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Abstract

Introduction

Accentuated-eccentric loading (AEL) takes advantage of the high force producing potential
of eccentric muscle contractions, potentially maximising mechanical tension within the mus-
cle. However, evidence is lacking on how AEL squatting may load the involved musculature,
limiting scientifically justified programming recommendations. The purpose of this study
was to investigate the effects of concentric and eccentric loads on joint loading and muscle
activity of the lower limbs.

Methods

Resistance trained males performed traditional squatting (20—100% of concentric one-repe-
tition maximum [1RM]) and AEL squatting with eccentric loads (110-150% of 1RM) provided
by a novel motorised isotonic resistance machine (Kineo). Kinetics and kinematics of the
hip, knee, and ankle joints were collected, with electromyography from the gluteus maximus,
vastus lateralis, biceps femoris, and gastrocnemius medialis. A secondary cohort under-
went a kinematic and electromyography analysis of squatting technique to compare Kineo
and back and front barbell squatting.

Results

Knee joint peak eccentric moments occurred at 120% 1RM (P = 0.045), with no further
increase thereafter. As eccentric load increased, the time course of moment development
occurred earlier in the eccentric phase. This resulted in a 37% increase in eccentric knee
extensor work from the 80% 1RM trial to the 120% 1RM trial (P<0.001). Neither hip nor
ankle joints displayed further change in kinetics as eccentric load increased above 100%
1RM. Electromyographic activity during traditional squatting was ~15-30% lower in all
eccentric trials than in concentric trials for all muscles. EMG plateaued between a load of
80-100% 1RM during the eccentric trials and did not increase with AEL. No significant differ-
ences in kinematics were found between Kineo and barbell squatting.
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Conclusions

The knee extensors appear to be preferentially loaded during AEL squatting. The greater
work performed during the eccentric phase of the squat as eccentric load increased sug-
gests greater total mechanical tension could be the cause of adaptations from AEL. Our
data suggest that AEL should be programmed with a load of 120% of 1RM. Further studies
are needed to confirm the longer-term training effects of AEL.

Introduction

Increasing muscle force producing capacity is a primary goal for strength and conditioning
(S&C) practice, as it can improve performance in a wide range of sporting activities [1, 2].
Enhanced force production can be achieved by increased neural drive and the addition of con-
tractile material via skeletal muscle hypertrophy [3], both of which can be achieved with resis-
tance training [4]. Skeletal muscle hypertrophy occurs as a result of an increased net-protein
balance [5], which involves the activation of mTORCI1 [6]. The stimulus from mechanical ten-
sion within the muscle has been highlighted as the primary mechanism by which hypertrophy
occurs [7], with a dose-response relationship between the peak tension the muscle undergoes
and the activation levels of mMTORCI [8]. These stimuli are detected by mechanosensors such
as the kinase domain of the titin myofilament protein [7]. Furthermore, a total volume of
mechanical tension, due to more work done by a muscle, has also been shown to increase
markers of muscle protein synthesis [9]. However, highly trained athletes have a smaller physi-
ological response (e.g., endocrine response) to resistance training, leading to an attenuation of
skeletal muscle adaptation compared to untrained individuals [10]. Thus, highly resistance-
trained individuals may require greater or novel stimuli to elicit adaptation. Therefore, S&C
practitioners seek advanced training methods to facilitate continued adaptation, often by
increasing the peak mechanical tension or volume of mechanical tension placed upon a
muscle.

One such advanced training method is eccentric resistance training [11], whereby the dura-
tion or loading of the eccentric (muscle lengthening) phase of a given exercise is manipulated
by applying loads above the individual’s concentric (muscle shortening) one-repetition maxi-
mum (1RM), or through the use of isoinertial or isovelocity devices such as the Kineo training
system (kineo) (v7.0, GLOBUS, Italy) [12]. These training methods exploit the greater force
producing capacity of eccentric compared to isometric or concentric muscle contractions [13].
During eccentric contractions, sarcomere length increases including active stretch of the
spring-like titin myofilament increasing its stiffness [14], facilitating greater transference of
forces through the sarcomere which can be detected by the kinase domain of titin, potentially
leading to adaptation. The magnitude of eccentric force enhancement recorded is dependent
on the conditions of measurement, with forces up to 80% greater in isolated muscle [15], and
forces/moments up to 30% greater for single-joint movements [16] and 10% greater during
multi-joint exercises [12]. These differences are likely due to an eccentric-specific neural acti-
vation strategy [17], and differences in neural activation during multi-joint movements [18].

To that end, the question arises whether sufficiently greater muscular forces are achieved dur-
ing eccentric training to warrant the complexity of these training designs.

During traditional (TRAD) squatting (i.e., same absolute load for the concentric and eccen-
tric phase), ground reaction forces have been reported to be greater during the concentric vs.
the eccentric phase [19], given the load must be accelerated against gravity in the concentric
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phase. Consequently, the load during the eccentric phase in TRAD squatting is significantly
below the maximum eccentric capacity, potentially under-loading the musculature and there-
fore providing sub-optimal mechanical tension to promote adaptation. However, the degree of
this under-loading during the eccentric phase compared to the concentric phase is currently
unknown.

One eccentric resistance training method that shows promise for overcoming the above
limitations of TRAD squatting is accentuated-eccentric loading (AEL) [20] in which the load
is greater during the eccentric phase than the concentric. By taking advantage of the direction-
specific mechanical properties of muscle contraction, AEL can increase the peak and volume
of mechanical tension experienced. Previous literature has highlighted promising results from
AEL, with increases in both strength and hypertrophy [11], as well as maintained acute endo-
crine responses [21]. Thus, many elite S&C practitioners now adopt AEL into their training
repertoire [22]. However, there is a dearth of information regarding how best to program
AEL, especially considering a systematic review from 2017 found ~80% of eccentric research
has been performed using single-joint methodologies [23], whereas multi-joint movements
are typically used in applied practice (e.g., squatting). There is also a high variability between
individuals in the absolute and relative magnitude of maximum eccentric forces produced dur-

ing squatting [12]. Collectively, these issues make it difficult to produce scientifically justified
AEL training recommendations.

Harden et al. [24] explored the issue of eccentric under-loading using a pneumatic leg-
press to deliver loads equivalent to 110, 130, & 150% of isometric force, and found that a
greater eccentric load results in an increase in eccentric ground reaction force [24]. Likewise,
Sarto et al. [25] demonstrated that an AEL load of 150% during a leg-press results in a 31%
increase in quadriceps muscle activity compared to a TRAD eccentric load of 80% of IRM.
Taken together, these studies indicate a greater loading of the lower limb musculature during
AEL. However, it is uncertain how this would translate to squatting, due to the differences in
kinematics and muscle activity between the squat and leg-press [26]. One of the few studies
that has examined the eccentric phase of the squat with AEL [27] found that this resulted in a
greater eccentric work. Unfortunately, this was only assessed with one AEL load (105% of con-
centric 1RM) and did not investigate individual joint kinetics [27], and therefore comprehen-
sive training recommendations cannot be established.

In order to produce comprehensive training recommendations for AEL squatting, it is nec-
essary not only to understand the total load that can be lifted, but also to understand the joint
contributions, as not all joints are loaded equally during multi-joint movements. Additionally,
the loading experienced in each phase of the squat may vary due to changes in squatting tech-
nique. During the eccentric phase athletes may alter their strategy to control the load and may
not produce maximum effort throughout the full range of descent [28], and thus descent veloc-
ity can vary [29]. These changes may affect the rate of moment development, work, and peak
joint moment exerted by the lower limb muscles, with work being an indicator of the total vol-
ume of mechanical tension, and peak joint moment an indicator of peak mechanical tension
experienced by a muscle. Therefore, in order to identify optimal AEL protocols, a range of
AEL parameters needs to be assessed. Application of squatting loads greater then 1RM can be
risky and challenging, or requires specialist equipment such as the Kineo, which we have previ-
ously demonstrated to be safe and effective for this purpose [12]. However, we also need to
understand whether the squat technique when using the Kineo differs to those of typical squat
variations (e.g., barbell back squat/front squat.

Therefore, the primary objectives of this study were to study the application of AEL during
squatting and to: 1) determine how the eccentric joint moments and work of the lower limb
joints change with the magnitude of eccentric load; 2) determine how the concentric and
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eccentric joint moments and work of the lower limbs differed during TRAD loading; 3) estab-
lish whether/how lower limb peak joint moments and work from the AEL trials differ from
those achieved during commonly prescribed TRAD loads used for resistance training. Second-
ary objectives were to investigate whether any changes in joint moments and work are accom-
panied by changes in muscle activity or changes in joint kinematics, and if the squat
kinematics differ between barbell variations and the Kineo.

It was hypothesised that: 1) as eccentric load increased, the joint moment and work of the
lower limbs would increase; 2) concentric joint moments and work of the lower limbs would
be greater than eccentric joint moments and work during TRAD loading; 3) eccentric joint
moments and work during AEL would exceed those during the concentric phase of TRAD;
and 4) an increased joint moment would be accompanied by an increase in EMG activity.

Materials and methods
Participants

Nine male participants were recruited for this study (age; 24 + 2 years, body mass; 81.2 + 8.6
kg, height; 178 £ 5 cm). This sample size exceeded the minimum participant sample size

(n =7) determined using joint moment data from previous research [30] with power and
alpha levels set to 0.8 and 0.05, respectively. All participants had completed at least twelve
months of resistance training prior to this study and had a mean relative barbell back squat
1RM of 1.71 + 0.17 body mass. Prior to commencement, participants were informed of the
study procedures and gave written informed consent. The study was approved by the Liver-
pool John Moores University research ethics committee (19/SPS/038).

Experimental protocol

All squatting trials (both TRAD and AEL) were performed on the Kineo Training System
(Kineo) (V7, GLOBUS, Italy), which is a motorised cable pulley system that facilitates AEL
squatting via automatic load adjustments at pre-defined ranges of motion. We have previously
shown the Kineo to be reliable, accurate and safe in application of accentuated-eccentric loads
during squatting [12]. Participants reported to the Liverpool John Moores laboratories on
three occasions. The first visit was used for familiarisation to the Kineo and AEL squatting.
During the second visit, each participant’s concentric 1RM squat on the Kineo was measured.
Experimental data were collected on the third visit, consisting of kinetics, 3D kinematics and
electromyography (EMG) during TRAD and AEL Kineo squatting. Each session began with a
standardised warmup following the RAMP protocol [31].

Familiarisation and squat set up

Participants were fitted with a shoulder/hip harness, adjusted for goodness of fit, before being
attached to the Kineo via a cable (Fig 1). Range of motion was determined, so that the eccen-
tric phase commenced until the participant had squatted down to a depth at which the top of
the thighs were parallel to the ground. An audible signal was given when this depth was
attained and confirmed via 3D motion analysis. The concentric phase began immediately after
the end/completion of the eccentric phase and until the participant had fully extended the hips
and knees. The corresponding cable positions were programmed and saved within the Kineo
software control system to facilitate automatic load changes for AEL squatting during the
experimental testing. Participants finished the familiarisation session with several sets of
TRAD and AEL squatting ranging from 20-150% of estimated concentric 1RM, to become
familiar with the automatic load adjustments during AEL.
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Glo8Us

Fig 1. Example of participant performing a squat utilising the Kineo Training System. The participant is attached to the machine utilising a shoulder/hip
harness, which is then attached to a cable protruding from the floor beneath the participant. A) Start of eccentric phase, B) end of eccentric phase/start of
concentric phase.

https://doi.org/10.1371/journal.pone.0276096.g001

One-repetition maximum testing

Participants reported to the laboratories in a fed and hydrated state. Body mass (+ 0.1 kg) and
height (+ 0.5 cm) were measured (SECA 704/202, Germany). Participants then performed a
standardised warmup, finishing with several progressively heavier squats on the Kineo, follow-
ing protocols of the National Strength and Conditioning Association [32]. Participants were
then allowed a maximum of five attempts to establish a TRAD squatting 1RM using isotonic
loads applied from the Kineo, adhering to the technique outlined in the familiarisation, with
3-5 minutes passive rest between attempts.

Kinetic, kinematic, and electromyography testing

On the third visit (5-7 days post 1RM), participants reported to the laboratory at a similar
time of day to that at which they performed the 1RM testing. Upon completion of the
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standardised warmup, participants were fitted with reflective markers and surface electromy-
ography electrodes (BlueSensor, Ambu, Denmark).

Thirty-six spherical reflective markers were used to define and track the lower limb seg-
ments. This included a modified CODA pelvis marker set to define the pelvis segment with
additional tracking markers on the iliac crest to aid in pelvis tracking and to overcome ASIS
marker occlusion during deep hip flexion. The remaining markers were placed on the lateral
& medial femoral epicondyles, lateral & medial malleoli, heel, and 1% & 5™ metatarsals to
define the thigh, shank, and foot segments. Additionally, rigid four-marker cluster sets were
placed on the lateral thighs and shanks to aid in thigh and shank tracking. Joint centres of the
hip and knee were identified by functional movement trials that isolated movements of those
joints, and were calculated using the Gillette algorithm [33]. Surface electromyography elec-
trodes were placed on the gluteus maximus, vastus lateralis, biceps femoris, and gastrocnemius
medialis according to the SENIAM guidelines [34]. Prior to electrode placement, the skin was
prepared by shaving and abrading to enhance signal quality.

Participants performed ten trials of squatting (five TRAD, five AEL) in a randomised order.
TRAD squatting applied the same absolute load for both the concentric phase and eccentric phase
(20%, 40%, 60%, 80%, and 100% 1RM). AEL squatting applied an increased load (compared to con-
centric 1IRM) in the eccentric phase (110%, 120%, 130%, 140%, and 150% 1RM) whilst the concen-
tric load remained at 60% 1RM for all AEL trials. A load of 60% 1RM was chosen for the concentric
trials based upon pilot testing, as it enabled enough preload to enable maximal eccentric contrac-
tions [16], whilst minimising excess fatigue. Load adjustment between the eccentric and concentric

phase for AEL trials was performed automatically by the Kineo once the programmed transition
point had been reached. All trials were performed with three repetitions, interspersed by five min-
utes passive recovery. The average of the three trials was used for data analyses.

Data acquisition and analyses

During all trials, ground reaction forces were collected from two force plates sampling at 1500
Hz (9287c, Kistler, Switzerland), amplified (9865, Kistler, Switzerland) and converted to a digi-
tal signal. Reflective markers were tracked at 200 Hz using six 3D motion capture cameras
(Opus 3 series, Qualisys, Sweden). Electromyographic signals were sampled at 1500 Hz and
transmitted wirelessly (Research DTS, Noraxon, USA). All force, motion and EMG data were
recorded synchronously in Qualisys Track Manager (Qualisys, Sweden), before being exported
to Visual 3D (C-Motion, USA) for analyses. Force and motion data were processed with a low-
pass 4™ order Butterworth filter, with a cut off frequency of 6 Hz. EMG data was band pass fil-
tered between 10 and 250 Hz and root mean squared with a moving average of 100 ms.

Joint range of motion (°) and joint velocity (° s during the concentric and the eccentric
phases were quantified. Inverse dynamics calculations were used to calculate joint moments of
the hip, knee and ankle during the concentric and eccentric phases of the squat, which were
normalised to body mass (N-m-kg ™). Integration of the joint power curve allowed for the cal-
culation of eccentric and concentric joint work (J). Joint work was reported as an absolute
magnitude, irrespective of direction (+ or -) for ease of comparison and graphical representa-
tion. Electromyography data were analysed for peak EMG, and total integrated EMG of the
eccentric and concentric phases of each joints individual range of motion. All EMG data were
normalised to the equivalent measure obtained during the concentric TRAD 100% trial.

Statistical analyses

Mauchly’s test for sphericity, Levene’s test for homogeneity of variance, and Shapiro-Wilk’s
test for normality were performed on all data. Greenhouse-Geisser corrections were used on
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data that violated the assumption of sphericity. All data were normally distributed (P = 0.145-
0.814) and had a homogeneity of variance (P = 0.157-0.987). To assess study objective one, a
one-way repeated measures ANOVA was used to determine if eccentric load (20 to 150%
1RM) had an effect on the kinetics, kinematics, and muscle activity during the eccentric phase
of the squat. To assess study objective two, a two-way repeated measures ANOVA was used to
compare the kinetics, kinematics, and muscle activity during the concentric and eccentric
phase of the squat during TRAD loading (20 to 100% 1RM). Study objective three was subse-
quently assessed with a one-way repeated measures ANOVA to compare the joint moment
and work from the AEL trials that lead to the greatest eccentric kinetics to the concentric 80%
and 100% trials. Bonferroni post-hoc analyses were used in all tests where appropriate. Effect
sizes were calculated for all ANOVA tests using w?, with values of 0.01, 0.06, and 0.14 indicat-
ing a small, medium and large effect size, respectively [35]. Additionally, a paired-samples t-
test was used to perform a comparison between the 80% 1RM and 120% 1RM trial. A Cohen’s
d effect size was calculated with values of 0.2, 0.5, and 0.8 representing a small, medium, and
large effect size, respectively.

Coefficient of variation (CV) was used to identify repetition-to-repetition reliability. Peak
joint moment (CV = 2.6-4.1%), joint work (CV = 1.8-2.4%), joint velocity (CV = 4.7-5.2%)
and EMG (CV =7.2-18.6%) had acceptable reliability and was similar to previous literature
[30]. For all data, statistical significance was assessed with an alpha level of 0.05. All analyses
were performed in Statistical Package for the Social Sciences (SPSS version 27, IBM, USA).

Comparison between Kineo and barbell squatting

A secondary cohort of resistance trained males (age: 25 + 2 years, weight: 78 + 7 kg, height:
179 + 6 cm; UREC code: 21/SPS/035) performed barbell back squat, barbell front squat, and
Kineo squat under 50, 85, and 100% of body mass, in a randomised order. Movement kine-
matics was assessed in the same way as described earlier and EMG was collected from gluteus
maximus and vastus lateralis. For a detailed description of the methodology please see the

S1 File.

Results

There was a significant effect of loading condition on the peak joint moments in the eccentric
phase for the hip (F = 2.773, P = 0.007, w?=0.17) (Fig 2A) and knee (F = 16.408, P<0.001, w?
= 0.61) (Fig 2B), but not on the ankle (F = 0.254, P = 0.985, w?=-0.08) (Fig 2C). Post-hoc test-
ing revealed that there was a plateau in peak eccentric moment at a load of 80% for the hip

(P =0.039), and at 120% for the knee (P = 0.045).

Analyses of eccentric joint work found that there was a significant effect of loading only on
the knee (F = 5.438, P<0.001, w* = 0.31) (Fig 2E), with no effect on the hip (F = 1.2, P = 0.307,
w?=0.02) (Fig 2D) or ankle (F = 0.171, P = 0.996, ” = -0.09) (Fig 2F). Post-hoc testing of the
eccentric knee work revealed a plateau at a load 120% (P = 0.022).

During TRAD squatting, the peak joint moments were greater in the concentric than
eccentric phase for the hip (F = 3.982, P = 0.049, w” = 0.03), knee (F = 24.729, P<0.001, w* =
0.13) and ankle (F = 3.691, P = 0.044, w” = 0.03) (Fig 3A-3C). Similarly, joint work was greater
in the concentric than eccentric phase for the hip (F = 3.783, P = 0.045, w” = 0.02) and knee
(F = 31.58, P<0.001, 0* = 0.19). However, no difference was found between the concentric
and eccentric ankle work (F = 0.819, P = 0.368) (Fig 3D-3F). Post-hoc analyses identified that
the concentric and eccentric knee extension peak moment and work increased with load up to
100% 1RM (P = 0.003). Concentric and eccentric hip extension moment and work did not
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significantly increase past 60% (P = 0.039), and the ankle extensors saw no effect of loading on
either peak moment or work for either the concentric or eccentric phase (P = 0.084).

As both eccentric knee moment and work plateaued at 120%, these data were compared to
the concentric knee moments and work at 80% and 100% (moment: F = 2.775, P = 0.05, 0” =
0.1, work: F = 2.251, P = 0.125, w® = 0.08). It was found that peak knee moment in the eccentric
phase of the AEL 120% trial was significantly less than in the concentric phase of 100%

(P =0.042), but not significantly different from concentric 80% trial (P = 0.839). Eccentric
knee work at 120% was significantly greater than at 80% (t = -6.444, P<0.001, Cohen’s d effect
size = 0.81) (Fig 4).

The knee moment-time graphs during the eccentric phase (normalised to eccentric phase
duration) (Fig 4) reveal changes in the time course of moment development as load increased,
which helps to explain the effects of load on peak moment and work during the AEL trials. As
external load increased from 80% to 120% 1RM, eccentric knee extensor peak moment
increased (17%) and then plateaued, with a distinct peak occurring towards the end of the
range of motion. Furthermore, with each increase in load, moment development in the first
half of the movement was greater, resulting in a 37% increase in work from the 80% 1RM trial
to the 120% 1RM trial (Fig 4).

Analyses of EMG activity identified greater peak magnitudes during concentric than eccen-
tric phases during TRAD squatting across all loads; gluteus maximus (F = 51.952, P<0.001, o’
= 0.58), vastus lateralis (F = 29.81, P<0.001, w? = 0.27), biceps femoris (F = 20.852, P = 0.002,
w” = 0.35), and gastrocnemius medialis (F = 18.545, P<0.001, w” = 0.14) (Fig 5). Additionally,
eccentric loading had an effect on EMG activity, with an increase in activity as load increased
up to 100% for the gluteus maximus (F = 4.069, P<0.001, w? = 0.23), 80% for the vastus latera-
lis (F = 2.165, P = 0.033, w” = 0.10) and biceps femoris (F = 2.754, P = 0.007, w” = 0.14), whilst
there was no effect of load on the gastrocnemius medialis activity (F = 1.00, P = 0.447) (Fig 6).

The joint angular ranges of motion kinematics did not differ between loads for the hip
(F =0.274, P = 0.98), knee (F = 0.276, P = 0.979), or ankle joints (F = 0.155, P = 0.998)

(Table 1). The joint angle at which the peak moment occurred, during both the concentric
and eccentric phases, was not different between loads for the hip (F = 7.03, P = 0.426), knee
joints (F = 5.228, P = 0.052), or ankle joint (F = 0.610, P = 0.658). However, the peak concentric
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Fig 5. Box-plots (median + IQR) displaying the concentric (red bars) and eccentric (blue bars) normalised EMG for the gluteus maximus (A), vastus lateralis
(B), biceps femoris (C) and gastrocnemius medialis (D) during TRAD (20-100%) squatting. * = Eccentric muscle activity is significantly smaller than
concentric muscle activity at the same given load.

https://doi.org/10.1371/journal.pone.0276096.9005

ankle joint moment occurred in a significantly more dorsi-flexed position than the peak eccen-
tric moment (34 £1° vs 26 = 1°) (P = 0.006) (Table 1). Lastly, concentric joint angular velocity
was greater for all joints, at all loads, than eccentric joint angular velocity (Table 2). For the
hip (F = 17.219, P<0.001), velocity during concentric and eccentric phases reduced as load
increased up to 80% 1RM, after which it plateaued. Similar results were found for the ankle

(F = 8.516, P<0.001) with a plateau after 60%. However, the knee joint angular velocity only
showed a plateau after 100% 1RM (F = 22.837, P<0.001). There was no further decrease in
angular velocity as eccentric load increased above 100% (P = 0.698 to 0.99).

Comparison between Kineo and barbell squatting

Analyses of joint ranges of motion found that there was no effect of squatting variation on the
range of motion for the hip (F = 0.338, P = 0.719), knee (F = 3.365, P = 0.109), or ankle joints
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gastrocnemius medialis (D) during the eccentric phase of the squat with an external load of 20-150% 1RM. * = significant increase.

https://doi.org/10.1371/journal.pone.0276096.0006

Table 1. Joint angle kinematics (mean + SD) for the hip, knee, and ankle joints during the concentric and eccentric phases of the squat with external loads ranging
from 20% to 150% of concentric one-repetition maximum. * = Joint angle during the eccentric phase is statistically smaller than during the concentric phase at the same

given load.
Loading Condition (percentage of concentric one repetition maximum) (%)

20% 40% 60% 80% 100% 110% 120% 1305 140% 150%

Joint Angle at Peak Moment (°) | Hip | Concentric | 84+17° | 83+18° | 76 +16° | 79+14° | 81+13°
Eccentric | 80+11° | 86+14° |86 +11° | 86+ 11" | 77+£10° |77+13° | 74+12° | 77+14° | 77+10° | 80 = 14°

Knee | Concentric | 102+ 11° | 104+ 10° | 101+ 7" | 101 +8° | 99 + 14°
Eccentric | 104+10° | 107+£9° | 105+6° | 105+10° | 103+10° | 101 +8° | 102+9° | 98+7° | 101+9° | 103+9°

Ankle | Concentric | 37 £3° 36 +4° 34+4° 32+£5° 30£4°
Eccentric *23+7° | *26+12° | 24+ 8° 29+9° 27+ 8° 25+7° | 23+7° | 23+7° | 26+£9° | 23%5°
Range of Motion () Hip 89+12° | 93+£14° | 91£9° | 93+£11° | 89+10° [ 88+10° |89+10° | 88+10° | 90+10° | 90 +10°
Knee 112+ 8° 112+8° | 111+8° | 111+9° 108 +6° | 108+8° | 109+8" | 108+7° | 109+ 8" | 110 + 8"
Ankle 41+3° 40+ 3° 40+2° 40+ 3° 40+3° 40+3° | 40+3° | 40+2° | 40+2° | 40+3°

https://doi.org/10.1371/journal.pone.0276096.t001
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Table 2. Joint angular velocity kinematics (mean + SD) for the hip, knee, and ankle joints during the concentric and eccentric phases of the squat with external
loads ranging from 20% to 150% of concentric one-repetition maximum. * = eccentric angular velocity is statistically slower than concentric angular velocity at the
same given load. # = Angular velocity is statistically different to the preceding trial.

Peak Angular Velocity (*s™)

Average Angular Velocity (*-s™)

https://doi.org/10.1371/journal.pone.0276096.t002

Hip

Knee

Ankle

Knee

Ankle

Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric

Eccentric

Loading Condition (percentage of concentric one-repetition maximum) (%)

20% 40% 60% 80% 100% 110% 120% 1305 140% 150%
200+ 835" | #180%65°sT | #194+66°s | #182+57°s" 185+ 5557
"91+£30%s | #113+41%s" | #81£17°sT | "#1022£29°s" | *84+27°s7 | 77£35%s | 80£22°sT | 80£30°s! | 79+23°st | 74x22°7
257 +74°s" | #251262°sT | #260+62°sT | #250+55%s | 256+42°s
126 +26%s " | "#142+43°s" | "#116£32°s' | 115+£32°s! | *#101+£31%s! | #91+25%s" | 98+25%s! | 95+28%s! | 10442951 | 97+28%s"
107 £41°s" | #102+23°s" 103 +25°s™" 101+28°s™" 105 +26"-s™
48+ 16°s | *#57116%s" | "#49+13°s” 46+ 1257 40 £ 11°s7" 36+£8s" | 3811 | 38£11%s" | 43x12°s" | 39£9°s"
94 +29°s"! #86 + 24" #77£18"s" #68£17"s" #60 £ 12"
*52+15%s | *#57£20%s | "#48+15%sT | *#44£13°s 411357 39+£40°s" | 42£15%sT | 38£14%s" | 402175 | 41£16%s"
128 £28°s" | #117£21°s" | #107£16°s" | #92+ 14" #79 14" 57
74+ 18%s7 | F#79+21%s" | T#69+16%sT | "#63+16%sT | "#57+16°s | 55+ 18°sT | 60+20°-s" | 54+20°sT | 56+24°s" | 53+23°s7
36+10"s" #32+5°%s" #30+5%s" #26+4°s" 24+5°%"
19+ 4% 214" 194357 *18+3°s7 174 5% 17 445" 18+5%s" | 1645 16465 16455

(F=1.295, P = 0.281). However, there was a medium effect of squatting variation on pelvis
range of motion (F = 4.127, P = 0.039, w? = 0.08), with the Kineo squat (11+8°) having a signif-
icantly smaller pelvic range of motion than both the barbell back squat (21+6°) and barbell
front squat (20+5°) (Fig 7). External load did not have any effect on joint range of motion

(P =0.09-0.754). For analyses of joint velocities and muscle activity please see the S1 File.

Discussion

In this study we have established the joint kinetics, mechanical loading and kinematic charac-
teristics of traditional and AEL squatting. Supporting our first hypothesis, we discovered that
peak eccentric knee extensor moments occurred at 120% of 1RM, plateauing with further
increases in external squat load. The hip and ankle extensors showed no increase above 100%
1RM in eccentric joint moment or work during AEL squatting. Although only small increases
in peak knee joint moment were observed, eccentric moment development occurred earlier
during the eccentric phase as eccentric load increased (Fig 4), contributing to a continuous
increase in knee joint work up to 150% of 1RM. Furthermore, the vastus lateralis appears to
experience the greatest eccentric EMG activity (Fig 5/6) (relative to concentric 1RM activity).
Taken together, these results indicate that the knee extensors, rather than the hip extensors,
contribute most to the increasing squat load and experience the greatest loading [stimulus] in
the form of peak joint moment and joint work during AEL squatting.

A secondary component of this study was to investigate whether the kinematics and muscle
activity during squats performed on the Kineo differed from barbell squatting. Our findings sug-
gest that the Kineo squat involves similar ranges of motion to both the barbell back squat and the
barbell front squat for the hip, knee, and ankle joints. However, the Kineo squat presented a
reduced pelvic tilt range of motion, that resulted in less posterior pelvic tilt when the thighs were
parallel to the ground. Muscle activity during the Kineo squat was more akin to the front squat
than the back squat, but the difference in muscle activity was small (difference in normalised
EMG = 8%). Therefore, the findings obtained from the primary focus of this study should be
transferable to the barbell squatting variants, providing loading is applied in a safe manner.

The first aim of this study was to identify whether increased squat loading would result in
an increased eccentric joint moment and work. We can accept the first hypothesis, since there
was an increase in both knee extensor moment and work as eccentric load increased with a
plateau in knee extensor moment occurring at 120% 1RM, and a plateau in hip extensor
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Fig 7. Mean + SD joint angle (°) during the eccentric phase and concentric phase of the barbell back squat, barbell front squat, and Kineo squat with
an external load of 100% of bodyweight. Positive pelvic tilt angle is representative of anterior pelvic tilt, with a negative angle being representative of
posterior pelvic tilt. Positive ankle angle is representative of dorsiflexion, with a negative angle being representative of plantar flexion.

https://doi.org/10.1371/journal.pone.0276096.9007

moment occurring at 80% 1RM. This contrasts with what is known about the concentric phase
of squatting, in which the hip extensor moment increases to a greater extent than the knee
extensors as load is increased [30, 36]. Although this may be explained by differences in kine-
matics and muscle activation, we found no changes in joint ranges of motion or velocities as
eccentric load increased above 100% (i.e., AEL). However, during heavy concentric squatting
(70% 1RM) the forwards inclination of the trunk can increase by ~16° compared to lighter
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loads (30% 1RM) [37], increasing the moment arm of the centre of mass about the hips and
reducing the moment arm at the knee, explaining joint-specific contributions in those studies
[30, 36]. Therefore, in the present study it could be that the preferential loading of the knee

extensors during AEL is a result of the participants having not altered their kinematics and
joint dynamics with increasing eccentric load by keeping the trunk more vertical. The prefer-
ential loading at the knee during AEL squatting is further supported by the EMG data (Fig 6)
which is consistent with previous literature [38] showing EMG activity of the hip extensors is
lower than the activity of the knee extensors during eccentric squatting. However, caution
must be taken when extrapolating the result of this study to barbell squatting. We have shown
that the barbell and Kineo squat have similar kinematics and muscle activity in the lower limbs
under traditional loading conditions. For this data to be transferable to barbell squatting, the
participants must be able to maintain their kinematics during the eccentric phase during AEL,
which may be a more complex movement pattern due to the high centre of mass with the bar-
bell being positioned on the posterior deltoids. Therefore, AEL squatting may only be applica-
ble to well-trained individuals.

Supporting our second hypothesis, the joint moments in the concentric phase were 11-20%
greater than in the eccentric phase (Fig 3). This difference was similar for the hip, knee and
ankle extensors, therefore providing more evidence that during TRAD squatting the eccentric
phase is underloaded and may therefore be sub-optimal as a training stimulus, considering
peak eccentric ground reactions forces during isovelocity squatting are ~10% greater than con-
centric [12]. Taking into account that an increased eccentric load resulted in an increased
eccentric knee moment and work for the knee extensors (Fig 2), AEL would be able to reduce
the underloading that occurs during TRAD and can be recommended for inclusion in S&C
practice.

In the present study, eccentric knee extensor peak moment plateaued after 120% 1RM
(2.2 + 0.3 N-m-kg ™). However, this value was lower than the greatest concentric moment
(2.5+ 0.5 N-m-kg ™" at 100% 1RM), suggesting that the underloading of the knee extensors is
reduced, but not completely overcome during AEL squatting, thus we reject our third hypoth-
esis. There are several potential reasons for this. Firstly, the relative muscular contribution of
the knee extensors during a squat is ~60% compared to their single-joint isometric maximum
[39], which is partially explained by the low (<50%) muscle activity during a squat compared
to single-joint maximum voluntary contraction [40]. Considering that neural activation is
lower during the eccentric phase compared to the concentric (Fig 5), the potential to produce
a maximal knee extensor moment might be further reduced. These neural characteristics may
therefore explain why eccentric joint moments did not exceed the concentric moments, even
with AEL.

Although eccentric knee extensor moment was lower than concentric, it was hypothesised
that EMG would increase as eccentric load and moment increased during AEL [38]. However,
our data (Fig 6) showed no significant differences in vastus lateralis EMG as loads increased
above 80%, despite an increase in the means for joint moment and work. This suggests factors
independent of the neural input, with a plausible explanation for this being related to the force
producing potential of eccentric contractions, which benefits from the spring-like behaviour
of the titin myofilament [41]. Additionally, other passive-elastic tissues, such as the tendons,
may also be contributing to the increased joint moments. Greater tendon forces have been
observed under eccentric versus concentric conditions [42], which may be partly due to
greater tendon displacement, and thus increased tendon strain [43], facilitating the storage,
and subsequent release of elastic energy [44]. Therefore, we reject our fourth hypothesis that
the increased eccentric joint moments during AEL are accompanied by increased muscle
activation.
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Practical implications

Although the greatest peak joint moments occurred during the concentric 100% 1RM, training
volume also regulates the hypertrophic stimulus [45] and greater eccentric work was per-
formed during the AEL trials, which would facilitate a greater volume of mechanical tension.
For example, comparing the eccentric work during the 120% trial to the eccentric work during
a typical TRAD protocol for strength training (e.g., 80% 1RM) would result in the knee joint
experiencing an increase of 37% for eccentric work, as well as a 17% increase in the eccentric
peak moment. A training load that maximises the joint moment, but also facilitates multiple
repetitions at a high load is likely to optimise hypertrophy and strength gains. Therefore,
according to the present study using the Kineo system, it appears this may be best achieved
with AEL training using a load of 120% 1RM during the eccentric phase of the squat. It
remains to examine whether the kinetics during AEL squatting are altered as progressive repe-
titions are performed, as previous research has demonstrated a decrease in knee extension
moment and a compensatory increase in hip extension moment under traditional loading to
volitional failure [46].

Our data suggests that the knee extensors are preferentially loaded during eccentric squat-
ting, experiencing greater peak moments and muscle activity than the hip extensors. There-
fore, squatting with AEL may benefit sporting activities that rely heavily on the knee extensors
such as cycling [47], rowing [48], and sprinting [49]. Furthermore, AEL squatting may elicit
eccentric-specific adaptation in the form of an increased fascicle length [50], and thus contrac-

tion velocity. As there appears to be a preferential loading of the quadriceps, these eccentric-
specific adaptations may prove beneficial to changes of direction and braking ability [51], and
injury prevention/rehabilitation of the knee [52]. Using the data collected in this study, future
training intervention research should test whether these loading characteristics of AEL train-
ing translate into the hypothesised improvements in performance.

Conclusion

In conclusion, the knee extensors were preferentially loaded during eccentric squatting, and
demonstrated increasing joint moment and work as eccentric load increased, with eccentric
knee joint moment plateauing at 120% 1RM. However, despite eccentric contractions having
the potential to produce the greatest joint moments, AEL squatting did not elicit an eccentric
knee joint moment greater than the concentric joint moments produced during a one-repeti-
tion maximum. Increasing eccentric load resulted in a greater volume of work (suggesting an
increased volume of mechanical tension) specifically in the earlier phase of the descent, which
may in turn enhance the stimulus for hypertrophic adaptation. The data from this study sug-
gests than an AEL of 120% 1RM should maximises knee extensor loading during the eccentric
phase of the AEL squat. Future research will be needed to confirm if the greater loading results
in increased training adaptations.
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Introduction

Recently, digital controllers have been combined with resistance training apparatus in order to
manipulate how the external load is applied during resistance training, to generate ‘Smart
Training Systems’ [1]. One commercially available unit is the Kineo Training System (V7.0,
GLOBUS, Italy), which connects a computer-controlled motorised cable-pulley system to a
shoulder/hip harness, facilitating a variety of open and closed chain exercises including the
Kineo squat. No previous work has directly compared the kinematics or muscle activity
between the Kineo squat and the barbell back squat or barbell front squat. Although previous
research has compared barbell squatting to the belt-squat [2, 3], the Kineo uses a shoulder/hip
harness, rather than a hip-only belt, and thus data from the previous belt-squat studies may not

be transferrable to the Kineo squat.

Therefore, the aim of these measurements were 1) to investigate how the squatting variation
affects the kinematics of the hip, knee, and ankle joints. 2) to investigate whether these changes
in kinematics are accompanied by changes in activity of the vastus lateralis and gluteus

maximus.

Materials and methods

Participants

Twelve resistance trained males (age: 25 + 2 years, mass: 78 = 7 kg, height: 179 £ 6 cm) were
recruited. All participants had a minimum of 2 years resistance training experience, and were
proficient in the squatting exercise, as assessed by a qualified strength and conditioning coach
according to the criteria in ‘familiarisation’ below. All participants provided written informed
consent before the start of data collection and the Liverpool John Moores University research

ethics committee approved the study (UREC code: 21/SPS/035).
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Experimental protocol

Participants reported to the Liverpool John Moores University laboratories on three occasions.
The first two visits were used for familiarisation with the Kineo on which the Kineo squat was
performed, and to ensure all participants had proficient squatting technique in all three
squatting variations. Experimental data were collected on the third day, at four to seven days
after the familiarisation on day two. During this visit, body mass and height of the participant
were collected, along with kinematics of the lower limbs and electromyography (EMG) of the

vastus lateralis and gluteus maximus during the three squatting variations.

Familiarisation

In two familiarisation sessions, participants were introduced to the Kineo Training System on
which they would perform the Kineo squat. The Kineo uses a shoulder/hip harness to load the
participant, which is then attached via a cable to a powerful servomotor. This results in slight
anterior loading, similar to that seen during the front squat. Following a warm-up with the
RAMP protocol [4], participants performed each of the three squatting variations with
increasing external loads up to 100% of body mass. During each squatting variation, technique
was assessed for proficiency by a qualified strength and conditioning coach to ensure a range
of motion that allows the centre of the hip joint to finish below the centre of the knee joint
(parallel squat), maintenance of a full foot-floor contact, maintenance of normal spinal

curvature, and tracking of the knees in line with the feet.

Kinematic and electromyography testing

Participants reported to the laboratory for the experimental day having refrained from strenuous
physical activity for 72 hours. Participant body mass (kg) and height (cm) were collected
(SECA 704/202, Germany), the participants then completed the standardised warmup and were

fitted with surface EMG electrodes (BlueSensor, Ambu, Denmark) and reflective markers.
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Before electrode placement, the skin over the vastus lateralis and gluteus maximus was shaved,
abraded, and cleaned with an isopropyl alcohol swab (70%) to improve signal clarity. EMG
electrodes were positioned following the recommendations of the SENIAM project [5]. To
allow normalisation of EMG signals, participants performed a maximal isometric voluntary
contraction for the knee extensors in a seated position with the knee flexed at 80°, and maximal
isometric voluntary contraction of the hip extensors in a prone position with the hip flexed at
30° (0° represent full extension for both hip and knee joints). EMG signals from experimental

trials were normalised against these isometric values.

A 36-marker set utilising technical and anatomical markers were used to track kinematics of
the pelvis and lower limbs. This included a modified CODA pelvis marker set (additional
tracking markers located on the iliac crest) to account for ASIS occlusion during hip flexion.
The remaining markers tracked the thigh, shank, and feet segments (lateral & medial femoral
epicondyles, lateral & medial malleoli, heel, 1°* & 5" metatarsals, thigh cluster, & shank
cluster). Functional joint analyses were performed to calculate the hip and knee joint centres

utilising the Gilette algorithm [6].

Pelvic tilt angle was determined with respect to the global coordinate system [7], with a positive
angle representing anterior pelvic tilt, and negative angle representing posterior pelvic tilt about
the mediolateral axis. This results in an anterior pelvic tilt angle of ~10° when standing upright
[8]. Hip angle was determined from the thigh segment in relation to the pelvis rotating about
the determined functional hip joint centre. Knee angle was determined from the shank segment
in relation to the thigh segment rotating about the determined functional knee joint axis, with
an angle of 0° representing full hip and knee extension, respectively. Ankle angle was
determined from the foot segment in relation to the shank segment, rotating about the
mediolateral axis. An ankle angle of 0° represents a neutral ankle position when standing

upright, with a positive joint ankle representing ankle dorsiflexion.
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Participants performed each squatting variation in a randomised order. For each variation, three
repetitions were performed at 50%, 85%, and 100% of body mass. Each trial was separated by

5 minutes passive recovery.
Data acquisition and analyses

Electromyography signals were wirelessly transmitted (Research DTS, Noraxon, USA)
(sampling at 1500 Hz) to a desktop computer. A six, 3D-motion capture camera system (Opus
3 series, Qualisys, Sweden) (sampling at 200 Hz), was used to track the reflective markers.
Motion and EMG data were collected synchronously in Qualisys Track Manager (Qualisys,
Sweden) and then exported to Visual 3D (C-Motion, USA) to undergo analyses. Motion data
were lowpass filtered (4™ order Butterworth) with a 6 Hz cut-off frequency. EMG data were
processed via a 10-250 Hz band pass filter, before a root mean squared moving average of 100
ms. Motion data allowed for quantification of peak joint angle (°), range of motion (°), and
joint velocity (°-s'), and the electromyography data allowed for quantification of muscle

activity, normalised to isometric maximum (%).
Statistical analyses

All statistical analyses were performed in SPSS (v27, IBM, USA), with statistical significance
determined by an alpha level of 0.05. A two-way repeated measures ANOVA, with Bonferroni
post-hoc analysis (squat variation x squat load) was used to assess whether the squat variation
and/or load influenced squatting kinematics/muscle activity. All data is reported as mean + SD.
Effect sizes were calculated for all ANOVA’s that displayed significance tests using ®?, with
values of 0.01, 0.06, and 0.14 indicating a small, medium and large effect size, respectively

[9]. Coefficient of variation (%) was used to identify intra-trial reliability.

Results



111  Analyses of joint ranges of motion showed that there was no significant effect of squatting
112 variation on the range of motion for the hip (76 £ 9°) (F =0.338, P =0.719), knee (123 £ 9°)
113 (F=3.365, P=0.109), or ankle joints (35 + 3°) (F = 1.295, P = 0.281). However, there was a
114  medium effect of squatting variation on pelvis range of motion (F = 4.127, P = 0.039, o’ =
115  0.08), with the Kineo squat (11 & 8°) having a significantly smaller pelvic range of motion than
116  both the barbell back squat (21 + 6°) and barbell front squat (20 + 5°) (Fig 1). External load
117  had no effect on joint range of motion (P = 0.090-0.754). Therefore, all subsequent discussion

118  ofjoint ranges of motion refers to the 100% trial.
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120  Fig 1. Mean + SD joint angle (°) during the eccentric phase and concentric phase of the barbell back squat, barbell
121 front squat, and Kineo squat with an external load of 100% of body mass. Positive pelvic tilt angle is representative
122 of anterior pelvic tilt, with a negative angle being representative of posterior pelvic tilt. Positive ankle angle is
123 representative of dorsiflexion, with a negative angle being representative of plantar flexion.

124 Analyses of the angular joint velocities showed no effect of squatting variation on the hip joint
125  velocity (F=0.712, P=0.508) (Fig 2). However, there was a large effect of squatting variation
126  onknee joint velocity (F =12.121, P <0.001, »>= 0.23) (Fig 3), with the Kineo squat displaying
127  significantly greater knee joint velocity than the barbell back squat (P = 0.008) and barbell
128  front squat (P = 0.005), with no difference found between the barbell back squat and barbell
129  front squat (P = 0.701). However, this only occurred under the 50% loading condition, no

130  significant differences were found between the 3 squat variations at the higher loads (P > 0.05).
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132 Fig 2. Mean = SD hip joint angular velocity (°/s) during the concentric phase of the barbell back squat, barbell

133 front squat, and Kineo squat with an external load of 50. 85, & 100% of body mass.
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Fig 3. Mean + SD knee joint angular velocity (°/s) during the concentric phase of the barbell back squat, barbell
front squat, and Kineo squat with an external load of 50, 85, & 100% of body mass.

Analyses of muscle activity showed no effect of squat variation on gluteus maximus activity
(F=1.79, P=0.203) (Fig 4). However, there was a medium effect of squat variation on vastus
lateralis activity (F = 4.445, P = 0.032, o*= 0.08) (Fig 5), with the barbell front squat and
Kineo squat having a significantly greater activity than the barbell back squat (P = 0.022).
There was a large effect of loading on both the gluteus maximus (F = 40.271, P <0.001, w*=
0.53) and vastus lateralis activity (F = 24.69, P <0.001, o?= 0.49). Muscle activity increased

as external load increased.
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145 Fig 4. Mean + SD gluteus maximus normalised EMG during the concentric phase of the barbell back squat, barbell

146 front squat, and Kineo squat with an external load of 50, 85, & 100% of body mass.
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148 Fig 5. Mean + SD vastus lateralis normalised EMG during the concentric phase of the barbell back squat, barbell
149 front squat, and Kineo squat with an external load of 50, 85, & 100% of body mass. * = significantly greater EMG
150  than during the barbell back squat.

151  During the concentric phase of the squat, the peak vastus lateralis activity was at a significantly
152 greater knee flexion angle for the barbell back squat (119 + 13°) and barbell front squat (121 £+
153 11°) than the Kineo squat (105 + 17°) (F = 11.286, P <0.001, ®>= 0.06). There was no effect

154  of squat variation of the hip joint angle at which peak gluteus maximus activity occurred (51 +
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5°) (F =3.622, P =0.092). There was also no effect of loading of the joint angle at which the
peak vastus lateralis activity (F = 0.08, P = 0.923) or gluteus maximus activity occurred (F =

0.281, P =10.759).

Analyses of intra-trial reliability revealed coefficients of variations for the hip, knee, ankle, and
pelvis ranges of motion to be 2%, 1.5%, 1.3%, and 10.6%, respectively. CV for hip and knee
peak joint velocities were 7.8% and 6.7%, respectively and for gluteus maximus and vastus
lateralis EMG 17.3% and 6.6%, respectively. Finally, the CV for the hip and knee joint angles
at which peak EMG activity occurred for the gluteus maximus and vastus lateralis to be 10.8%

and 7.3%, respectively.
Interpretation and Conclusion

There has been ongoing debate about whether there are differences in lower limb kinematics
and muscle activity between squat variations. The present findings suggest that there are no
differences in hip, knee, and ankle joint ranges of motion between squat variations in resistance
trained individuals, and that external load up to 100% body mass has no influence on these
ranges of motion. However, there is greater vastus lateralis muscle activity in squat variations
that are loaded anteriorly (i.e. barbell front squat and Kineo squat) than in posteriorly loaded
variations (i.e. barbell back squat). Regardless of variation, no differences were found in
gluteus maximus muscle activity. All squat variations produce a sufficient muscle activity to
promote adaptations to the hip and knee extensors, and the greatest vastus lateralis activity is
during the first 10% of the concentric phase. Our results also show that the Kineo squat may
reduce posterior pelvic tilt during the transition from the eccentric to concentric phase of the

squat, which may reduce lower back shear and compression forces.
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