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Summary

The different architectural adaptations and the regional changes that occur with eccentric (ECC) vs.
concentric (CON) muscle actions are not fully understood. The purpose was to investigate regional
changes in vastus lateralis muscle (VL) after ECC and CON training. Sixteen males (23 = 3 y)
performed ECC or CON twice weekly over 5 weeks, using a single-leg design. Both training modalities
caused similar increases in knee extensor strength (measured with dynamometry) (10-13%) and muscle
volume (8%) (measured with 3D ultrasound) after 5-weeks of training. Anatomical cross-sectional area
at the mid-point of the muscle was greater after CON training (9%), but greater at the distal end after
ECC training (8%). CON training increased fascicle angle at the mid-point (8%), with little change at
the distal end (2%). There was a small increase in fascicle length at the mid-point after CON training
(3%). Conversely, ECC training caused a greater variation in regional and architectural adaptations.
Fascicle length increased at both the mid-point (6%) and distal ends (8%) after ECC training, and
similar changes in fascicle angle were also observed in both regions (3-4%). Different region-specific

changes are evident after CON and ECC training, with implications for performance and injury risk.
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Introduction

Skeletal muscles produce force by shortening (concentric, CON), lengthening (eccentric, ECC) or
contracting isometrically, but the two actions differ in the mechanisms by which force is generated
(Franchi et al., 2017). Eccentric actions during maximal voluntary isokinetic exercise usually results in
lower muscle activity than CON actions (Fang et al., 2001), but the maximal attainable forces are
considerably higher (Franchi et al., 2017). During ECC actions, titin, a protein spanning half the
sarcomere, contributes to active stress when the muscle lengthens, acting as a molecular spring and
increasing force output compared to CON actions (Herzog, 2014). This notion that ECC actions produce
greater force than CON actions suggests that greater hypertrophic responses could be achieved with
ECC, compared to CON training (Roig et al. 2009). However, the influence of muscle action mode on
strength improvements and muscle hypertrophy is contentious (Wernbom et al. 2007; LaStayo et al.
2014), with some reports of ECC training producing superior adaptations (Hortobagyi et al. 1996; Seger
et al. 1998; Vikne et al. 2006) and others showing similar strength and hypertrophic adaptations

(Blazevich et al. 2007; Moore et al. 2012; Franchi et al. 2014).

Recent observations suggest that these strength and hypertrophic responses to ECC and CON training
might be achieved by differing regional growth and architectural adaptations (Franchi et., 2014; Seger
et al., 1998). For example, Franchi et al. (2014) showed different regional patterns of muscle growth in
the quadriceps after 10 weeks of CON and ECC training, measuring anatomical cross-sectional area.
They found that distal hypertrophy (ECC 8% vs. 2% CON) evident after ECC training and larger mid-
belly increases after CON training (ECC 7 vs. CON 11%). These regional differences might also be
accompanied by different architectural characteristics, caused by mechanisms of structural remodelling
that are specific to CON and ECC training stimuli. Recent findings have shown that ECC exercise
results in a markedly greater increase in fascicle length (Seynnes et al. 2007; Potier et al. 2009) of up
to 7% (Franchi, 2014), likely reflecting an increase in the number of sarcomeres in series (Williams &
Goldspink 1971; Williams 1990; Lynn & Morgan 1994). In contrast, CON training has been shown to

promote greater changes in fascicle angle of up to 30%, compared to a 5% increase after ECCtraining



(Franchi et al., 2014). These changes might demonstrate a differential mechanism to increase muscle
size and strength by the addition of sarcomeres in parallel following CON training (Kawakami et al.
1993; Narici & Maganaris 2007). However, fascicle length in many previous studies has been estimated
using a trigonometric extrapolation technique from 2D ultrasound images (Franchi et al., 2014, 2015),
which has been shown to underestimate vastus lateralis fascicle length by as much as 12.6-20.3%
compared to extended field of view ultrasound (Noorkoiv et al., 2010; Oranchuk et al., 2020).
Trigonometric estimation relies on the assumption that the non-imaged fascicles and superficial
aponeuroses are linear, which is rarely true in skeletal muscle (Blazevich et al., 2006), particularly in
the vastus lateralis, where Noorkoiv and colleagues (2010) noted that curvature existed in almost every
visible fascicle, especially at the distal ends, close to the superficial and deep aponeuroses.
Consequently, measuring fascicles that are curved, or those that are in muscle regions where the
aponeuroses are curved, by means of trigonometric extrapolation can lead to erroneous results in
measures of both fascicle length and fascicle angle. In addition, measures of fascicle length and angle
in response to CON and ECC training to date, have been limited to imaging only fascicles that lie at the
muscle belly (Franchi et al., 2015), with the assumption that changes in architecture observed in this
region would be representative of changes along the whole muscle. However, given the regional
changes that have been reported in anatomical cross-sectional area with CON and ECC training, this
assumption might not be correct. In fact, the greatest change in fascicle length and fascicle angle after
ECC training may actually be observed at the distal ends of the muscle, where the stretch stimulus is

greatest (Dix & Eisenberg, 1990).

Since changes in architecture can influence the functional properties of muscles (Narici, 1999; Lieber
& Fridén, 2000; Narici et al., 2016), a thorough understanding of skeletal muscle remodelling in
response to different training modalities is fundamental. For example, a change in fascicle length can
shift the optimum length-tension relationship and maximum shortening velocity of the muscle, with
notable effects on performance and injury prevention (Brughelli & Cronin, 2007). Variability in
architectural characteristics at different regions of the muscle is also of particular importance when

trying to model and predict the behaviour of a specific muscle, as large intra-muscular differences can



have a considerable effect on estimated force-velocity properties of muscles (Blazevich, 2006) and
whole muscle force (Lieber & Friden, 2000). Although, some research has been focused on architectural
responses to ECC training, fewer studies have compared isolated CON vs. isolated ECC exercise in
terms of both architectural and regional changes in the muscle. Thus, the aim of this study was to assess
differences in knee extensor muscle strength, and regional changes in the morphological and
architectural properties of the vastus lateralis muscle after 5 weeks of CON or ECC exercise. We
hypothesised that regional muscle growth would be different between training modalities, with greater
muscle growth in the mid-belly after CON training, and greater distal growth after ECC training. We
also hypothesised that ECC training would cause significantly greater changes in whole fascicle length,
whilst CON training would result in significantly greater fascicle angles but that these changes would

also be region-specific.

Methodology

Participants

Sixteen physically active (training for >60 mins per day, minimum 3 days per week), healthy males
(mean = SD: age: 23 + 3 years; stature: 181.7 £ 7.3 cm; body mass: 76.5 + 11.3 kg) and with no history
of lower-limb injury in the past 12 months, were recruited to participate in this study. Sample size was
based on an alpha level of 0.05, power of 0.8 and effect size of 0.72 (Seager et al., 1998; Franchi et al.,
2014) 0.72-3.6) (G*Power), giving an estimated sample size of fourteen. All participants provided
written informed consent prior to testing. This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics Committee of University of

Gloucestershire.

Study Design

Participants underwent 5 weeks of unilateral resistance training. A simple randomisation was
conducted, whereby one leg was randomly assigned to a CON training condition and the other to an

ECC training condition (Maeo et al., 2018), which was counterbalanced between dominant and non-



dominant legs (dominant leg assigned to concentric, n = 8; dominant leg assigned to eccentric, n = 8).
Pre- and post-measures of knee extensor strength and vastus lateralis morphology and architecture were
assessed at baseline (week 0) and in week 6, respectively. Participants were asked to maintain a

consistent nutritional intake over the course of the training period.

Procedures

Muscle strength

Isometric (30° and 70°) and isokinetic (concentric and eccentric) strength measures were performed on
an isokinetic dynamometer (Biodex System 3 Isokinetic Dynamometer, New York) across two separate
days to minimise fatigue. In the first session, participants performed one isometric knee extension
manoeuvre (30° or 70°) on each leg, followed by one isokinetic knee extension manoeuvre (concentric
or eccentric) on each leg. In the second session the remaining measures were completed. The order of

measures was randomised between the two sessions and before and after the intervention.

Participants were familiarised with the testing procedures within three days of baseline testing. For each
session, participants were secured in a seated position on the dynamometer, with the lateral epicondyle
of the knee joint aligned with the centre of rotation of the dynamometer arm. To reduce the risk of leg
or upper body movement during contractions, stabilisation straps were applied tightly over the ankle,
thigh and torso, and participants were instructed to cross their arms over their chest. Anatomical zero
was set with the dynamometer arm in a vertical position (measured with a spirit level). In order to set
each participant’s full range of motion they were instructed to move the leg comfortably into full
extension and then full flexion whilst the range of motion limits were set. This range was replicated
between visits. Following a warm-up of submaximal contractions, participants performed five isometric
maximal knee extension actions (120 s rest between each maximal contraction) with a 5 s hold, at 30°
or 70°, with a 5-min rest period between sets. Visual feedback was provided on the screen in front of
participants to encourage them to maintain maximal torque for the full 5 s. After a further mandatory

5-min rest period, participants performed two sets of five maximal eccentric or concentric actions



through a full range of motion at an angular velocity of 30°-s™t. Verbal encouragement was provided
throughout, using the same phrases and by the same researcher across all participants and visits. Peak
torque from each isometric test, and the concentric and eccentric trials were averaged across the five

repetitions to give a final torque value.

Morphological and architectural measures

All morphological (muscle volume and anatomical cross-sectional area) and architectural measures
(fascicle length and fascicle angle) were taken on the vastus lateralis muscle and measured using a 3D
ultrasound method (Noorkoiv et al., 2018; Macgillivray et a., 2009. For this method, a rigid body of
four markers is secured to the handle of an ultrasound probe. As the probe is moved over the object of
interest, its position and orientation in space are recorded along with the 2D US images (B-scans) to
form a 3D dataset, which describes the scan volume. Slices through this scan volume can be imaged,
and from these images and their positions, a 3D lattice volume can be reconstructed (Macgillivray et
a., 2009). Postprocessing algorithms are then used to determine the object’s parameters such as length,

area, perimeter and volume.

A standard two-dimensional ultrasound system (USmart 3300, Ultrasound system: Terason, Burlington,
MA, USA) with a 50 mm, 12.5 MHz, linear array probe set to a depth of 8 cm and an optical tracking
system (Optitrack V120:Trio (NaturalPoint, Inc., Oregon, USA) constituted the 3D US system. The
optical tracking system was mounted on a tripod and used to track the position and orientation of the
four markers on the ultrasound probe. 2D B-scan images from the ultrasound machine were combined
with positional information from the optical tracking system using dedicated software (Stradwin v5.1
software (Mechanical Engineering, Cambridge University, Cambridge, UK;
http://mi.eng.cam.ac.uk/~rwp/stradwin (Treece, 2003) on an additional PC (Pentium 4 3.60 GHz PC
running Microsoft Windows XP; Microsoft Corporation, Redmond, WA, USA) to compute 3D US

images in near real-time.


http://mi.eng.cam.ac.uk/~rwp/stradwin

Muscle volume and anatomical cross-sectional area

Prior to assessments, participants were asked to lie prone on an examination table for 10-min to allow
fluid shifts in the muscle to stabilise. After this point, the knee was angled to 25° and secured in position
with foam inserts under the knee. This offered the best view of the markers on the ultrasound probe to
the position sensor. Participants were asked to relax the muscles of the thigh during the scanning
procedure. To identify the vastus lateralis, the line connecting the most prominent portion of the greater
trochanter and the lateral femoral epicondyle (found by palpation) was marked on the skin. Sweeps of
the muscle were obtained by moving the probe across the thigh starting at the most prominent portion
of the greater trochanter (proximal end) and scanning to the lateral femoral epicondyle (distal end). The
same start and end points of the sweeps were used to guide the standardisation of vastus lateralis muscle
length and anatomical cross-sectional area analyses. For the estimation of vastus lateralis anatomical
cross-sectional area and muscle volume, the probe was orientated in a transverse plane, perpendicular
to the muscle. In all cases, the VL muscle was wider than the ultrasound probe and therefore multiple
sweeps were taken. The first sweep was performed along the lateral side of the VL, so that the lateral
border of the muscle could be visualised. Starting at the proximal end of the muscle, the ultrasound
probe was moved over the muscle from the proximal to distal end using a continuous sweeping
movement. The probe was then returned to the start position (prominent portion of greater trochanter)
and moved approx. 4 cm medially so the mid-section of the muscle was visible. A second sweep from
proximal to distal was then performed in this position to capture the mid-section of the muscle. A third
and final sweep was then performed which incorporated the medial border of the VL muscle. To ensure
the slices can be reconstructed into a 3D volume, the pressure and speed of each sweep must be
consistent, with a small degree (approximately 1 cm) of overlap between scans. A 2-cm thick echogenic
ultrasound gel pad (Aquaflex, Parker Laboratories, NJ, USA) was positioned between the transducer
and the skin to conform to the shape of the thigh when light pressure was applied and to avoid gaps at
the lateral edges of the image. Echogenic gel was also applied over the skin to improve acoustic
coupling and reduce friction as the probe was moving over the skin. Reconstruction of volume,
anatomical cross-sectional area and length measurements were performed using Stradwin software,

which integrates the stack of 2D US images with positional information from the probe to form a 3D



volume data set. Although minimal probe pressure during the scanning procedure was assured, the
position and pressure correction functions were applied to the data prior to digitisation to increase the
clarity of slices and precision of the data, as suggested by Treece et al. (2002). For the digitisation process,
the visible VL muscle in each 2D cross-sectional slice was traced. As there were multiple sweeps,
Stradwin divided the space into a number of partitions, with each partition associated with a particular
sweep. Once all partitions and all slices were digitised, the sweeps were integrated and adjusted to be
perpendicular to the longitudinal axis of the VL muscle. The segmented data was exported as voxels
(resolution = 1 pixel width). The 3DUS image acquisition and analysis was practiced by the researcher

on 10 participants prior to undertaking this study (approximately 35 hours of training and practicing).

Anatomical cross-sectional area was measured by averaging five axial scans at the mid-point of the
muscle (50% muscle length), assumed to represent the muscle belly; and an average of five axial scans
at the distal end of the muscle (70% muscle length). Axial plane scans along the entire length of the VL
were also calculated and combined to give muscle volume. On average, the number of axial scans
obtained in each participant was the same for the baseline and post-training periods. Volume was

calculated as:

Volume (cm®) = X anatomical cross-sectional area (slice thickness + gap between slices)

The absolute difference between the same series of images digitised twice was 2.4 £ 1.9% for volume

and 1.8 and 1.4% for ACSA.

Fascicle length and angle

To measure whole fascicle length and angle, the ultrasound probe was orientated in the sagittal plane to
the muscle, to give the largest, continuous vastus lateralis fascicle visualisation. In accordance with the
method of Noorkoiv et al. (2010), fascicle path was drawn on the skin according to the path seen from
the real-time ultrasound image by moving the probe along the muscle. To record whole fascicle length,
a single sweep of the muscle was taken starting from the proximal end of the muscle and moving to probe

along the muscle to the distal end, maintaining a consistent speed and pressure and following the



curvature of the line drawn on the skin. This was repeated three times. Vastus lateralis fascicle length
was measured in ImageJ (National Institutes of Health, USA) using the curved line tool, from the
insertion on the superficial aponeurosis to the deep aponeurosis. Three visible fascicles from
approximately the mid-point of the muscle (50% muscle length) and the distal point of the muscle (70%
muscle length) were measured and averaged (coefficient of variation = 1.7%). The angle of each visible
fascicle at the mid-point and distal end was measured as the angle between the fascicle and the deep

aponeurosis using ImageJ (National Institutes of Health, USA) (coefficient of variation =1.3%).
Resistance Training Protocol

Resistance training on the isokinetic dynamometer was performed twice weekly for 5 weeks with a
minimum of 48 h between sessions (Maeo et al., 2018; Zatsiorsky & Kraemer. 2006). Before each
training session, all participants completed a warm-up of eight submaximal efforts at 30°-s™. To train
the concentric limb, participants performed eight continuous maximal knee extension manoeuvres at
30°-st. Each maximal knee extension was followed by passive knee flexion to return to the starting
point. To train the eccentric leg, participants again performed eight continuous maximal knee extension
manoeuvres at 30°-s but this time, against the resistance of the dynamometer moving in the opposite
direction. Once full flexion was reached, the dynamometer was passively returned to the extended
position. For both legs, participants completed four sets of eight maximal voluntary contractions
(Blazevich et al., 2007) with 1-min rest between sets. Both concentric and eccentric actions were
performed through each participant’s full range of motion, which was matched at each visit. Participants
were instructed to perform maximally during all four sets, and verbal encouragement was provided
throughout. During the training period, participants were instructed to refrain from any form of
intensive resistance training and to record any activities they took part in each week. Training data were

presented as the average torque from the two sessions each week and are presented in Table1.

Data Analysis

All dependent variables were assessed for differences between the leg that was trained eccentrically
and the leg that was trained concentrically (CON vs. ECC) and time (pre vs. post) and were analysed

10



using a series of two-way repeated measures ANOVA’s (o level of 0.05) (IBM SPSS Statistics, Version
24.0, Armonk, NY: IBM Corp). In case of a significant leg x time interaction, post hoc paired t-tests

with Bonferroni correction were conducted.

Results

Training data, expressed as group means across the 5 weeks, is presented in table 1. Individual strength
responses to training from week 1 to week 5 are also presented in Figure 1. Training attrition was 0%
with all participants completing all training sessions. There was a significant leg x time interaction for
peak torque measured in week 1 and week 5, in CON and ECC legs (F,15= 18.736, P < 0.001). Post
hoc tests demonstrated increases in peak training torque between week 1 and 5, in both CON (ti1) = -
6.076, P <0.001) and ECC trained legs (t@z1=-7.537, P < 0.001), with peak torque greater in the ECC
leg compared to the CON leg at week 1 (tz)=-6.111, P <0.001) and week 5 (t@1)=-6.329, P < 0.001).

Table 1 Peak training torque measured across 5 weeks in CON and ECC training conditions. Values are
mean + standard deviation. *represents significant difference between peak torque at week 1 and week 5.

Trepresents a significant difference in peak torque between CON and ECC conditions.

Average Training Torgue (Nm)

Week 1 2 1 4 5
CON 179.4=3827 187.7=351 197.7=383 202.0=324 213.4 =30.1%7
ECC 2283=431 2542 =584 2652=483 2750571 303.0=67.2%

11
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Figure 1 Changes in knee extensor muscle strength (%) after 5 weeks of CON or ECC training,
measured by maximal isometric actions at 30° and 70°, and during maximal concentric and eccentric
actions. Values are mean + standard deviation. *represents significant differences between pre and post
testing on raw units (p < 0.05).

Muscle strength

Pre and post values for each leg are presented in Table 2. For knee extensor strength variables, there
were no significant leg x time interactions (isometric strength 30°: F(1,15y= 0.084, P = 0.776; isometric
strength 70°: F1,15y= 0.011, P = 0.918; concentric strength: F15y= 0.211, P = 0.652; eccentric strength:
Fa.15=0.011, P =0.916) and no differences between CON or ECC legs (isometric strength 30°: F.15
=2.941, P =0.107; isometric strength 70°: F(1,15)= 0.025, P = 0.904; concentric strength: F(,15y=0.001,P
= 0.972; eccentric strength: Fe15)= 1.405, P = 0.254). There were significant main effects of time for
all knee extensor strength variables, (isometric strength 30°: Fq15 = 26.211, P < 0.001; isometric
strength 70° Fa15 = 11.247, P = 0.004; concentric strength: Fq 15 = 27.780, P < 0.001; eccentric
strength: Fa.15y= 11.828, P = 0.004), with post hoc tests showing increases in isometric strength at 30°
(te1=-5.556, P < 0.001) and 70° (t@y = -4.162, P < 0.001) and concentric () = -6.514, P < 0.001)

and eccentric strength (t@) = -3.197, P < 0001) after 5 weeks of training (Figure 2).
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Figure 2 Change in vastus lateralis (VL) muscle morphology after 5 weeks of CON or ECC training. (A)
Change in muscle volume (%) (B) Change in anatomical cross-sectional area at the mid-point and distal
end of the muscle (%). Values are mean + standard deviation. *represents significant differences
between pre and post testing on raw units (p < 0.05), frepresents significant differences between CON
and ECC training on raw units (p < 0.05).

Morphological and architectural measures

Muscle volume and anatomical cross-sectional area

For vastus lateralis muscle volume, there was no significant leg x time interaction (F,15 = 0.150, P =
0.704) and no difference between CON and ECC legs (Fq,15= 0.568, P = 0.963). There was a significant
main effect of time (Fu1s = 100.323, P < 0.001), with follow-up tests demonstrating an increase in
muscle volume after 5 weeks of training (t1) = -11.811, P < 0.001) (Figure 3A). For anatomical cross-
sectional area, there were significant leg x time interactions at both the mid-point (F15 = 9.947, P =
0.007) and distal end of the muscle (Fu15 = 49.925, P < 0.001). Post hoc tests demonstrated no
differences between training legs at baseline (mid-point: tzy = -1.094, P = 0.291) (distal end: tzy = -
1.263, P = 0.226), but both CON and ECC legs resulted in significant increases in vastus lateralis
anatomical cross-sectional area at the mid-point (CON: tsyy = -32.245, P < 0.001; ECC: t(31y= 4.456, P
< 0.001) and at the distal end of the muscle (CON: t@1)= -4.184, P < 0.001; ECC: t@zy= -9.266, P <
0.001). At the mid-point, there were significantly greater increases in anatomical cross-sectional area

in the CON leg (tz1 = 2.277, P = 0.045), whilst at the distal end, greater changes were observed in the
13



ECC leg (t@y=-2.255, P = 0.048) (Figure 3B).
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Figure 3 Change in vastus lateralis (VL) muscle morphology after 5 weeks of CON or ECC training. (A)
Change in muscle volume (B) Change in anatomical cross-sectional area at the mid-point and distal end
of the muscle. Values are mean + standard deviation. *represents significant differences between pre and
post testing (P < 0.05), frepresents significant differences between CON and ECC training (P < 0.05).

Fascicle length and angle

Fascicle length measured at the mid-point of the muscle had a significant leg x time interaction (F.1s)
=17.141, P = 0.001). Post hoc tests showed no differences at baseline (tz1)= -0.276, P = 0.768) but
there was a significant increase in fascicle length at the mid-point of the muscle after 5 weeks of both
CON (ty = -6.036, P < 0.001) and ECC legs (t@ny= -8.474, P < 0.001), with greater increases in the
ECC leg (tzy=-3.973, P = 0.001). At the distal end of the muscle, there was also a significant leg x
time interaction (Fq,15 = 97.569, P < 0.001), with no evidence of baseline differences (t@1) = -0.975, P
= 0.345). Fascicle length increased significantly at the distal end of the muscle after 5 weeks in the

ECC leg (tzy=-11.120, P < 0.001), but not in the CON leg (t1=-0.187, P = 0.855) (Figure 4A).

For fascicle angle, there were significant leg x time interactions at both the mid-point (F,15) = 33.108,
P < 0.001) and distal end of the muscle (F,15 = 23.658, P < 0.001). Post hoc tests demonstrated no
differences at baseline between CON and ECC leg (mid-point: t@)=-1.403, P = 0.181) (distal end: t()

=0.293, P = 0.774). At the mid-point of the muscle, fascicle angle increased from pre to post (CON:
te=-13.402, P < 0.001) (ECC: tz1y=-5.565, P < 0.001), but was significantly higher after 5 weeks in
the CON leg compared to ECC leg (tz1) = 2.384, P = 0.031). Fascicle angle in the distal part of the

muscle also increased after 5 weeks in the CON leg (tz1 = -9.141, P < 0.001) and ECC leg (tey = -
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8.466, P < 0.001), but the increase was significantly greater in the ECC leg (tzy) = -2.933, P = 0.010)

(Figure 4B).
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Figure 4 Change in vastus lateralis (VL) architecture after 5 weeks of CON and ECC training (A)
Change in fascicle length at the mid-point and distal end of the muscle (B) Change in fascicle angle at
the mid-point and distal end of the muscle. *represents significant differences between pre and post
testing (P < 0.05), frepresents significant difference between CON and ECC training (P < 0.05).

Table 2 Mean (£ standard deviation) values of knee extensor muscle strength, vastus lateralis muscle
volume and anatomical cross-sectional area (CSA), fascicle length and fascicle angle, pre and post, 5
weeks of concentric (CON) or (ECC) training. *represents significant differences between pre and post

testing (p < 0.05). Trepresents significant differences between CON and ECC training (p < 0.05)

CON ECC

Measure Pre Post Pre Post
Izometric strength 30° (INm) 018=163 101.0x129% 073140 1078 = 14 8%
Izometric strength 70° (INm) 1774476 1964 £59.1% 1708 =383 1903 = 76.4%
Concentric strength (INm) 1947411 2163 £353+% 192.6 =367 2163 +33.1%
Eccentric strength (Nm) 2244 =477 2545 £79.8% 230.0=537.6 2598 =380.1%
Muscle volume l:cm';'j 66545 716 £ 45% 667 £ 46 720 £ 45%
Muscle CSA (mid-point) (cm?) 33314 360=+13* 333521 35.2=2.1%
Musele CSA (distal end) (cm?) 17513 178+ 1.5% 172+14 18.5=1.8%7
Fascicle length (mad-point) (cm) g0=x02 82+02% 8102 g.5 =03+
Fascicle length (distal end) (cm) 82=x02 3.2=01 8303 8.0= 0.3+
Fascicle angle (mid-point) () 15607 16.8 £ 0.6*% 135906 16.3=0.5%7
Fascicle angle (distal end) (%) 2104 224=04% 220=03 22.9=0.4%7
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Discussion

The present study investigated the effects of 5 weeks CON vs. ECC training on knee extensor strength,
vastus lateralis muscle volume and regional changes in anatomical cross-sectional area, fascicle length
and angle. We hypothesised that both modalities would result in similar increases in knee extensor
strength and muscle volume, but that the different training modalities would cause regional differences
in anatomical cross-sectional area and muscle architecture. In line with our hypothesis, we found
regional differences in anatomical cross-sectional area, which differed between training modalities.
ECC training caused greater increases in the distal part of the muscle compared to CON training, where
cross-sectional area was greater in the mid-point of the muscle. We also found that ECC training caused
significantly greater changes in whole fascicle length at both the mid-point and the distal end, whilst
CON training resulted in significantly greater fascicle angles, with greatest changes at the mid-point of
the muscle. To the best of our knowledge, no study has measured the region-specific changes in fascicle
length and fascicle angle, as well as regional changes in anatomical cross-sectional area that might
result from isolated CON vs. ECC training. The use of 3D ultrasound in this current study was also
implemented, to overcome the measurement errors arising from 2D ultrasound and provide clearer

conclusions on the adaptions, which might occur from these different training modalities.

The hypothesis that knee extensor strength and vastus lateralis muscle volume would increase with both
training conditions was supported. Despite the fact that ECC training resulted in significantly higher
peak training torques than CON training over 5 weeks (Table 1), similar increases in muscle strength
(10-13%) and muscle volume (8%) were observed between conditions. Although this may seem
unexpected, given the higher training load in the ECC condition, these findings are in line with several
studies, even when CON and ECC training was matched for load or neural drive (Blazevich et al., 2007;
Franchi et al., 2014; Franchi et al., 2015; Gonzalez-1zal et al., 2014; Maco et al., 2018; Timmins et al.,
2016; Wernbom, 2007). One explanation is that ECC actions do not elicit a higher mechanical load, but
they generate higher forces through the stretch and recoil of passive structures, such as titin, which
might act as a molecular spring, increasing force output during lengthening actions (Herzog, 2014),

consistent with our training data. Conversely, Franchi et al. (2015) argued that perhaps ECC actions do
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indeed produce a greater mechanical stimulus, but the hypertrophic response to ECC training is blunted
by inflammatory responses and muscle damage, which is higher in ECC compared to CON actions
(Franchi et al., 2015). Whilst this is also a plausible explanation, the repeated bout effect with continued
ECC exercise, such as in the present study, is also well documented (Margaritelis et al., 2015). The
greater muscle fiber microdamage experienced during ECC actions has been shown to diminish after
just eight sessions of ECC exercise (Nikolaidis et al.2008), potentially negating any differences in
muscle damage between training modalities after this point. Thus, the exact mechanics behind these

similar strength and volume adaptations with CON and ECC training still remains unknown.

Although both training conditions showed similar changes in vastus lateralis muscle volume, regional
morphological patterns of hypertrophy differed significantly. Whilst ECC training promoted greater
hypertrophy in the distal portion of the muscle compared to CON training (ECC: 8% vs. CON: 2%),
increases in anatomical cross-sectional area at the mid-point of the muscle were greater with CON
training (CON: 9% vs. ECC: 5%). A novel finding of the study was that these regional changes in
anatomical cross-sectional area coincided with differential changes in fascicle length and fascicle angle
at the mid-point and distal end of the muscle. Fascicle length at the mid-point of the muscle, increased
significantly after both CON (3%) and ECC training (6%), but the changes were considerably greater
after ECC training. Conversely, at the distal end of the muscle, CON training did not induce any change
in fascicle length compared to baseline (0.2%), whilst in the ECC condition fascicle length increases
were greater than at the mid-point (8%). Studies which have investigated fascicle length changes at the
mid-point of the muscle over the same training duration show similar changes. Franchi et al. (2015)
identified a 5% increase in fascicle length after 4 weeks of ECC training and a 12% increase over 10
weeks (Franchi et al., 2014), reflecting the higher training duration. Regional differences in fascicle
angle were also observed in this study. In agreement with previous studies, CON training caused a
greater change in fascicle angle at the mid-point of the muscle (8%) compared to ECC training (3%),
with similar values previously reported after 4 weeks of CON training (Franchi et al., 2015; 8%).
However, at the distal end of the muscle, CON training caused much lower increases in fascicle angle

(2%), whilst in the ECC training condition, increases in fascicle angle were similar to those found at
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the mid-point of the muscle (4%). Collectively, our findings support the notion that adoption of a
resistance training programme using only one mode of contraction is unlikely to elicit complete muscle
adaptation (growth). If the basic aim of a training programme is to maximise muscle hypertrophy, then
both forms of contraction should be considered. The capacity to target growth in specific regions of the
muscle using CON or ECC contractions could also be important in a musculo-skeletal rehabilitation
setting, where under- or over-development of selected muscle regions could impair muscle function,

delay recovery or increase the risk of subsequent injury.

Taken together, these results suggest that CON training induces adaptations predominantly in the mid-
point of the muscle and results in greater anatomical cross-sectional area due to predominant increases
in fascicle angle. These findings of increased fascicle angle may reflect an increase in the number of
in-parallel sarcomeres. In previous studies, this increase has been shown to occur mainly in the central
region of the vastus lateralis muscle with CON training (Reeves et al., 2009), which is consistent with
the results shown here. Conversely, ECC training caused a wider variation of regional changes along
the length of the muscle from the mid-point to the distal end. The greatest changes were at the distal
end of the muscle, where anatomical cross-sectional area was higher after ECC training, although
reasonably large changes were also observed at the mid-point. Increases in fascicle length contributed
most to the increased anatomical cross-sectional area after ECC training, and this was evident at both
the mid-point and more so in the distal region. The increase in fascicle length may represent in-series
sarcomere addition, which is greater in response to lengthening actions, such as ECC exercise in animal
studies (Holly et al., 1980; Butterfield, Leonard, Herzog, 2005) and greater at the distal end of the
muscle, where the stretch stimulus is likely to be highest. However, results demonstrate that these
adaptions also occurred, to a lesser extent in the mid-belly. The finding that fascicle angle increased at
the mid-belly and distal end with ECC training as well as CON training, suggests that adaptations are
not limited to the mid-belly of the muscle or to CON training. In fact, the results demonstrate that ECC
training appear to cause an adaptation at the mid-point and distal end of the muscle, which may be
reflective of an increase in both in-parallel and in-series sarcomeres (Butterfield, Leonard, Herzog,

2005).
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This is the first study to report regional changes in fascicle length and angle after CON and ECC training
after just 5 weeks of training. The finding that ECC training causes greater adaptations in the distal
region of the muscle, suggests that measurements taken only at the mid-belly of the vastus lateralis in
previous studies may not have been representative of whole muscle adaptations; consistent with a recent
anatomical study where irregularity of fascicles within the vastus lateralis muscle were reported
(Oranchuk 2020). Our findings also highlight that previous studies, which extrapolate from scans at the
mid-belly of the muscle are likely to underestimate the true change in fascicle length and fascicle angle.
For example, trigonometric methods result in large differences compared to an extended field of view
and fail to account for curvature in the fascicles, which is significant at the distal end of the vastus
lateralis muscle (Oranchuk, 2020) and at the distal ends of the fascicles, where sarcomere addition is
thought to occur (Williams & Goldspink. 1971). Thus, studies using 2D ultrasound and measuring only

at the mid-belly need to be interpreted with caution depending on what training stimulus has been used.

It should be acknowledged that the use of an isokinetic dynamometer will give a different resistive
stimulus to typical concentric and eccentric training modalities, which compromises ecological validity.
In addition, this study investigates just one of the four main knee extensor muscles, whose contributions
will change particularly during CON and ECC exercise. Thus, the results found here for the VL will

not necessarily be the same for all quadriceps muscles and should be investigated.

Conclusion

Differences in morphological and architectural characteristics might be important for both rehabilitation
and performance. Region-specific changes in muscle architecture can influence the function of muscles
(Narici, 1999; Lieber and Fridén, 2000; Narici et al., 2016), such as longer fascicles increasing
maximum shortening velocity or a greater number of parallel fibres increasing force output. These
factors may serve to reduce the risk of injury, facilitate recovery from injury or enhance performance
in sport or in an ageing or disabled population. Distinct architectural remodelling through a loss of

sarcomeres in series and in parallel, occurs in ageing and a number of neurodevelopmental conditions,
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such as cerebral pasly (Matthiasdottir, Hahn, Yaraskavitch & Herzog, 2014). An understanding as to
how contraction mode affects the muscle and what could be the best intervention with different
populations could be important, alongside the importance of tracking changes in different regions of
the muscle, where some adaptions might be more pronounced than at the mid-belly of the muscle. This
study is the first to highlight regional changes in architectural, as well as morphological characteristics,
in the vastus lateralis muscle in response to CON and ECC training. Future research into the effects that
increased fascicle length, angle and cross-sectional area have in different regions of the muscle is

needed to close the gap between these findings and its application in an applied setting.
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