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Abstract: The quadriceps femoris muscle (QF) is of clinical importance since it has been correlated
with pathologies at knee level, such as anterior cruciate ligament (ACL) injury, pain processes and
complex clinical conditions. Among the variables that have been related to these clinical conditions
are anthropometric measurements, architecture and muscular behavior of the QF. The aim of this
study was to determine the relationship between the rectus femoris (RF) and vastus intermedius
(VIM) muscles’ behavior measured by rehabilitative ultrasound imaging (RUSI) M-mode under max-
imal voluntary isometric contraction (MVIC) and anthropometric measurements. This was a cross-
sectional, observational study. Sixty-two asymptomatic volunteers were included (20.42 ± 4.97 years,
most women 59.7%). RUSI measurements were muscle contraction/rest thickness and contrac-
tion/relaxation velocity. Anthropometric measurements were, lower limb length, RF length, QF
tendon length, distance between spines, proximal, middle and distal thigh perimeter. Statistically
significant correlations (p < 0.05) were found between VIM thickness at rest and contraction with
thigh perimetry, RF length and dominant lower limb length. For the RF, a correlation was found
between the thickness at rest and the length of this muscle (p = 0.003). There is a correlation between
anthropometric variables and muscular behavior measured by RUSI M-mode.

Keywords: ultrasonography; lower extremity; quadriceps muscle; anthropometry

1. Introduction

The quadriceps femoris muscle (QF) is part of the anterior muscles of the thigh. It
is a muscle group made up of five muscle bellies: rectus femoris (RF), vastus lateralis
(VL), intermedius (VIM), medialis (VM) and tensor vastus intermedius (TVI). At the distal
level they are inserted through the common quadriceps tendon while at the proximal level
the insertion varies in each one of them. It is the main knee extensor, essential in human
movements such as standing, walking and running [1,2].

There is evidence showing differences in the behavior of the QF’s different muscle
bellies depending on the type of contraction (concentric, eccentric or isometric) that is
requested to the subject and the angulation of the movement. Some studies highlight the
difference in the participation of the muscle bellies movement, evidencing that the VIM has
greater participation in knee extension while the VL muscle dominance appears to manifest
across the concentric-isometric-eccentric transition [3,4]. However, other studies conclude
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that the monoarticular muscles (VM, VL and VIM) and the biarticular muscles (RF) act as a
functional unit [5].

The QF is of clinical importance, since it has been correlated with pathologies at knee
level, such as anterior cruciate ligament (ACL) injury, pain processes and complex clinical
conditions [6,7].

In a previous study carried out on 17,397 elite athletes, it was determined that knee
injury has a prevalence of 39.8%, among which the most prevalent was the ACL injury,
20.3%, followed by injuries of the meniscus 14.5% [8].

Because of the high prevalence of ACL injuries, research related to the causes, sequelae
and treatment related to this type of injury has been increasing. The etiology of ACL injury
is complex and there are multiple intrinsic and extrinsic factors that have been described in
the literature [9,10].

Several risk factors are associated with an increased risk of ACL injury, such as family
history of injury (2.5 times greater odds for sustaining a primary ACL injury), sex, bony
geometry (decreased intercondylar femoral notch size, decreased depth of concavity of the
medial tibial plateau, increased slope of the tibial plateaus), strength, stiffness, laxity and
alterations in muscle behavior, among others [10–13].

One of the most used treatments in the management of ACL injuries is surgery;
however, the rates of re-rupture and rupture of the contralateral ACL are high [14,15]. Due
to the high social and personal impact that surrounds ACL injury, it is considered of vital
importance to implement protocols for the prevention, treatment and rehabilitation of this
type of injury.

On the other hand, anthropometric relationships have been described in other patholo-
gies, in the case of knee osteoarthritis, the triceps-skinfold thickness (peripheral fat) in
males and the waist-hip ratio (central fat) in females were strongly associated with the
presence of this pathology. Similarly, it has been suggested that high body mass index may
be related to patellar tendinopathy [16,17].

Neuromusculoskeletal alterations related to the strength, morphology and muscle
activation of the QF are described in subjects with knee injuries and in subjects who have
had surgery [18,19]. Previous studies have shown that QF neuromuscular function remains
altered in the short and long term after knee arthroscopy for meniscal surgery and/or ACL
reconstruction. Compared with patients who had undergone meniscus surgery, patients
with ACL reconstruction showed greater asymmetries in maximal voluntary contraction
torque (15% vs. 5%, p = 0.049) and VL thickness (6% vs. 0%, p = 0.021). Patients demon-
strated persistent quadriceps muscle weakness 6 months after ACL reconstruction [19].

Morphometric correlations have been established between QF architecture and injury,
sarcopenia, frailty, and alterations in muscle strength and activation [20–23]. Moreover, it
is known that muscle performance is related to muscle architecture, strength and muscle
activation capacity, which are directly related to a better quality of life, functionality and, in
the case of injury, with a better prognosis for recovery [24–27].

For this reason, it is considered essential to have tools that allow a valid and reliable
evaluation of the variables that could condition muscular behavior, as well as range of
normal values.

Currently, there are several tools that allow the evaluation of activity, activation, func-
tionality and muscle architecture, such as electromyography (EMG), magnetic resonance
imaging (MRI) and ultrasonography (US) [28–30].

The characteristics of US, such as its low associated cost and speed of use, have led to
an increase in its implementation in the clinical and research area in physiotherapy and
rehabilitation, where it is called Rehabilitative Ultrasound Imaging (RUSI) [31–33].

RUSI has proven to be a valid and reliable tool when compared to gold standards such
as MRI in the morphological evaluation of lower limb muscles [28,34–38].

RUSI in B-mode provides information related to muscle morphometry (thickness,
cross-sectional area (CSA), pennation angle, fascicle length) while RUSI in M-mode shows
temporal parameters related to activation [39,40].
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RUSI M-mode shows by means of a time-depth graph the moment of activation and
relaxation of the musculature from changes in the movement of the connective tissue within
the muscle [41,42]. It also makes it possible to determine the velocity at which these changes
are generated, both at the beginning and at the end of muscle activation [43].

Currently, RUSI M-mode is used to assess the muscle activity of the knee extensor
complex [44–46]. In a study conducted in subjects who underwent ACL reconstruction
with a five-year follow-up, a decrease in the thickness of the RF muscle was found when
compared to a control group. However, no changes in contraction/relaxation velocity
were found. This study suggests the evaluation of the relationship between the muscular
behavior of the RF and VL, VM and VIM in future investigations [47].

The close anatomical relationship between the RF and the VIM could condition the
muscular behavior of one with respect to the other, both in the changes in thickness that
occur during muscle contraction, as well as in the contraction and relaxation velocity.

Based on the current scientific evidence where QF muscle behavior is evaluated by
RUSI, the authors considered it of interest to determine if the muscle behavior of RF and
VIM are related to each other, as well as to describe the anthropometric variables that could
be correlated.

To the best of the author’s knowledge this is the first study aimed at determining the
relationship between RF and VIM behavior measured by RUSI M-mode under maximal
voluntary isometric contraction (MVIC) and anthropometric measurements.

2. Materials and Methods
2.1. Study Design

This was a cross-sectional, observational study, according to the Strengthening the
Reporting of Observational studies in Epidemiology (STROBE) guidelines and checklist.

2.2. Participants

The sample size was calculated using the Wilcoxon Signed Rank test applied to the
average velocity contraction between RF and VIM of the first 34 subjects recruited in
the study.

Accepting a risk α of 0.05 and a power higher of 80%, a sample of 62 subjects was
estimated.

Participants were recruited through flyers and advertising at the Physiotherapy and
Pain Research Center, Universidad de Alcalá (Madrid, Spain) over a 4-month period,
between June to September of 2022. The research was carried out in the same facilities as
the recruitment.

The inclusion criteria were healthy volunteers, between 18 and 55 years old who
signed the informed consent. The exclusion criteria were surgical interventions in the hip,
thigh or knee area, hip, knee or lower limb fractures, pregnant women, recurrent pain in
the dominant lower limb, systemic diseases and subjects with a BMI > 30 kg/m2.

2.3. Ethical Considerations

The present study was developed in accordance with the fundamental guidelines for
clinical research in humans of the Declaration of Helsinki. Ethics approval was obtained
from the Ethics Committee for Research and Animal Experimentation of the Universidad
de Alcalá (Ethics ID Number: CEID/2022/03/044). Volunteers were fully informed of the
purpose and procedures of the study and provided written informed consent.

Participants’ personal data were numerically coded and stored in a computer database.
Access to the database was limited to the principal investigator.

The General Data Protection Regulation (GDPR, EU) 2016/679 of the European Par-
liament and of the Council of 27 April 2016 on the protection of natural persons with
regard to the processing of personal data and on the free movement of such data and
Law 14/2007, on biomedical research involving human beings, were respected during the
present research.
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2.4. Clinical Measurements

The demographic and anthropometric characteristics obtained were age, sex, height,
weight and dominant lower limb, dominant lower limb length, RF length, QT tendon
length, distance between spines (anterior superior iliac spine (ASIS) and anterior inferior
iliac spine (AIIS)) and thigh perimetry (proximal third perimeter, middle third perimeter
and distal third perimeter).

Height and body weight were measured with a digital stadiometer. The rest of the
distances were measured with a measuring tape. All measurements were obtained in
kilograms and centimeters (cm).

2.5. RUSI Measures

RUSI measures were collected using a VINNO E35 US device with a linear 5–13 MHz
probe and a 48 mm footprint. All ultrasound measurements were carried out by a phys-
iotherapist expert with more than 10 years of experience. For the RUSI measurements, a
water-based gel was used as a conductor on the skin of the volunteers.

RUSI measurements were thickness at rest, thickness at contraction, average contrac-
tion velocity and average relaxation velocity of both RF and VIM.

To achieve an optimal image, the US parameters (frequency, depth, gain, focus, dy-
namic range, etc.) were optimized according to the characteristics of each participant.
Image optimization was considered correct when it was possible to observe from the skin
to the cortical bone of the femur.

During the training of patients for MVIC, the depth parameter on the ultrasound was
adjusted to avoid loss of information during muscle contraction, due to the increase in
muscle thickness under contraction. The position of the probe was kept perpendicular to
the tissue and the measurements of muscle thickness were performed without considering
the thickness of the intermuscular fasciae. The probe was placed at the midpoint of the
RF and the VIM. Minimum possible pressure was guaranteed during the US evaluation in
order not to alter the muscular behavior during contraction.

A set of three consecutive measurements was performed, and the average value was
reported. Data were reported in cm and cm/s.

2.6. Measurement Procedure

The participants were evaluated in a single session, with an average duration of 45 min.
Only the dominant leg of each participant was evaluated.

Participants were placed in a supine position with a pillow under their head. During
the examination, a neutral position of the trunk, pelvis and lower limbs was maintained.

The ASIS, the proximal insertion of the RF in the AIIS, the end of the muscular portion
of the RF at the beginning of the quadriceps tendon (QT) and the superior pole of the
patella were corroborated by US with the objective of determining the landmarks for the
measurements.

The RF was divided into three equal parts to determine the perimetry of the tight
(proximal third perimeter, middle third perimeter and distal third perimeter) (Figure 1).

To determine the lower limb length the inferior aspect of the ASIS and the inferior
aspect of the medial malleolus were considered [48].

For RUSI measurements the physiotherapist took position on the same side as the leg
to be evaluated.

The midpoint of the RF was located, and the probe was placed in a transverse position.
With the M-mode active the participant was asked to perform a MVIC of the QF, with the
following verbal command “pull the patella superiorly tightly as fast and hard as possible
and hold the leg in the same position” [49].
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Participants held the contraction for 3 s after which they were asked to relax as fast as
possible. Three consecutive measurements were performed with 2 min rest in between to
avoid fatigue (Figure 2).
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Figure 2. (a) RUSI M-mode RF and VIM. (b) RUSI M-mode RF and VIM measurements. RF (A), VIM
(B), cortical bone of the femur (C), RF at rest (D), RF at isometric contraction (E), RF contraction velocity
(1), RF relaxation velocity (2), VIM at rest (F), VIM at isometric contraction (G), VIM contraction
velocity (3), VIM relaxation velocity (4).
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All participants were trained prior to measurement to avoid offsets.

2.7. Statistical Analysis

Statistical analysis was performed with the program R Ver. 4.1.3. (R Foundation for
Statistical Computing, Institute for Statistics and Mathematics, Welthandelsplatz 1, 1020
Vienna, Austria). The significance level was set at p < 0.05.

The distribution of the quantitative variables was tested with the Kolmogorov–Smirnov
test with Lillierfors correction.

Quantitative variables are shown with mean ± standard deviation and qualitative
variables with absolute and relative values (%).

The presence of significant differences in the average velocity of contraction and
relaxation and in the ratio of contraction between the RF and the VIM was tested using the
Student’s T test for dependent samples or the Wilcoxon Signed Rank test depending on
the distribution of the variables. The effect size was defined in the variables by a normal
distribution with Cohen’s D test, defining it as small (<0.5), moderate (0.5–0.8) and large
(0.8); in the variables with a non-normal distribution, it was defined by the non-parametric
r statistic as small (<0.4), moderate (0.4–0.6), and large (>0.6).

The three variables were modeled according to the muscle using a Generalized Estimat-
ing Equations (GEE) model that allows the assumption of dependence of the observations.
The selection of the best model was made by evaluating the lowest value in the Quasi-
likelihood under Independence Model Criterion (QIC) and with an ANOVA test between
models. The best correlation structure was selected evaluating the lowest QIC and the
lowest difference between the naive and robust sandwich estimators. The precision of the
final model was estimated using the Receiver Operating Characteristic (ROC) curve, taking
values greater than 80% in the Area Under Curve (AUC) as the cut-off point.

The correlation between the average of the thickness US variables and the clinical-
demographic variables was calculated using the Pearson correlation matrix or by means
of a punctual polychoric-polyserial matrix in the case of qualitative variables, defining it
as negligible (<0.29), low (0.3–0.49), moderate (0.5–0.69), high (0.70–0.89) and very high
(>0.90) [50].

3. Results

The sample consisted of 62 subjects of 20.42 ± 4.97 years, with most of the participants
being women (59.7%) with right dominance (88.7%) (Table 1).

Table 1. Clinical and demographic characteristics of the participants.

N 62

Gender, n (%) Female 37 (59.7)

Male 25 (40.3)

Age 20.42 ± 4.97

Height (cm) 169.81 ± 8.74

Weight (kg) 64.01 ± 9.64

Lower limb dominance, n (%) Left 7 (11.3)

Right 55 (88.7)

Dominant lower limb length (cm) 86.97 ± 4.84

Rectus femoris length (cm) 33.94 ± 2.99

Quadriceps tendon length (cm) 7.14 ± 1.77

Distance between spines (cm) 4.38 ± 3.32

Proximal third perimeter (cm) 61.04 ± 5.45

Middle third perimeter (cm) 55.79 ± 5.00
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Table 1. Cont.

Distal third perimeter (cm) 47.13 ± 4.28

Rectus femoris thickness at rest (cm) 2.11 ± 0.44

Rectus femoris thickness contraction (cm) 2.72 ± 0.52

Rectus femoris contraction ratio (%) 0.30 ± 0.13

Vastus intermedius thickness at rest (cm) 1.69 ± 0.40

Vastus intermedius contraction thickness (cm) 2.11 ± 0.38

Vastus intermedius contraction ratio (%) 0.27 ± 0.17

Rectus femoris average velocity contraction (cm/sg) 4.42 ± 2.51

Rectus femoris average relaxation velocity (cm/sg) 2.39 ± 0.77

Vastus intermedius average contraction velocity (cm/sg) 7.44 ± 7.07

Vastus intermedius average relaxation velocity (cm/sg) 3.58 ± 1.25
Data expressed with mean ± standard deviation or with absolute and relative values (%).

Significant differences are shown in the variable average velocity contraction (cm/sg)
(Z = 9.661, p < 0.001) with a velocity difference of −2.1 (−2.742, −1.588) cm/s greater in the
VIM and a large and significant effect size, and in the variable average velocity relaxation
(cm/sg) (Z = 9.548, p < 0.001) with a velocity difference of −1.122 (−1.392, −0.885) cm/s
greater in the VIM and with an effect size that is also large and significant (Table 2).

Table 2. Ratio and velocities of rectus femoris contraction vs. vastus intermedius.

Rectus
Femoris

Vastus
Intermedius

Average
Difference
(95%CI)

a p Value Effect Size (95%CI)

Contraction ratio
(%) 0.30 ± 0.13 0.27 ± 0.17 0.34 0.026 (−0.028, 0.081) 0.172 (−0.185, 0.529) ◦

Average velocity
contraction
(cm/sg)

4.42 ± 2.51 7.44 ± 7.07 <0.001 −2.1 (−2.742, −1.588) −0.806 (−0.856, −0.715) *

Average velocity
relaxation (cm/sg) 2.39 ± 0.77 3.58 ± 1.25 <0.001 −1.122 (−1.392, −0.885) −0.824 (−0.864, −0.774) *

Data expressed with mean ± standard deviation; 95%CI: 95% confidence interval; ◦ Cohen’s d; * non-parametric.
r statistic. a significant if p < 0.05.

In the GEE model, both the QIC and the ANOVA test indicate that the model with
the variables’ contraction ratio and average velocity relaxation is the most appropriate
(Supplementary Materials Table S1). It verifies that the exchangeable correlation structure
is the one that presents the lowest QIC and the smallest difference between the naive and
sandwich estimators (Supplementary Materials Table S2).

The odds ratio of the final model indicates that, significantly, for each point increase
in the contraction ratio the probability that the target muscle is the RF decreases 0.9 times
(0.827, 0.98) whereas, for each point of increase in the average velocity relaxation the
probability that the target muscle is the rectus femoris increases 1.023 times (1.016, 1.03),
that is, the RF is associated with increments in the average velocity relaxation while the
VIM is associated with increments in the contraction ratio (Table 3).
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Table 3. Final model.

Odds Ratio (95%CI) Coefficient (RSE) Robust Z Score a p Value

(Intercept) 0.962 (0.941, 0.984) −0.038 (RSE = 0.011) −3.346 0.001

Contraction ratio 0.9 (0.827, 0.98) −0.105 (RSE = 0.043) −2.420 0.016

Average velocity relaxation 1.023 (1.016, 1.03) 0.023 (RSE = 0.004) 6.351 <0.001

RSE: Robust sandwich standard errors; 95%CI: 95% confidence interval. a significant if p < 0.05.

The ROC curve shows a significant AUC of 82.544% 95%CI (75.246–89.843%), which
indicates a high discriminatory capacity of the model (Figure 3).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 15 
 

is the one that presents the lowest QIC and the smallest difference between the naive and 
sandwich estimators (Supplementary Materials Table S2). 

The odds ratio of the final model indicates that, significantly, for each point increase 
in the contraction ratio the probability that the target muscle is the RF decreases 0.9 times 
(0.827, 0.98) whereas, for each point of increase in the average velocity relaxation the prob-
ability that the target muscle is the rectus femoris increases 1.023 times (1.016, 1.03), that 
is, the RF is associated with increments in the average velocity relaxation while the VIM 
is associated with increments in the contraction ratio (Table 3). 

Table 3. Final model. 

 Odds Ratio (95%CI) Coefficient (RSE) Robust Z Score a p Value 
(Intercept) 0.962 (0.941, 0.984) −0.038 (RSE = 0.011) −3.346 0.001 
Contraction ratio 0.9 (0.827, 0.98) −0.105 (RSE = 0.043) −2.420 0.016 
Average velocity relaxation 1.023 (1.016, 1.03) 0.023 (RSE = 0.004) 6.351 <0.001 

RSE: Robust sandwich standard errors; 95%CI: 95% confidence interval. a significant if p < 0.05. 

The ROC curve shows a significant AUC of 82.544% 95%CI (75.246–89.843%), which 
indicates a high discriminatory capacity of the model (Figure 3). 

 
Figure 3. Response ROC curve. 

Significant correlations (p < 0.05) occur in the RF mean thickness at rest vs. RF length, 
VIM mean contraction thickness vs. distal third perimeter, VIM mean contraction thick-
ness vs. dominant lower limb length, VIM mean contraction thickness vs. middle third 
perimeter, VIM mean contraction thickness vs. RF length, VIM mean thickness at rest vs. 
distal third perimeter, VIM mean thickness at rest vs. dominant lower limb length, VIM 
mean thickness at rest vs. middle third perimeter, VIM mean thickness at rest vs. proximal 
third perimeter and VIM mean thickness at rest vs. RF length. Comparisons with low pos-
itive correlations are shown (Figure 4) (Table 4) (Supplementary Materials Table S3). 

Figure 3. Response ROC curve.

Significant correlations (p < 0.05) occur in the RF mean thickness at rest vs. RF length,
VIM mean contraction thickness vs. distal third perimeter, VIM mean contraction thickness
vs. dominant lower limb length, VIM mean contraction thickness vs. middle third perimeter,
VIM mean contraction thickness vs. RF length, VIM mean thickness at rest vs. distal third
perimeter, VIM mean thickness at rest vs. dominant lower limb length, VIM mean thickness
at rest vs. middle third perimeter, VIM mean thickness at rest vs. proximal third perimeter
and VIM mean thickness at rest vs. RF length. Comparisons with low positive correlations
are shown (Figure 4) (Table 4) (Supplementary Materials Table S3).

Table 4. Baseline outcomes vs. thickness measurements correlations.

Comparison Correlation Coefficient (95%CI) a p Value

Rectus femoris mean thickness at rest vs. Rectus femoris length 0.371 (0.134, 0.568) 0.003

Vastus intermedius mean contraction thickness vs. Distal third perimeter 0.496 (0.281, 0.664) <0.001

Vastus intermedius mean contraction thickness vs. Dominant lower limb length 0.428 (0.199, 0.612) 0.001

Vastus intermedius mean contraction thickness vs. Middle third perimeter 0.454 (0.23, 0.632) <0.001

Vastus intermedius mean contraction thickness vs. Rectus femoris length 0.374 (0.137, 0.57) 0.003

Vastus intermedius mean thickness at rest vs. Distal third perimeter 0.412 (0.18, 0.6) 0.001

Vastus intermedius mean thickness at rest vs. Dominant lower limb length 0.302 (0.056, 0.513) 0.017

Vastus intermedius mean thickness at rest vs. Middle third perimeter 0.461 (0.239, 0.638) <0.001

Vastus intermedius mean thickness at rest vs. Proximal third perimeter 0.304 (0.059, 0.515) 0.016

Vastus intermedius mean thickness at rest vs. Rectus femoris length 0.345 (0.104, 0.548) 0.006
a significant if p < 0.05.
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4. Discussion

The main purpose of this study was to determine the relationship between RF and VIM
behavior measured in RUSI M-mode under MVIC and anthropometric measurements. The
hypothesis of this study is that there could be a linear correlation between anthropometric
variables and muscle behavior measured by ultrasound. The results obtained in this
research showed a significant correlation in the comparison of some variables, especially
those related to the VIM. In relation to the variables’ QT length, distance between spines,
RF and VIM contraction ratio, no significant correlations were found.

There is a correlation between resting VIM thickness and three other variables: three-
thirds thigh perimeters, RF length and lower limb length. VIM thickness contraction
correlates with three other variables: proximal, medial and distal thigh perimeters, RF
length and lower limb length. The only correlation found in relation to RF was resting thick-
ness with RF length. In the correlations described above, the higher the RUSI measurement,
the higher the anthropometric variables were.
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Regarding the statistical analysis it must be noted that this test indicates that the
best model is the one that assumes an exchangeable correlation structure versus indepen-
dence, so the model that assumes a fixed correlation between each pair of RF and VIM
measurements in each subject fits better than the one that assumes no correlation.

This is a statistical argument that reinforces considering the data related, because the
best model is the one that assumes this correlation structure, although biomechanically it is
possible to consider two independent muscles.

The “exchangeable” one is the one with the least amount of information not explained
by the model and the one where the difference between the standard and robust errors is
the smallest (Figure 3).

In previous studies where QF has been evaluated, RUSI has proven to be a valid
and reliable tool with excellent ICC in the determination of muscle thickness (ICC = 0.95),
contraction and relaxation velocity (ICC 0.99 (CI 0.99–1.00)) [47,51,52].

The results for RF thickness at rest (2.11 ± 0.44) and contraction (2.72 ± 0.52), are com-
parable to those obtained in previous studies describing resting RF values of (2.1 ± 0.22) [45]
and contraction (2.72 ± 0.17) [47].

The data obtained in relation to VIM thickness at rest (1.69 ± 0.40) are like those
obtained in a previous study in a similar population (1.71 ± 0.44) [53].

Regarding the values of thickness in contraction of the VIM, the results obtained
(2.11 ± 0.38) are not comparable to others, since to the authors’ knowledge there are no
reference values described in the literature to date.

A previous study demonstrated a loss of VIM thickness at rest after ACL reconstruction
surgery [54]. It is considered that it could be of interest to determine the possible changes in
thickness at contraction, since they could provide information regarding the functionality
of the muscle. The results obtained in this investigation in relation to this variable could
serve as a criterion for comparison in future studies.

These results give more robustness to the existing normality values described for the
thickness of RF and VIM in healthy subjects. Considering the clinical significance of the
loss of RF and VIM thickness in both subjects with ACL injuries and in subjects who are in
a state of frailty or sarcopenia, we consider that for future research these data could be of
interest to determine global reference values.

There is evidence for the validity and reliability of contraction and relaxation velocity
measurements in different muscle groups, however, there is still not enough evidence to
establish normative values [42,55,56].

The results obtained for RF contraction and relaxation velocities (4.42 ± 2.51 and
2.39 ± 0.77) differ considerably from those described in studies with similar methodologies
(1.07 ± 0.08 and 0.93 ± 007) [47]. The research team believes that this difference may be due
to variables related to the indications given to the subject at the time of the contraction [49],
different populations sampled and no data about the dynamometry to be compared. It
is also known that the volume intensity of the verbal command can modify the response
obtained, since higher verbal commands have greater muscular recruitment [57,58].

With respect to the results obtained for the contraction and relaxation velocity of the
VIM (7.44 ± 7.07 and 3.58 ± 1.25), there are no comparison values since this study was
conducted.

Although no changes in contraction and relaxation velocity have been found in the RF
in subjects who have undergone ACL reconstruction surgery, this has only been evaluated
in the long term and has not been studied in the short or medium term [47]. Similarly,
these changes have not been evaluated in the VIM in subjects who have received surgical
or conservative treatment.

Given the biomechanical relevance of the VIM in the knee joint, carrying out an
evaluation with RUSI M-mode could provide information regarding variables that may not
be taken into account and that would be of importance when following up the recovery
process of the patients.
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There is a considerable difference between the results obtained in the RUSI variables
between RF and VIM, both in thickness and velocities. The difference in thickness between
RF and VIM could be conditioned by the muscle morphology, the type of muscle contraction
and the position of the knee during the evaluation [59,60].

Differences in contraction and relaxation velocity between RF and VIM could be due
to early activation of VIM relative to RF, which could condition contraction velocity [60].

The results of the morphometric variables are within the mean parameters of normality
established for each one of them [61–63].

The lack of correlation found in the present study between anthropometric variables
and muscle activation (contraction ratio and contraction/relaxation velocity) demonstrates
that there are variables intrinsic to the musculature that could justify the changes in muscle
behavior.

Based on the observations and results obtained in the present investigation, we con-
sider that in future research the morphometric variables that could condition muscular
behavior should be evaluated (pennation angle, fascicle length or cross-sectional area). Like-
wise, it would be interesting to replicate the present methodology in clinical populations,
as in the case of subjects with ACL injuries.

The implementation of the methodology used in this research could be of clinical
interest as an evaluation and monitoring tool in processes in which a change in the muscle
morphology of the RF and VIM, as well as changes in the velocity of contraction/relaxation,
are sought to be evidenced.

The implementation of RUSI as a visual feedback tool has proven to be useful in
improving performance and retention in motor control exercise in different regions of the
body [64]. Implementing RUSI M-mode in future research lines could be an interesting
tool in the management of pathologies that involve changes in the motor control of the QF
musculature, allowing to explain to patients in a simple way the changes in the image that
are associated with the movement of the contracting muscle in a simple way.

The results described here should be analyzed with caution considering the specific
conditions of the study and the sample from which they were obtained.

Limitations

This study had several limitations. One of the major ones being that it was carried out
with healthy subjects, and only evaluated the dominant leg.

Furthermore, the thickness of all the tissues that form the perimetry of the thigh
(muscles, adipose and connective tissue etc.) has not been evaluated. The significant
correlation between the thickness of the VIM and the perimetry raises the question whether
this correlation is also present in other tissues in the same area.

Similarly, it would have been interesting to evaluate the behavior of the rest of the
muscles of QF; however, this was outside the research objective of the present study.

5. Conclusions

In this study it was determined that the VIM thickness correlated with the perimeter
in the three thirds of the thigh at rest and under MVIC, and with the length of the lower
limb. In both RF and VIM muscles, there is a correlation with the RF length, being the only
statistically significant variable in both.

The anthropometry of the lower limb correlated with muscle morphometry, mainly of
the VIM.

Supplementary Materials: The following supporting information can be downloaded at: https://
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