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Background: Exercise and vitamin C-enriched collagen supplementation increase collagen synthesis, potentially increasing
matrix density, stiffness, and force transfer. Purpose: To determine whether vitamin C-enriched collagen (hydrolyzed collagen
[HC] + C) supplementation improves rate of force development (RFD) alongside a strength training program.Methods: Using a
double-blinded parallel design, over 3 weeks, healthy male athletes (n = 50, 18–25 years) were randomly assigned to the
intervention (HC + C; 20 g HC + 50 mg vitamin C) or placebo (20 g maltodextrin). Supplements were ingested daily 60 min prior
to training. Athletes completed the same targeted maximal muscle power training program. Maximal isometric squats,
countermovement jumps, and squat jumps were performed on a force plate at the same time each testing day (baseline, Tests
1, 2, and 3) to measure RFD andmaximal force development. Mixed-model analysis of variance compared performance variables
across the study timeline, whereas t tests were used to compare the change between baseline and Test 3. Results: Over 3 weeks,
maximal RFD in the HC +C group returned to baseline, whereas the placebo group remained depressed (p = .18). While both
groups showed a decrease in RFD through Test 2, only the treatment group recovered RFD to baseline by Test 3
(p = .036). In the HC + C group, change in countermovement jumps eccentric deceleration impulse (p = .008) and eccentric
deceleration RFD (p = .04) was improved. A strong trend was observed for lower limb stiffness assessed in the countermovement
jumps (p = .08). No difference was observed in maximal force or squat jump parameters. Conclusion: The HC +C supplemen-
tation improved RFD in the squat and countermovement jump alongside training.

Keywords: performance, glycine, training, tendon, speed

Rate of force development (RFD) is highly correlatedwith sport
performance that requires maximal mechanical power and speed
(Lamas et al., 2012; Tillin et al., 2013) including weightlifting (Haff
et al., 2005; Hornsby et al., 2017), jumps, throws (McLellan et al.,
2011; Nuzzo et al., 2008), cycling (Stone et al., 2004), and sprinting
(Slawinski et al., 2010). There are several determinants of RFD
including muscle fiber type, neuromuscular activation, motor unit
recruitment, and muscle-tendon unit stiffness (Buckthorpe & Roi,
2017). Various forms of training improve RFD in the general or
untrained population. However, only high velocity and ballistic
training have been shown to improve RFD in trained athletes
(Lamas et al., 2012; Tillin et al., 2013). This type of training
increases neural drive (motor unit recruitment and rate coding)
and increases muscle-tendon unit stiffness (Earp et al., 2011).

Recent work suggests that collagen-based tissues (i.e., ligament,
tendon, cartilage) are more dynamic than previously appreciated
with similar turnover rates to skeletal muscle tissue (0.02%–0.13%
per hour; Earp et al., 2011; Kalliokoski et al., 2007; Laurent, 1987;
Miller et al., 2005, 2007; Smeets et al., 2019). Connective tissue
adaptations, including increased stiffness arising from greater colla-
gen content and cross-linking, decrease the risk of injuries since
tendon stiffness is linearly related to failure strength (LaCroix et al.,
2013; Marturano et al., 2013). Acute exercise is known to increase
collagen synthesis (Langberg et al., 1999, 2001; Miller et al., 2007)
as well as the expression of the primary enzyme involved in collagen
cross-linking, lysyl oxidase (Heinemeier et al., 2009). The result is a

training-induced increase in connective tissue density and stiffness
(Couppe et al., 2008; Kubo & Ikebukuro, 2019). While the relation-
ship between exercise stimulus/loading and collagen synthesis is
well established (LaCroix et al., 2013; Kubo & Ikebukuro, 2019),
research on the role of dietary supplements that support these
adaptations is in its infancy. Specifically, whether hydrolyzed
collagen (HC) ingested prior to loading augments training-induced
rates of collagen synthesis enough to measure changes in the
capacity to rapidly generate muscle force (explosive strength)
measured as the RFD is still theoretical.

In order to have a measurable effect on the mechanical
function of connective tissues, the ingested amino acids must be
digested, absorbed, transported to the target tissue, and then
integrated into de novo collagen protein. Several studies have
demonstrated that gelatin or an HC supplement ingested prior to
exercise increased delivery of key amino acids (e.g., high amounts
of glycine, proline, hydroxyproline) to connective tissue which
may augment collagen synthesis in vivo (Konig et al., 2018; Oesser
et al., 1999; Shaw et al., 2017). Amino acid levels peak in the blood
about 40–60 min after ingestion (Alcock et al., 2019; Walrand
et al., 2008). Microdialysate samples from the Achilles tendon in
both young (21–30 years of age) and old-aged (60–75 years of age)
participants demonstrated that amino acid levels peaked in the
peritendinous space after 135 min for the younger age group and
∼45 min for the older adults, following ingestion of a high proline,
high glycine amino acid mix (Couture, 2020). In women with age-
related reductions in bone mineral density, 12 months of supple-
mentation with 5 g of collagen peptides improved bone mineral
density and demonstrated a favorable shift in bone markers,
indicating increased bone formation and reduced bone degradation
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(Konig et al., 2018). Finally, greater increases in procollagen Type
I N-terminal propeptide (PINP; a marker of collagen synthesis in
the blood) levels from baseline have been observed with gelatin
and HC ingestion (Lis & Baar, 2019; Shaw et al., 2017). The effect
of dietary collagen also demonstrates a dose–response pattern
where 15 g of vitamin C-enriched gelatin significantly improved
PINP, whereas 5 g was no better than placebo (PLA; Shaw et al.,
2017). Overall, there is a developing line of research suggesting
that the amino acids present in high amounts of HC and gelatin are
well absorbed into the blood and transported to target tissues
augmenting collagen synthesis and morphological changes (Oesser
et al., 1999; Vieira et al., 2015).

To date, it is unknown whether these morphological changes
in collagen-based tissues translate to improved mechanical muscle
properties in athletes and whether pairing dietary collagen with
training can improve adaptations more than exercise alone. The aim
of this study was to determine whether supplementation with 20 g
of vitamin C-enriched HC before heavy strength training, com-
bined with a targeted maximal muscle power and RFD training
program, improved explosive muscle performance including RFD
in athletes more than a PLA.

Methods

Study Design

In a parallel design double-blind PLA-controlled manner, subjects
were randomized to receive either the predetermined optimal vitamin
C-enriched collagen dose based on PINP levels in the blood 4 hr after
feeding (unpublished data; 20 g HC [Gelita™; Calumet City,
IL] + 50 mg vitamin C; DSM Warrenville, IL) or maltodextrin
(20 g; Tate & Lyle, Dayton, OH) PLA supplement. Supplements
were weighed and prepackaged in an opaque food storage bag by an
independent researcher not affiliated with the study. All supplements
were packaged identically but labeled with a coding system to which
all researchers were blinded. Subjects followed a prescribed pro-
gressive maximal power/RFD training program over 3 weeks along-
side the heavy strength training program prescribed by their
respective sport teams. After familiarization, exercise testing was
conducted in the morning before training at baseline and once per
week for the subsequent 3 weeks (Tests 1, 2, and 3) on the same
weekday and at the same time each testing day (Figure 1).

Subjects

Based on previous work (Wilson et al., 1993), a power analysis
calculation estimated that 23 subjects were required to achieve a
statistical power of 80% for the primary outcome variable (iso-
metric RFD). To allow for attrition, 25 subjects were recruited for
each group (total n = 50). Healthy active collegiate athletes
between the ages of 18 and 25 years were recruited from the
University of California Davis football (n = 18) and rugby (n =
19) teams and Reserve Officer Training Corps (ROTC) elite
training group (n = 13). Inclusion criteria further included current
full participation in sport, fewer than three musculoskeletal
injuries in the previous 12 months, and no health or dietary
restrictions that would be affected by the supplementation or
study protocol. Females were excluded due to the confounding
factor of alterations in collagen synthesis (the key framework of
this study) throughout the menstrual cycle. Ethics approval was
obtained through the Institutional Review Board at the University
of California Davis and all subjects provided written informed
consent to participate in this study. The trial was registered at
clinicaltrials.gov (trial registration: NCT03293004).

Subjects were scheduled in team cohorts through the study
period to ensure that the training content and training load were
consistent, and the supplement was randomized within each cohort.
Subjects followed their normal training program, prescribed by
their sport and strength and conditioning coaches, along with a
standardized and progressive maximal power/RFD training pro-
gram prescribed by the researchers. This means that the training
between cohorts was not controlled; however, by randomizing
treatment within cohorts, any training differences between cohorts
were accounted for. Subjects were familiarized with the study
protocol, exercises, and testing procedures prior to baseline testing.
During the baseline visit, anthropometric data including height
(stadiometer) and mass (Tanita BF690W; Arlington Heights, IL)
were collected. Subjects were familiarized with the exercise testing
protocol and measurements were made to determine the bar height
for the maximal isometric squat, standardized at 90% of the
participant’s high bar squat height position. Nutrition intake was
recorded and verified by researchers the night before and each test
day under the guidelines that stated subjects were to self-select food
and fluids while consuming similar food the night and morning
before testing. Subjects were required to abstain from alcohol
throughout the study period. Habitual caffeine intake was permitted

Figure 1 — Study schematic. HC +C = vitamin C-enriched hydrolyzed collagen; PLA = placebo.
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and replicated prior to each test and no difference in caffeine intake
was noted between groups.

Exercise Testing

Three maximal voluntary contractions of an isometric squat exercise
(MIS), three repetitions of the countermovement jump (CMJ), and
three repetitions of the squat jump (SJ), separated by a 30-s inter-
repetition rest interval and a 5-min interexercise rest interval, were
performed on a force plate sampling at 1,000 Hz (Kistler, Novi, MI).
Data were collected using KistlerMARS software (Kistler). Different
Kistler force plates were used to test the vertical jumps and the MIS
exercise. The raw data were then exported for analysis in a custom-
built software program (MATLAB version R 2019a; MathWorks,
Natwick,MA). For theMIS, the predetermined bar height was set and
fixed in place with ratchet straps tightened maximally to prevent any
bar motion as described in previous work (Brady et al., 2020).
Subjects were cued to “push up as hard and as fast as possible”
and to hold the maximal voluntary contractions for 3 s. Participants
were instructed to keep their hands firmly placed on the hips for the
CMJ and SJ repetitions (Hebert-Losier & Beaven, 2014; Jimenez-
Reyes et al., 2017; Samozino et al., 2008). The CMJ and SJ depth
were self-selected by the participants. The SJs with small amplitude
countermovements were discarded from the analysis.

Data Analysis

The MIS force–time curves were smoothed using the MATLAB
smooth function with a 33 ms centered moving average window. A
100 ms average around the peak force value was calculated to
obtain the maximum isometric force. The first derivative of the
force–time curve was then calculated to obtain the maximum slope
of the force–time curve. Using a 100-ms window, the average slope
centered around the instant of maximum RFD was calculated to
obtain the RFD.

The procedures for the CMJ and SJ analyses have been
described in detail elsewhere (Caserotti et al., 2001; Jordan et al.,
2015, 2018). Briefly, the velocity of the body center of mass (BCM)
was obtained by time integration of the instantaneous acceleration
signal calculated from the vertical ground reaction force ([Fz/body
mass] – 9.81 m/s2). The CMJ eccentric deceleration and concentric
movement phases were determined using the velocity of the BCM.
The CMJ eccentric deceleration phase was defined as the time
interval between the maximum downward negative velocity to the
point of zero velocity achieved at the initiation of the ascent (deepest
BCMposition), whereas the CMJ concentric phase was defined from
the starting point (zero BCM velocity) to the instant of jump takeoff.
Mechanical muscle power exerted on BCM was derived continu-
ously throughout the jumping movement by calculating the instan-
taneous product of Fz and BCM velocity. Peak mechanical muscle
power was determined for both the CMJ and the SJ. Jump height was
determined from the BCM vertical velocity at the instant of ground
toe-off (jump height = takeoff velocity2/2 g). The CMJ eccentric
deceleration phase and concentric phase net impulses were calculated
by time integration ofFz over the respective time intervals alongwith
the eccentric deceleration RFD obtained by average slope analysis of
the force–time curve over the eccentric deceleration phase. Finally,
SJ and CMJ contraction time (in seconds) were calculated, deter-
mined from the initiation of the vertical jump (start of descent) to the
point of takeoff (toe-off) to obtain a modified reactive strength index
(flight time to contraction time ratio – reactive strength index [RSI]).
Outcomemeasures were normalized to body mass to allow between-

group comparisons, and the maximum value obtained from each test
was used for the statistical analysis.

Supplements

Supplements were prepared independent of the research group in
powder form and precisely weighed to provide either 20 g pow-
dered HC + 50 mg powdered vitamin C or 20 g powdered malto-
dextrin. All supplements were packaged in opaque food safe bags
and labeled with a blinded intervention code. Participants were
instructed to mix the powder into 250 ml of water and to consume it
as quickly as possible ∼60min before training. The supplement was
taken every day of the study. A dosing calendar and text reminders
were provided to ensure the supplement was taken once per day
either prior to prescribed training or prior to team training if no
prescribed training was assigned that day. On rest days, the
supplement was taken with breakfast.

Prescribed Training

A maximal power and RFD training program (power training) was
prescribed by the researchers and overlaid into each cohorts’ planned
team strength training. The power training was performed three times
per week in a progressive loading manner over the study and
included vertical drop jumps, vertical box jumps, and body weight
loaded ballistic squats. Rugby and ROTC participants performed two
sets of 10 repetitions for the first three training days after which the
loading scheme progressed to three sets of 10 repetitions. On the third
training day of each week, the number of sets was increased so that
on the final training day subjects performed five sets of 10 repetitions.
The training program progression was not possible for the football
cohorts’ program. Nevertheless, the training program included a
progressive power training program with similar exercises including
ballistic squats, plyometrics, and speed training in alignment with the
training progressions outlined by the study researchers.

Statistical Analysis

Amixed-model analysis of variance was used to compare the effects
of training and treatment on the performance measures. This in-
cluded maximal RFD for the isometric squat. The CMJ outcome
measures included the net concentric impulse, net eccentric deceler-
ation impulse, the concentric and eccentric movement phase dura-
tions, and lower limb stiffness (leg spring stiffness). The vertical
jump height, mechanical muscle power, and the modified RSI (flight
time to contraction time ratio) were obtained for the CMJ and SJ.
Differences were observed between the groups for some, but not all,
parameters. A student’s t test was used to compare the delta change
from baseline to Test 3. A ROUT outlier test was performed to
determine outlying data; however, outliers were not excluded from
the analysis. Effect size was calculated using Cohen’s d from t tests
with <0.2 considered trivial, ≥0.2 to ≤0.5 considered small, ≥0.5 to
<0.8 considered moderate, and ≤0.8 considered a large effect size.
Data were analyzed using GraphPad Prism software (version 5.0;
San Diego, CA). Data are presented as mean ± SD and the signifi-
cance level was set at α < .05 for all comparisons.

Results

Subjects

Fiftymale subjectswere recruited (age [mean ± SD] = 18.8 ± 2.0 years;
height = 179.5 ± 15.9 cm; weight = 85.8 ± 18.3 kg; football, n = 18;
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rugby, n = 12; ROTC, n = 18). Two subjects withdrew due to sched-
uling conflicts (n = 23 in vitamin C-enriched hydrolyzed collagen
[HC +C] group and n = 25 in PLA group). Among the subjects
that successfully completed the study, compliance with the study
protocol and supplement consumption was 100%.

Maximal Isometric Squat Performance

There was a clear effect of training on maximal isometric squat
force and RFD. Specifically, isometric force increased and RFD
decreased over the course of the study for both groups (Figure 2).
However, only the HC + C group demonstrated a subsequent
recovery of RFD to the baseline value by Test 3 (p = .07;
Figure 2b). As a result, the cumulative change from baseline to
Test 3 showed that both groups increased maximum isometric force
(PLA = 7.09% ± 2.80%; HC +C = 7.81% ± 2.60%), whereas RFD
decreased in the PLA group (−16.20% ± 4.00%) and was not
different than zero in the HC + C group (−2.13% ± 5.20%).
When the change in RFD with training was determined (Figure 3),
HC +C showed a significantly greater RFD than the PLA (p = .04)
with a moderate effect size (Cohen’s d = 0.5). One subject had an
improvement of RFD of over 78.2% from baseline. If this data
point were removed from analysis, significance for the HC +C
compared with the PLA group is decreased without altering the
effect size (p = .07; Cohen’s d = 0.5).

Countermovement Jump Performance

There were no group differences in CMJ height (PLA = 3.18% ±
2.7%; HC + C = 2.4% ± 1.9%) over the study period (Figure 4a).
Also illustrated in Figure 4, the PLA group decreased eccentric
RFD (the capacity to reverse the downward acceleration of the
BCM; Figure 4b) during training but with HC + C supplementa-
tion, eccentric RFD increased, resulting in an interaction between
training and HC + C (p = .03). Although not significant, leg stiff-
ness (Figure 4c; p = .14), concentric impulse (Figure 4e; p = .07),
and RSI (Figure 4f; p = .3) tended to increase with training; HC +C
supplementation did not alter the training effect. By contrast,
maximal eccentric deceleration impulse decreased with training

in the PLA group, whereas the HC +C group increased eccentric
deceleration impulse over the course of the study (Figure 4d;
Training × Time, p = .03). When the difference between baseline
and Test 3 were determined, eccentric RFD was greater in the
HC +C group compared with PLA group (Figure 5b; p = .04,
Cohen’s d = 0.6). However, a statistical outlier was found in the
HC +C group. After reanalysis, the statistical difference between
the HC + C and PLA condition was decreased (p = .07, Cohen’s
d = 0.8; Figure 5). Consistent with this finding, the HC +C group
demonstrated a greater improvement in eccentric deceleration
movement phase RFD compared to the PLA group (Figure 5c;
p = .008, Cohen’s d = 0.5). The changes in CMJ performance were
likely due to the trend toward increased limb stiffness in the HC +C
group (p = .081, Cohen’s d = 0.5). Again, a single outlier was
identified, and removal of this individual decreased statistical
strength but not the effect size (p = .158, Cohen’s d = 0.5). There
were no differences found for mechanical muscle power, jump
height, or the RSI.

Figure 2 — In the (a) MIS, no difference was observed in maximal force over study timeline between groups. (b) Max RFD declined from baseline to
Test 2 in both groups but improved in HC + C for Test 3. HC +C = vitamin C-enriched hydrolyzed collagen; PLA = placebo; MIS =maximal isometric
squat; RFD = rate of force development.

Figure 3 — Delta in the (a) max force is similar between groups in the
maximal isometric squat. Delta in the (b) maximal RFD shows a significant
improvement in the HC +C group compared with PLA. HC +C = vitamin
C-enriched hydrolyzed collagen; PLA = placebo; RFD = rate of force
development.
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Squat Jump Performance

Consistent with the hypothesis that HC + C supplementation af-
fects energy storage and return, there were no differences in SJ
performance including jump height, mechanical muscle power, and
RSI across the study (Figure 6).

Discussion

The present study demonstrated that consumption of 20 g of
vitamin C-enriched collagen in conjunction with combined
heavy strength and power training resulted in improved eccentric
force capacity in the CMJ over a PLA-treated control. Notably,
CMJ eccentric performance, including eccentric deceleration
RFD and the net eccentric deceleration impulse, improved
more in the HC + C group from baseline to Test 3.

The primary amino acids in dietary collagen supplements (HC,
gelatin, and bone broth) may improve collagen synthesis in the
body when paired with an appropriate loading stimulus (Lis &
Baar, 2019; Shaw et al., 2017). To date, several studies have shown
acute increases in PINP and longer term improvements in joint pain
scores in athletes with 10–20 g of HC or gelatin prior to loading
(Clark et al., 2008; Lis & Baar, 2019; Shaw et al., 2017). Although
the current study did not measure PINP levels, the provision of the
primary amino acids of collagen (glycine, proline, and the hydrox-
ylated amino acids hydroxyproline and hydroxylysine) to the
cells of the extracellular matrix and tendon may augment collagen
synthesis. This suggestion is in direct contrast with milk proteins,
such as casein that do not augment collagen synthesis following
exercise (Moore et al., 2005; Trommelen et al., 2020). Interestingly,

Figure 4 — The CMJ (a) jump height shows no difference between groups, (b) ECC RFD, (c) leg stiffness, (d) maximal ECC impulse shows a
significant improvement over the study timeline, (e) maximal CON impulse, and (f) RSI show a non-significant trend toward greater improvement in the
HC +C group compared to PLA. HC +C = vitamin C-enriched hydrolyzed collagen; PLA = placebo; ECC = eccentric; RFD = rate of force development;
CMJ = countermovement jump; CON = concentric; RSI = reactive strength index.

Figure 5 — Delta change from baseline to Test 3 is similar in both
groups for (a) jump height. Significant improvement is shown in the delta
for (b) maximal eccentric RFD, (c) maximal eccentric impulse, and (d) leg
stiffness. HC +C = vitamin C-enriched hydrolyzed collagen; PLA =
placebo; ECC = eccentric; RFD = rate of force development.
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following exercise and the consumption of 30 g of casein, there was
a small decrease in glycine in the blood, suggesting that glycine may
be a conditionally essential amino acid following a hypertrophy
training stimulus such as resistance exercise (Trommelen et al.,
2020). In contrast to milk proteins, dietary collagen is rich in glycine
(>30% of all of the amino acid in the supplement) and this might be
enough to augment collagen synthesis in response to training
(Oikawa et al., 2020). Even though we did not directly measure
collagen synthesis, combining the rapid delivery of glycine and other
enriched amino acids (that peak 40–60 min postingestion; Alcock
et al., 2019) with loading that is known to increase in collagen
synthesis (Alcock et al., 2019; McAlindon et al., 2011; Paxton et al.,
2012; Shaw et al., 2017) improved performance over exercise alone,
providing indirect evidence that collagen supplementation increased
matrix collagen synthesis.

Maximal isometric squat RFD, the primary outcome measure
in the current study, declined over the study period for both groups;
an enhancement of isometric RFD for the treatment group was not
observed. However, isometric RFD is highly sensitive to increased
training load and has been shown to decrease acutely consequent to
neuromuscular fatigue and muscle damage (Penailillo et al., 2015;
Thorlund et al., 2008). In the present study, only the treatment
group demonstrated an enhanced recovery of isometric RFD back
to baseline values by Test 3. It is unclear based on the present data
whether or not HC +C supplementation elicited a protective effect
against training-related neuromuscular fatigue and muscle damage.
However, previous work shows collagen supplementation to have
no beneficial effect on markers of muscle damage with eccentric
training (Clifford et al., 2019). It is important to note that training
specificity is a key factor contributing to changes in RFD
(Blazevich et al., 2020). The training prescribed during the study
was identical for the two groups and was probably not the reason
for the decrease in RFD in the PLA group. Even though it is
impossible to ensure that all participants lifted with the intention of
generating maximal voluntary RFD, it seems unlikely that this
could explain the group differences observed.

The observation of increased eccentric force capacity, includ-
ing eccentric deceleration RFD in the CMJ, supports our hypothe-
sis that training combined with HC + C supplementation enhanced
explosive neuromuscular performance in athletes. Our working

hypothesis was that HC + C augmented collagen synthesis resulted
in improved matrix mechanics, creating stiffer, more dense muscle
ECM and tendons that transmit force faster, a key factor for
explosive muscle performance (Maffiuletti et al., 2016; Wilkie,
1949). Support for this hypothesis comes from both acute and
chronic changes in tendon and ligament structure and mechanics
with training. Acutely, 4.5 and 8 hr after strength training, muscle
collagen synthesis increased threefold (Moore et al., 2005). Addi-
tional support for the hypothesis that chronic training promotes
positive connective tissue adaptations in athletes is seen in female
soccer players who demonstrated an increase in ACL volume
across an eight monthlong competitive season (Myrick et al.,
2019). Even greater chronic adaptations to tendons are exemplified
by elite fencers and badminton players who place significantly
greater load on their lead leg during competition. Over time, this
loading differential results in an increase in the cross-sectional area
and the stiffness of the patellar tendon in the lead leg compared with
the trial leg (Couppe et al., 2008). These adaptations likely result
from a shift in collagen turnover, the balance between collagen
synthesis, and degradation within the tissue. As with muscle
hypertrophy, prolonged periods of positive protein balance result
in a larger tissue that is mechanically stronger and more resistant to
injury (Bayliss et al., 2016). The increase in eccentric force
capacity, including RFD, observed in this study is suggestive of
a shift toward positive collagen protein balance that is enhanced by
dietary collagen consumption resulting in even greater adaptive
changes to training.

Eccentric deceleration RFD and eccentric deceleration impulse
reflect the capacity to reverse the downward acceleration of the BCM
during fast stretch-shortening cycle movements and are important
contributors to vertical jump performance (Barker et al., 2018;
Krzyszkowski et al., 2020). Here, a more effective countermovement
(unloading and eccentric deceleration phase) has been shown to
amplify propulsive power in the vertical jump through an increase
in the active state of the leg extensor muscles (Bobbert & Casius,
2005) and improved neuromechanical coupling of the eccentric–
concentric movement phases (stretchshorten cycle; Cormie et al.,
2010). The fact that the improvements in CMJ eccentric force capacity
observed in this study occurred without an improvement in vertical
jump height may have been attributable to the administration of the

Figure 6 — No differences were observed over the study timeline between groups in the squat jump. HC +C = vitamin C-enriched hydrolyzed
collagen; PLA = placebo.
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combined heavy strength and power training protocol; there may be a
divergent response in the relative improvement of explosive muscle
performance versus jump height depending on the dose and sequenc-
ing of the training stimulus (Marshall et al., 2021). In further support
of the notion that HC +C supplementation improved stretch-shorten
cycle ability, we observed a trend toward increased lower limb
stiffness or leg spring stiffness in the treatment group. However, a
statistical difference between the HC +C group and PLA group was
lost due to the removal of two participants who were deemed extreme
responders and classified as statistical outliers. Nevertheless, the
strong trend in support of an effect of HC +C supplementation on
leg spring stiffness remains an important discussion point of our
study. Stiffer tendons are better able to store and return elastic energy,
minimizing the energetic cost of locomotion (Maffiuletti et al., 2016)
and improving RFD. This is seen in jumping athletes where the plant
leg has a significantly greater Achilles tendon stiffness compared with
the drive leg (Kubo & Ikebukuro, 2019). Changes in joint stiffness
with training have consistently translated to improved mechanical
properties and performance in longer studies (Bayliss et al., 2016;
Bojsen-Moller et al., 2005; Waugh et al., 2014). As with these older
studies, the training protocol used in the current study tended to
improve stiffness and explosive parameters in both groups, but larger
improvements were consistently observed in the HC +C supplemen-
tation group. Support for the idea that the supplement was improving
tissue stiffness and elastic energy storage comes from comparing the
CMJ with the SJ. Even though statistical differences were seen in the
CMJ, HC +C supplementation had no effect on any SJ parameters,
likely because without the eccentric loading phase, the effect of better
elastic energy storage was lost.

HC is a low quality protein with a digestible indispensable
amino acid score of 0 due to the absence of tryptophan (Phillips,
2017). At rest and postexercise, older women who consume whey
protein demonstrate significantly greater muscle protein synthesis
compared with dietary collagen (Oikawa et al., 2020). This result
would be expected as whey protein is a complete protein that is very
high in leucine, an amino acid that triggers an increase in muscle
protein synthesis (Breen & Churchward-Venne, 2012). By contrast,
HC has very little to no leucine, and as a result leucine in the blood
declines after feeding (Shaw et al., 2017). The target tissues, muscle
compared with tendon, ligaments, and ECM similarly have very
different amino acid make-up, suggesting that feeding different
amino acids may result in targeted outcomes. Collagen proteins
are highest in glycine which represents every third amino acid (Lis &
Baar, 2019). As yet, no research has directly compared leucine rich
whey protein with HC +C with collagen synthesis as the primary
outcome measure. This study clearly needs to be done.

The current study was not without limitations. Although the
study design favored ecological validity, the prescribed exercise
was supervised by different strength and conditioning coaches for
each sport cohort. This may introduce some inconsistency with the
exercise prompts and execution of exercises led by the individual
coaches. In addition, different sport cohorts and the inability to
control diet over the study period increased variability in training
type and load and the varying effects of nutrition on training
adaptations. Performance outcomes in many sports are directly cor-
related with RFD. Results from the current study showed a strong
trend and/or significantly better RFD with HC +C supplementa-
tion. The ability to produce force quickly during the initial phase
of a voluntary contraction (0–300 ms), as reflected by a high RFD,
is improved with explosive-type strength training (Maffiuletti
et al., 2016). These data suggest that short-term dietary interven-
tions designed to target connective tissues can augment velocity

adaptations in athletes and may further the use of collagen sup-
plementation beyond connective tissue injury and return to play
(Baar, 2017).
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