]. Pennation angle has been shown to
increase in response to resistance training [24] and the VMO fiber
angle has been shown to increase following six weeks of targeted
quadriceps exercises [9]. Electrically stimulated strength training
has been shown to causes an increase in the maximal contractile
force of a muscle [25]. The study reported here built upon these
previous investigations, with the aim of investigating the combined
effects of exercise with electrical stimulation on the architecture
of the VMO. The Empi stimulator (randomly assigned to one lower

limb, with the contralateral limb acting as a control) was set on
program 2 (reinforcement), which uses NMES to stimulate the
muscle into contracting. This is intended for use in physiotherapy
for weak muscles (in conditions such as PFP), or where muscles are
atrophied following injury or surgery [26]. The results presented
here show a statistically significant increase in the fiber angle of
the VMO in both stimulated and unstimulated limbs, with almost
double the increase in the limb with the stimulator (7.33° +NMES,
compared to 3.95° -NMES). The increase brought about by the
stimulator was found to be highly significant (P<0.001). A previous
study has reported an increase of just over 5° after a six-week
physiotherapy regime [9] similar to the increase in the unstimulated
limb reported here.

Our study also found an inverse correlation between initial
VMO angle and the amount of change after the strengthening
regime, with participants who had a lower initial fiber angle
showing the greatest increase. This supports the suggestion by
Khoshkhoo et al. that patients who might gain optimal benefit from
physiotherapy could be easily screened by means of an ultrasound
scan [9]. There was also a strong positive correlation between
volunteer compliance and fiber angle, particularly in the +NMES
group, suggesting that the most benefit from this type of therapy
would be seen in patients with a low initial fiber angle, who used
an NMES with high compliance. While there have been no other
reports of research into the effect of NMES on the architecture of
the VMO, the results reported here are supported by Werner et
al. [27], who found that there was an increase in functionality of
the VM in patients with PFP following transcutaneous electrical
nerve stimulation (TENS). Garcia et al. [13] reported that the force
generating capacity of the VM was significantly greater after NMES,
and that this was associated with decreased pain following the
treatment regime, probably as a result of correcting the imbalance
between the VM and VL. Jan et al. [28] and Khoshkhoo et al. [9].
both report an increase in both insertion length and insertion
ratio after exercise. While this study found a significant increase
in insertion length, both with and without NMES, there was no
significant difference between the two groups, and the increase was
in fact greater in the –NMES limb. There was a significant difference
in the insertion ratio in the –NMES limb, but not in the +NMES limb,
with no significant difference between the two groups. Changes
in insertion length and ratio are not well understood, and more
research is needed in this area.

Limitations

The main limitation that has to be considered in this study is
the recording of the compliance of the volunteers. While the Empi
muscle stimulator automatically records usage time cumulatively
in hours and minutes, it is not possible to determine on which days
the machine was being used, and indeed whether it was actually
being used while exercising or was just left switched on. There was,
however, a high degree of correlation between compliance and
VMO angle change, with no obvious outliers, suggesting that the
compliance had been accurately recorded. As with all studies of this
type, there may have been an element of subjectivity in recording
the insertion levels and fiber angles. This was minimized by having
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the same investigator carrying out all the measurements, and the
intra-rater reliability study suggests that the results have a high
degree of reliability.

Conclusion

This study found that there was a significant increase in VMO
fiber angle with NMES after a six-week programme of physiotherapy,
and that the increase was significantly greater than in the limb
without NMES. This study shows that the benefits of exercise, in
terms of changes to the architecture of the VMO, can be greatly
enhanced by the addition of NMES. This can be particularly helpful
for elderly patients and those who may not be able to manage, or
be less compliant with, strenuous amounts of exercise. Patients
for whom this type of therapy would be of maximal benefit can be
easily screened in clinic by an ultrasound scan.
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