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ABSTRACT

BACKGROUND: Injuries and mechanical stimuli alter the muscle architecture and,
therefore, its function. The changes in the architecture of the Rectus Femoris (RF) induced
by an eccentric training protocol with Reverse Nordic Hamstring exercises (RNHE) have
never been studied. Therefore, the aim of the present study was to determine the
architectural adaptations of the Rectus Femoris (RF) after an eccentric training with Reverse
Nordic Hamstring exercises (RNHE), followed by a subsequent detraining period.
METHODS: The 26 subjects performed a first week of control, 8 weeks of eccentric
training, concluding with a 4-week period of detraining. The architectural characteristics of
the RF were evaluated using 2D ultrasound at rest (pretest - week 1), after the training
(posttest - week 9), and at the end of the detraining period (retest - week 13).

RESULTS: At the end of the training period, a significant increase in the muscle fascicle
length (FL) (t=-8.96, d=2.22, P< 0.001), muscle thickness (MT) (t=-8.76, d=2.219, P<
0.001), pennation angle (PA) (t=-9.83, d=2.49, P< 0.05) and cross-sectional area (CSA) (t=-
13.06, d=3.06, P< 0.001) was observed. After the detraining period FL, MT, PA and CSA
showed a significant decrease.

CONCLUSIONS: The eccentric training with RNHE may cause changes in the architectural
conditions of RF, which, in addition, are also reversible after a 4-week detraining period.
The adaptations produced by RNHE may have practical implications for injury prevention

and rehabilitation programs, which include the changes in muscle architecture variables.

Keywords: muscle adaptation; quadriceps; reverse nordic hamstring exercise; ultrasound.

This document is protected by infemational copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one
copy of this Article. It is not permifted to make additional copies (either sporadically or system@tically, either printed or electronic) of the Article for any purpose. It is not permitted to distibute
the electronic copy of the article through online infemet and/or infranet file sharing systems, electronic mailing or any other means which may allow access fo the Article. The use of all or any
part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commmercial use is not
permitted. It is not permitted fo remove, cover, overlay, obscure, block, or change any copyright nofices or ferms of use which the Publisher may post on the Aricle. It is not permitted to
frame or use framina techniaues to enclose any frademark, loao, or other proprietary information of the Publisher.



COPYRIGHT® EDIZIONI MINERVA MEDICA

Introduction
Quadriceps muscle injuries occur frequently in sports activities that require repeated sprint
efforts.2* In addition, they cause a longer period of time off than hamstring and adductor
muscle injuries,* and their recurrence rates are very high (17%). In the extensor muscle of
the knee, Rectus Femoris (RF) is the most commonly injured muscle.>® Woods et al. ’
reported that RF injuries occurred more frequently (29%) than in hamstrings (11%) and
adductors (12%) during the pre-season period among 91 professional football teams in the
UK.
Muscle injuries usually occur during the eccentric phase;®° more specifically the RF, which,
due to its biarticular nature, is at great risk during rapid movements such as accelerations,
decelerations, changes of direction or when hitting moving targets. 1® Among the risk factors
for injury, there is inadequate flexibility of the quadriceps,'**? its ability to generate
eccentric strength! and the existence of previous injuries of this muscle or of the hamstrings.
13
The architectural characteristics of the skeletal muscle, the pennation angle (PA), muscle
thickness (MT), and fascicle length (FL) vary when it is subject to mechanical stimuli#8
determining to a great extent its ability to produce strength. *° It is relevant to understand the
nature of these variations, since they have an impact on the function and risk of muscle
injury. 14,15,20
The muscle architecture may be influenced by injuries, reducing FL and modifying PA, with
respect to the uninjured contralateral muscles. 2°?* These changes alter muscle function,
since longer fascicles are associated with a higher maximum contraction rate!® and a lower
injury rate.?° Eccentric training has become an effective prevention method, 22?7 since it has
proved its ability to increase strength and power values to a greater extent than concentric

and isometric exercise. ?® It also led to architectural changes in skeletal muscle by increasing
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FL. 172930 These changes have proven to be reversible after a detraining period without
eccentric mechanical stimuli. ?°

Although the mechanisms that focus on the effectiveness of eccentric training have not yet
been fully understood® it has been proposed that serial sarcomere addition may at least
partially explain a greater resistance to microtrauma and injury caused by muscle tension.?
In this sense, it has been reported that shortened muscle fascicles were associated with an
increased risk of muscle injury in athletes.® Self-loading exercises such as the Nordic curl
have previously shown their potential to increase the fascicle length. 30343

Previous research studies have analyzed the architectural changes, but using isokinetic
dynamometry. 2817:29.38 The use of this equipment has important drawbacks for athletes, such
as its limited accessibility due to the high cost and its complex handling. 3¢ In addition, its
use is not feasible in large groups of athletes, because its use time consuming.% It may even
be considered "non-functional” due to bearing little resemblance to actual sporting activities,
given that it is used in a sitting position. 2% Therefore, given the simplicity in the
application of the “Reverse Nordic Hamstring” exercise (RNHE) and its lower costs, it could
be considered an alternative eccentric training systems for the quadriceps muscles in the

daily practice routine of atlhletes.

RF is actively lengthened during hip extension and knee flexion, generating a greater change
in length of the knee RF than the hip. ® Thus, it could be speculated that RF is more
dependent on the knee than the hip. ** The eccentric RNHE for the quadriceps muscles is an
“open kinetic chain stretch shortening cycle knee dominant exercise”,®® which has shown its
effectiveness in increasing the optimum length of the knee externsors by 6.5°.4° RNHE

present a simple learning technique, which i1s performed with the athlete’s body weight
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without requiring additional equipment or material and can easily be applied individually or
in groups.

Due to the high incidence of the quadriceps injuries and specifically in the RF,® it is relevant
to observe the changes that occur in its architecture after an eccentric loading training.
Therefore, the objective is to check whether RNHE causes architectural changes in the RF
muscle. It was hypothesized that eccentric exercise would cause significant changes in

muscle fascicle length, muscle thickness, pennation angle and cross-sectional area.
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Materials and methods
Participants
The study sample was made up of 26 men practicing recreational physical activity with no
history of lower limb injury in the past 12 months and no previous experience in eccentric
training (Table I). All participants provided written informed consent form before carrying
out the protocol and the previous training session took place at the Faculty of Education and
Sport Sciences, University of Vigo, Campus de Pontevedra, Spain. The ethical approval for
the study was granted by the Autonomous Ethics Committee of Research in Galicia, Xunta
de Galicia, General Secretariat, Ministry of Health (Spain), in agreement with the provisions
of the Declaration of Helsinki (Reference number: 2016/158).
[Table 1]
Study Design
The study lasted 13 weeks. In week 1, participants undertook an initial assessment of the RF
muscle architecture (pretest) and two sessions of familiarization with RNHE in order to
ensure proper technical execution. Next, 8 weeks of eccentric training with RNHE were
carried out. In week 9, the second assessment of the muscle architecture (posttest) was
performed. Next, the participants underwent 4 weeks of detraining, avoiding any kind of
mechanical stimulus of eccentric nature. At the end of week 13, the third assessment of the
muscle architecture (retest) was carried out. All measurements were made at the same time
of the day and under the same conditions for all participants.
Assessment of the RF architecture
The ultrasound measurement of the architectural characteristics was validated by their
correlation with muscle measurements in cadavers.?*! The architectural properties of RF
using this technique have previously been studied, proving its validity and applicability.*?4

MT, PA, FL estimations and cross-sectional area (CSA) were determined from ultrasound
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images obtained along the longitudinal and cross-sectional axis of the muscle belly using B-
mode ultrasound (12 Mhz frequency, 8 cm depth; 14 x 47 mm field of view) (GE Healthcare
Vivid-i, Wauwatosa, USA).

All architectural measurements were performed after at least 5 minutes of inactivity, with the
participant in prone decubitus position, with legs extended and relaxed muscles.®

The measurement site was the halfway point between the anterior superior iliac spine and the
proximal margin of patella, along the line of the RF of the dominant leg.*> Once the scanning
site was determined in each participant, several anatomical landmarks were established
(anterior superior iliac spine, greater trochanter, lateral condyle, medial condyle and
proximal edge of patella) and photographs were taken in order to ensure reproducibility for
future assessment sessions.

The participant’s skin was covered with a conductive gel to obtain two types of images. The
first image was taken by placing the ultrasound probe longitudinally and perpendicular to
assess the rest of the architectural variables (PA, MT, FL) and the second was taken by
aligning it sagittally and parallel to the anterior thigh to evaluate the CSA.*?"** The probe was
handled carefully by a sonographer (MFJ) to ensure minimal pressure and to not alter the
accuracy of the measurements.*

After the scan, an analysis was carried out by means of an image processing software, Image
J (National Institute of Health, USA). Following the procedure developed by Blazevich et
al.*? six points were digitized for each of the images on the longitudinal axis. The muscle
thickness (MT) was defined as the distance between the superficial and intermediate
aponeuroses of the RF. The pennation angle (PA) was delimited between the intermediate
aponeurosis and the direction of a muscle fascicle previously identified in the image (Figure
1). The aponeurosis angle (AA) was determined as the angle between the line marked by the

aponeurosis and a horizontal line drawn along the captured image.*'#? Finally, the fascicle
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length (FL) was defined as the muscle fascicle length existing between both aponeuroses.
Given that the total of the above-mentioned length cannot be observed in the field of view of
the probe, an estimate was made using an equation validated by Kellis et al. ** and Blazevich
et al.*?

FL =sin (AA +90 °) x MT /sin [180 ° - (AA + 180 ° -PA)]

Where FL = fascicle length, MT = muscle thickness, AA = aponeurosis angle, and PA =
pennation angle.

[Figure 1]

The fascicle length was expressed in absolute terms (cm) and also relative to muscle
thickness (RFL). The CSA assessment was performed on the sagittal images by observing
the internal edges of the RF fascia, according to Bemben’s procedure.*

All images were collected and analyzed by the same researcher (MFJ), who was blinded to
the identity of the participants during the analysis. This researcher (MFJ), a member of the
Spanish Society of Ultrasound in Physiotherapy (SEEFi). He had prior experience in the
protocol and he was blinded to the identity of the participants during the analysis. He had
been previously subject to an in-rater study to assess the reliability of the measure. Twelve
healthy subjects participated, 5 2D-ultrasound images of the RF being performed in the same
anatomical region in different sessions, obtaining reliable measurements of the different
architectural variables (intraclass correlations> 0.90) within the ranges recommended by
previous scientific studies.*’

Eccentric “Reverse Nordic Hamstring” exercises

RNHE is an exercise designed to improve eccentric performance of the quadriceps3®4°
(Figure 2).

The athlete begins in a kneeling position, with the trunk in an upright position and fully

aligned (Figure 2.a). At the time, the athlete slowly leans backward, maintaining the initial
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position through a controlled flexion of the knees (Figure 2. b). This fall is performed at the
slowest speed possible in order to maximize the muscle load in the eccentric phase and to
reach the maximum flexion point (Figure 2. c). All participants were instructed on the
correct execution technique of RNHE two days before the training, in order to maximize its
effectiveness. In addition, they were monitored during all sessions of the protocol.

[Figure 2]

Intervention

The participants performed a 8-week training protocol with RNHE aimed at promoting a
progressive assimilation of the eccentric mechanical stimuli and reducing delayed onset
muscle soreness. Each session lasted between 10 and 20 minutes, depending on the training
volume of sets and repetitions according to the evolution of the program (Table II). All
sessions were separated by at least 48 hours and preceded by 12-minute standardized warm-
up self-loading exercises. This consisted of a 12-minute standardized warm up protocol,
similar and prior to all the sessions comprising: 4 minutes of static bicycle, 4 minutes of
lower limb self-loading exercises, and 4 minutes of lower limb dynamic stretching exercises.
Upon concluding the eccentric training phase, participants performed a 4-week detraining
phase, avoiding any mechanical stimulus of similar nature.

[Table 1]

Data Analysis

All statistical analyses were performed using the SPSS software, version 24.0 (IBM
Corporation, Chicago, IL). The normal distribution of data was checked by means of the
Shapiro-Wilk test and homoscedasticity through Levene’s test. The Greenhouse-Geisser
correction was used when the test of sphericity was violated (P<0.05 for Mauchly’s test of
sphericity). A repeated-measures ANOVA design was used to determine the training-

induced changes in each of the muscle architecture variables (MT, PA, FL, RFL). The intra-
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subject variable was time (pretest, postest and retest). Partial eta squared (“5) effect sizes for

the time interaction effects were calculated. An effect of '”'?: >0.01 indicates a small, > 0.059
a medium, and > 0.138 a large effect, respectively.*® Additionally, post-hoc t-tests with
Bonferroni correction were conducted to compare variables from the different measurement
pairs (pretest vs postest, postest vs retest). Significance was set at P<0.05 and Cohen’s d

effect was provided when necessary to quantify the effect size.*®

Results
Taking into account the different variables of the assessed muscle architecture, the results are
detailed below.
Fascicle length
FL is affected by the eccentric training protocol with functional RNHE, F (2-50) = 56.65, P
< 0.05, = 0.69. The pairwise comparisons derived from the post hoc analysis showed a
significant increase in the FL between pretest and posttest (t = -8.96, d = 2.22, P < 0.001)
and a significant decrease between posttest and retest (t = 8.12, d = 2.21, P < 0.001).
Fascicle length relative to muscle thickness
The relationship between FL and MT is not affected by the eccentric training protocol with
functional RNHE, F (1.16-28.88) = 0.66, P > 0.05, = 0.45. With regard to the pairwise
comparisons derived from the post hoc analysis, there are no statistically significant
differences in the RFL between pretest and posttest (t = -0.43, P > 0.05), and neither between
posttest and retest (t = 0.91, P > 0.05).
Muscle thickness
MT is affected by the eccentric training protocol with functional RNHE, F (2-50) = 68.32, P

< 0.05, = 0.73. Regarding the pairwise comparisons derived from the post hoc analysis, there
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is a significant increase in the MT between pretest and posttest (t = -8.76, d = 2.219, P <
0.001) and a significant decrease between posttest and retest (t = 10.0, d = 2.774, P < 0.001).
Pennation angle

PA is modified by the eccentric training protocol with functional RNHE, F (1.95-48.65) =
51.06, P < 0.05, = 0.67. With regard to the pairwise comparisons derived from the post hoc
analysis, there is a significant increase in the PA between pretest and posttest (t = -9.83, d =
2.49, P < 0.05) and a significant decrease between posttest and retest (t = 4.48, d = 1.24, P <
0.05).

Cross-sectional area

The CSA is affected by the eccentric training protocol with functional RNHE, F (2-50) =
98.31, P < 0.05, = 0.80. In the pairwise comparisons derived from the post hoc analysis, a
significant increase was noted in the CSA between pretest and posttest (t = -13.06, d = 3.06,
P < 0.001) and a significant decrease between posttest and retest (t = -7.09, d = 1.96, P <
0.001).

The changes in LF, RFL, PA, MT and CSA during the training and detraining period are
shown in table I1I.

[Table 1]
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Discussion
Our results indicate that the eccentric training with RNHE led to a significant increase of FL,
PA, MT and CSA of the RF. In addition, a significant decrease of FL, PA, MT and CSA was
found after the detraining period.
This study showed a significant increase of 9.59% in FL of the RF following an 8-week
eccentric training protocol with RNHE, which was similar to the results found in previous
studies. 29,30,34-36
The differences in the duration of the intervention (from 6 to 12 weeks), in the training
techniques (isokinetic dynamometry, NHE and RNHE) and in the involved muscle (Biceps
Femoris (BF) and RF) may explain the percentage differences between the studies, although
all are in agreement on the increase of FL after an eccentric strength training that could be
due to the increase of sarcomeres in series.?
The results obtained provide more evidence on the fact that the eccentric stimuli behave
differently than the concentric stimuli with respect to their incidence on the muscle fascicle
length. The eccentric stimuli seem to cause its elongation while the concentric stimuli lead to
its shortening.?® Although the mechanisms that focus on eccentric training are not yet
sufficiently understood, this elongation seems to be determined by a serial sarcomere
addition. This mechanism is expected to reduce the tension experienced by the sarcomere at
any given muscle length, and the risk of muscle injury is therefore minimized. *? If future
studies continue to confirm this trend, eccentric training could become a good tool to prevent
injuries in muscle groups that tend to get injured by excessive elongation.
In the present study, 8 weeks of RNHE increased PA by 11.09% after the training period,
which is similar to previously reportes results.®>*° Baroni et al.*® did not observe any
significant changes after a 12-week eccentric isokinetic protocol. There is an apparent

relationship between muscle size and angle of the fascicle®®, thus it seems that the increase in
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the PA is related to the increase in the MT and CSA. However, there seems to be no direct
relationship between the PA and LF increase, since these two variables showed divergent
behaviors in different muscle groups. Thus, the present study, along with earlier studies such
as Blazevich et al.® on the VL obtained a PA and LF increase after a period of eccentric
training, while others such as Timmins et al.?® and Alonso-Fernandez et al. 3 on the BFIh or
Alonso-Fernandez et al.*® on the Semitendinosus muscle obtained PA decreases and LF
increases after eccentric protocols. It seems that PA adapts according to the response to
muscle hypertrophy and it could be therefore caused by the limited available space of the
hypertrophied muscle, > and not so much by an increase in the fascicle length. But, further
studies will be needed to observe the behavior of PA, as it seems to be closely linked to a
particular muscle group and even to different parts thereof.*!

A significant increase was observed in the MT of the RF after an eccentric training protocol,
with results similar to those obtained by Baroni et al.*® after an eccentric protocol using
isokinetic equipment. Similarly, studies performed on the VL% observed a significant
increase in MT after a period of eccentric strength training. At the same time, a significant
increase of the CSA was detected, which coincides with previous studies on the RF*>#* and
in other muscle groups such as BF.>°

The results also showed that the muscle architectural changes induced by the eccentric
training with RNHE are reversed after a detraining period of 4 weeks, with a significant
decrease in FL, PA, MT and CSA. These results are similar to those obtained in other
studies. %% The study conducted by Blazevich et al.*® showed how the architectural changes
produced in the VL by a 10-week eccentric training protocol based on isokinetic
dynamometry decreased after 5 weeks of detraining. More recently, Timmins et al.?® also
obtained a decrease in terms of the architectural changes produced by a 6-week eccentric

training protocol with isokinetic dynamometry in the BFIh after a 4-week period of
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detraining. Using self-loading exercises such as the NHE in an 8-week training program,
Alonso-Fernandez et al.3* also obtained the same response pattern in the BFIh after 4 weeks
of detraining. It seems that the structural changes induced in the muscles by a training
protocol based on eccentric stimuli are reversible if these stimuli disappear. This fact seems
to emphasize the need to perform a constant maintenance of the eccentric stimulus if the
coaches want the effects to be maintained on a long-term basis in their athletes. However,
the results do not allow us to know what would be the minimum volume of eccentric
stimulus needed to maintain these architectural changes and extend them over time,
something that in our opinion would be very interesting to address in future studies.

The results obtained seem to show that eccentric training and detraining have specific effects
on muscle architecture. Previous studies'>*° have suggested that architectural variables may
have an influence on muscle injuries and, therefore, eccentric exercises could be a valuable
tool for injury prevention and rehabilitation programs, although a greater number of studies
should continue to delve into this relationship.

So far, these potential benefits of eccentric training were hardly transposed to the daily
routine of athletes because they had been obtained with equipment and under conditions
beyond their reach, 172936

In practical terms, and although further studies are needed, which should involve different
populations of athletes, in order to obtain more generalizable conclusions about RNHE, we
believe that 2 or 3 sessions of these exercises could be included once a week by trainers,
always waiting at least 48 hours between sessions, and not at the same time as the specific
workouts. In our view, its intensity could be enhanced by increasing the athlete’s weight
with a weighted vest, when they are able to easily reach 10 repetitions per set, and with a

proper execution technique.
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This study had a few limitations, such as the use of 2D ultrasound for the architecture
assessment requires to a certain degree an estimation, because FL is not entirely visible in
the ultrasound image. Although the estimation equation used in this study was validated,*
there is still a potential error that should be reduced in future works based on 2D ultrasound.
On the other hand, only the RF architecture was evaluated, and considering that each muscle
belly of the quadriceps has unique architectural characteristics, it would not be appropriate to
generalize the results to all knee extensors. Further studies will be necessary to explore the
conditions that may have an impact on this type of training to achieve lasting architectural

effects in different populations of athletes.

Conclusions
The eccentric training of the quadriceps muscles with an exercise which can be easily
applied (without additional equipment) and of short duration (between 10 and 15 minutes, 2-
3 sessions per week) such as RNHE, has proven to be effective for modifying the variables
of the muscle architecture of the RF. In addition, the adaptations produced by RNHE may

have practical implications for injury prevention and rehabilitation programs.
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TABLES
Table I.— Characteristics of participants (mean * standard error of the mean)

N Age (yearsold) | Weight (kg) Height (m)
26 24.7+29 776 £8.7 1.79£0.08

Table Il.—

Eccentric training progression with RNHE

Week | Number of | Sets Repetitions | Total number Rest
sessions/week of repetitions | between sets

1 2 2 6 24 2 min

2 2 2 8 32 2 min

3 3 3 6 54 2 min

4 3 3 8 72 2 min

5 3 3 8 72 2 min

6 3 3 10 90 2 min

7 3 3 10 90 2 min

8 3 3 10-12 90-108 2 min
Table I11.— Eccentric protocol with RNHE (n = 26)

M1 M2 M3 % Change | % Change
(Week 1) (Week 9) (Week 13) M1-M2 M2-M3

FL (cm) 7.82+1.88 8.57+£1.14** | 8.18+1.35## 9.59 -4.55
RFL 3.70+0.35 3.74+0.38 3.72+0.34 1.08 -0.53
PA () 12.44+2,98 | 13.82+3.81* | 13.26+2.02# 11.09 -4.05
MT (cm) 2.1+0.19 2.28+0.31** | 2.18+0.26## 8.57 -4.38
CSA (cm2) | 9.21+1.86 | 10.02+1.98** | 9.61+1.37## 8.79 -4.26

Table note: *=P <.05vs M1, ** =P <.001 vs M1, # =P <.05 vs M2, ## = P < .001 vs M2.
FL = Fascicle lenght, RFL = fascicle lenght relative to muscle thickness, PA = pennation angle,
MT = muscle thickness, CSA = cross-sectional area
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TITLES OF FIGURES

Figure 1.— Two-dimensional ultrasound image of the Rectus Femoris taken along the
longitudinal axis of the anterior thigh.

Figure 2— Reverse nordic hamstring exercise: (a) start, (b) midpoint, (c) end
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