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Abstract: Recent evidence suggests an innovative approach to muscle conditioning: focal knee
joint cooling (FKJC) appears to improve quadriceps function, including static (isometric) strength.
However, there is limited evidence on the effects of FKJC on dynamic (concentric and eccentric)
strength. Thus, the purpose of the study was to examine dynamic quadriceps strength following
FKJC as well as static strength. Twenty-one college-aged participants volunteered. They randomly
underwent 20 min of FKJC and control condition at least 72 h apart. FKJC involves two ice bags,
placed on the anterior and posterior surfaces of the knee, whereas the control condition received
a plastic ice bag filled with candy corn. We assessed isometric and isokinetic (concentric and
eccentric) quadriceps strength at two different velocities (60◦ /s and 180◦ /s). Participants performed
three maximal voluntary contractions for each mode of muscle contraction, before and after each
treatment (immediately, 20, and 40 min after). The outcome variable was maximum knee extension
peak torque. FKJC did not change peak torque during any mode of muscle contraction (p > 0.05).
The current findings suggest that 20 min of FKJC does not change static (isometric) or dynamic
(isokinetic) strength of the quadriceps. FKJC was neither beneficial nor harmful to static or dynamic
muscular strength.
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1. Introduction
Quadriceps strength plays a significant role in the proper functioning of the knee joint
mechanics as it acts to absorb and distribute intra-articular joint pressures placed at the
knee during physical activities [1–3]. Quadriceps strength has been shown to contribute to
various physical performances [4–9]. Specifically, isometric strength has been associated
with vertical jump height [5,6], and isokinetic strength showed a positive relationship
with hopping [9], vertical jump height [4], and sprinting [7,8]. On the other hand, studies
reported that weakness of the quadriceps muscle may result in reduced capabilities of
physical activities such as walking, running, and hopping [10,11]. Therefore, improving
quadriceps strength is a crucial aspect for physical conditioning.
Cryotherapy, involving the application of a cold agent to the body or muscles, has
been frequently used in sports to facilitate faster recovery of the working muscle [12–14] or
to manage various symptoms such as pain, swelling, and edema after acute injury [15–17].
Cryotherapy that decreases tissue temperature is generally believed to have detrimental
effects on muscle function because of reduced nerve conduction velocity, muscle spindle
sensitivity, or/and muscle strength [18]. These adverse effects were mostly observed when
cryotherapy was directly applied to the muscle or whole body, which stiffens muscle fibers
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and results in a decline in muscle function [19]. However, applying ice bags focally to
the knee joint, known as focal knee joint cooling (FKJC), has had a beneficial effect on the
quadriceps muscle isometric strength [20–23], electromyography (EMG) activity during
knee extension [20,24], and alpha motor neuron recruitment [25]. For instance, previous
studies [20–22] have shown that quadriceps maximum voluntary isometric contraction
(MVIC) increased by as much as 30% after FKJC. Another study [21] reported that the
application of FKJC just before resistance exercise resulted in greater improvement of
quadriceps MVIC as compared to performing exercise alone. These promising effects
suggest that FKJC should be considered for muscle conditioning.
Improvements in quadriceps function following FKJC may be related to mechanical
and/or neuromuscular changes. FKJC that significantly reduces the temperature of the
joint, not the muscle tissue, has been found to alter tendon stiffness [18]. For example,
30 min of ice application to the knee joint significantly increased tendon stiffness by more
than 25% [26], and tendon stiffness is positively correlated to force output of the knee
extensor muscle [27]. In other words, a stiffer tendon facilitates a greater increase in forceproduction capabilities, suggesting the potential impact of FKJC on quadriceps strength
through the tendon–muscle relationship. In addition to this mechanical mechanism, it is
assumed that strength increases following FKJC may also be associated with a centrally
mediated change in the spinal cord. Hopkins et al. [28] examined the effect of joint cooling
on alpha motor neuron activity and muscle strength. They found that 30 min of joint cooling
significantly facilitated motor neuron activity and muscle strength, and the improvements
lasted for 60 min during the rewarming period [28]. Other studies have also reported an
increase in quadriceps motor neuron pool excitability [25], recruitment of motor units [24],
and muscle strength [20–22] after FKJC application. These reported increases in motor
neuron pool excitability, as well as increased tendon stiffness may indicate a potential
mechanism for observed increases in quadriceps strength in response to FKJC.
Despite the promising effects of FKJC on quadriceps strength, favorable outcomes [20–22]
may be limited to isometric actions. A few studies [29,30] investigating the effects of FKJC
on isokinetic quadriceps strength failed to observe similar increases in force output that
were previously demonstrated during isometric contraction. Rather, they reported reduced
strength during isokinetic concentric contraction [29,30]. These contradictory findings may
be due to methodological discrepancies between study protocols (subject profile, length of
treatment, lack of a control condition, etc.). Therefore, a follow-up experiment is warranted
to clarify the effects of FKJC on both the static (isometric) and dynamic (concentric and
eccentric) strength of the quadriceps. FKJC may be considered an innovative approach to
enhance muscle functions during physical/athletic performance where all modes of muscle
contractions are required [7,9,10,28]. If FKJC is found to improve the force output of all
muscle contractions, the practical utility would be very high, as ice is very accessible in sport
settings, is low-cost, and enables self-conditioning. Therefore, it is important to determine
the effects of FKJC on all modes of muscle contraction in a single study. The purpose of the
current study was to determine static (isometric) and dynamic (isokinetic) quadriceps strength
following FKJC. If we found the expected improvements during isometric contraction that
were consistently documented in the literature [20–22], the improvement would translate
to isokinetic (dynamic) strength because of ice-induced mechanical changes [26] and/or
neuromuscular facilitations [25,28]. We hypothesized that FKJC would significantly improve
both isometric and isokinetic quadriceps strength as measured by peak torque output.
2. Materials and Methods
2.1. Design
A randomized crossover design was used to examine the effects of FKJC on quadriceps
strength. Quadriceps strength was measured during isometric, concentric, and eccentric
contraction at slow (60◦ /s) and fast (180◦ /s) velocities. These velocities of contraction
during isokinetic testing are associated with functional performance (e.g., hopping, jumping) [31,32]. Quadriceps strength was measured before and after FKJC (immediately, 20,
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and 40 min after) to examine the change in quadriceps strength over time. Each participant
served as their own control. Thus, each participant underwent the FKJC intervention and
the control condition with at least a 72-h wash-out period. Skin surface temperature at the
involved knee joint and quadriceps muscle was recorded to monitor the delivery of FKJC,
and the ambient air temperature was also monitored to maintain the same environmental
condition throughout the experiment. Figure 1 illustrates the testing procedure.

Figure 1. Flow chart of testing procedures.

2.2. Participants
Twenty-one physically active participants (12 men, 9 women; age: 22.7 ± 3.1 years;
height: 170.4 ± 10.8 cm; body mass: 74.2 ± 16.4 kg) without current pathology were
recruited for this study. To screen for inclusion/exclusion criteria, individuals completed
a self-reported questionnaire to assess current and previous history of general medical,
neurological, cardiovascular, and orthopedic pathologies. Participants were excluded if
they had a history of lower extremity injury within the past six months, neurological
disease, impaired circulation, a fear of cryotherapy, allergy to ice, or a history of knee
surgery. The sample size was determined using means and standard deviations from a
previous study that assessed the effects of FKJC on quadriceps strength during maximal
voluntary isometric contraction [22]. Given an alpha of 0.05 and a 1-beta level of 0.80, the
effect size of 0.6 was used to calculate the sample size. It was determined that a minimum
of 18 participants was required to find statistically significant differences. The G Power
software, version 3.1.9.2. was used to calculate the sample size estimate. The study protocol
was approved by the Institutional Review Board (ID: 2015F6191) and complied with the
Declaration of Helsinki. The study procedures were not performed until informed consent
was obtained from each participant.
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2.3. Procedures
Familiarization. The participants were asked to refrain from any resistance exercise
from the first visit to the completion of the study in order to produce their best effort during
the testing session. The participants were also asked to wear athletic clothes with shorts
and not to take any stimulants or medications that may affect the muscle activity within
24 h prior to the testing session. The participants performed isometric, concentric, and
eccentric contractions at two contraction velocities (60◦ /s; 180◦ /s), which allowed them to
become fully accustomed to performing maximal isometric and maximal isokinetic knee
extensions. The participants were instructed not to use their trunk and contralateral leg
and not to hold the handles to reduce compensatory force-producing strategies during
muscle contraction. Additional practice contractions were completed if the participant felt
uncertain of how to produce maximal strength. At least 72 h separated the familiarization
day and the first testing day.
Strength Testing. On each testing day, participants received a brief explanation of the
procedure and then were asked to walk at a speed of 2–4 mph on a treadmill for at least
5–10 min as a warm-up. After the warm-up, the participants were seated on an isokinetic
dynamometer (Biodex System 4; Biodex Medical Systems, Inc; Shirley, NY, USA) with knee
flexion at 80◦ and hip flexion at 85◦ . The participants were secured on the dynamometer
with straps around the ankle (superior to the malleoli), thigh (midline of the thigh), waist
(superior to the anterior superior iliac spine), and shoulders (diagonal from the lateral
surface of the clavicle) as instructed by the manufacturer to limit extraneous movements.
Then, they proceeded to the practice trials, which consisted of two trials for each type of
quadriceps contraction at maximal effort. Participants were then given a 15-min rest period.
Maximal strength testing was performed before and after the intervention (immediately,
20 min, and 40 min after intervention application). In the testing session, three maximal
isometric contractions were completed with 5 s rest between trials. Participants remained
seated on the dynamometer after isometric testing, but the testing posture was adjusted
so that knee flexion was at 100◦ and the hip flexion at 85◦ for the dynamic concentric and
eccentric contractions. During the isokinetic testing, three trials of concentric/eccentric
were performed at slow (60◦ /s) and at a fast (180◦ /s) velocities in random order with
5 s rest between each trial and two minutes between contraction velocities. A concentric
contraction that was immediately succeeded by an eccentric contraction constituted one
repetition. The highest peak torque value from the three successful trials for each mode of
quadriceps strength (isometric, concentric 60◦ /s, concentric 180◦ /s, eccentric 60◦ /s, and
eccentric 180◦ /s) was used for statistical analysis.
Intervention. The participants received either FKJC or control treatment immediately
after completion of the baseline quadriceps strength testing, and the intervention order
was randomly assigned. The participants were positioned supine on a table to receive the
intervention. For FKJC, two 1.5 L plastic bags filled with crushed ice were used, one bag
was placed over the anterior surface of the knee (patella), and the other bag was placed
over the posterior surface of the knee (popliteal fossa) (Figure 2A,B). Bags were secured on
the knee during the intervention using an elastic wrap [22,24]. The control intervention
mimicked the FKJC, which used the same type of bag, but the bag was filled with candy
corn to control for potential compression effects on strength outcomes (Figure 2C). Both
conditions were applied for 20 min. After the first test day, participants were given at least
72 h as a wash-out period. Then, participants returned to the lab to complete the other
intervention condition.
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Figure 2. Intervention (A) Focal knee joint cooling, (B) Ice bag, (C) Candy corn bag.

Skin Temperature Monitoring. Two surface thermocouples (PT-6; Physitemp Instruments
Inc; Clifton, NJ, USA) were used to measure skin surface temperature at two different
locations: the center of the patellar tendon and the mid-thigh. Skin temperatures at
each location were measured before and after the intervention (immediately, 20, and
40 min after FKJC or control) to monitor the delivery of FKJC to the knee joint, and not
the quadriceps [33]. Ambient air temperature in the laboratory was also measured by
a surface thermocouple in the same manner as the skin temperatures. The temperature
measurements are shown in Figure 3 for descriptive purposes.

Figure 3. Skin temperature of the knee and quadriceps over a 40-min period following FKJC (blue)
and control (red) conditions. FKJC, focal knee joint cooling.

2.4. Statistical Analysis
Separate two-way repeated-measures analyses of variance (ANOVA) (intervention:
FKJC, control treatment; time: before, immediately, 20, and 40 min after intervention)
were conducted to compare the effects of FKJC on each of the strength outcomes. Normal
distribution was tested by the Kolmogorov–Smirnov test to check the deviation from a
normal distribution, and the test confirmed that all dependent variables were normally
distributed. Partial eta squared was used to estimate the effect size for strength outcomes.
The magnitude of effect size was considered as small (0.01–0.06), moderate (0.06–0.14),
and large (>0.14). Alpha level was set a priori at p ≤ 0.05. All statistical analyses were
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conducted with the Statistical Package for Social Sciences (SPSS) software (IBM SPSS v.22,
Chicago, IL, USA).
3. Results
Figure 4 shows peak torque data of all contraction modes (presented as mean values
± standard deviation) before and after intervention (immediately, 20, and 40 min after
the intervention). Figure 5 illustrates percent change in peak torque from baseline during
different modes of quadriceps contraction after intervention for the descriptive purpose.

Figure 4. Peak torque data during different modes of quadriceps contractions at baseline, and immediately, 20 min, and
40 min after FKJC (blue) and control (red) condition. FKJC, focal knee joint cooling. (A) Isometric, (B) Concentric at 60◦ /s,
(C) Concentric at 180◦ /s, (D) Eccentric at 60◦ /s, (E) Eccentric at 180◦ /s. Data are presented as mean ± standard deviation.

Isometric Contraction. We did not observe a significant time x intervention interaction
effect (F(3,60) = 0.667, p = 0.575, (eta)2 = 0.032) or intervention main effect (F(1,20) = 0.000,
p = 0.985, (eta)2 = 0.000) (Figure 4A).
Concentric Contraction. For the contraction velocity at 60◦ /s, there was no time x
intervention interaction effect (F(3,60) = 0.448, p = 0.720, (eta)2 = 0.022) and no significant
main effect for intervention (F(1,20) = 0.813, p = 0.378, (eta)2 = 0.039) (Figure 4B). For
the contraction velocity at 180◦ /s, we did not observe a significant time x intervention
interaction effect (F(2,42) = 1.249, p = 0.299, (eta)2 = 0.059) or intervention effect (F(1,20) = 0.119,
p = 0.733, (eta)2 = 0.006) (Figure 4C).
Eccentric Contraction. For the contraction velocity at 60◦ /s. there was no significant
time x intervention interaction effect (F(2,44) = 1.810, p = 0.172, (eta)2 = 0.083) or intervention
main effect (F(1,20) = 3.033, p = 0.097, (eta)2 = 0.132) (Figure 4D). For the contraction velocity
at 180◦ /s, there was no significant time x intervention interaction effect (F(3,60) = 0.860,
p = 0.467, (eta)2 = 0.041) or intervention main effect (F(1,20) = 0.008, p = 0.930, (eta)2 = 0.000)
(Figure 4E).
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Figure 5. Percent change in peak torque from baseline during different modes of quadriceps contraction after FKJC (blue)
and control (red) condition. FKJC, focal knee joint cooling. (A) Isometric, (B) Concentric at 60◦ /s, (C) Concentric at 180◦ /s,
(D) Eccentric at 60◦ /s, (E) Eccentric at 180◦ /s. Data are presented as mean ± standard deviation.

4. Discussion
To the best of our knowledge, this study is the first to examine a comprehensive
strength profile of isometric strength and concentric and eccentric quadriceps strength at
angular velocities of 60◦ /s and 180◦ /s following FKJC. We found that the use of FKJC did
not lead to an increase in maximal force output of the knee joint as represented by peak
torque during either isometric or isokinetic knee extension contractions.
Our findings regarding isometric strength following FKJC are not in agreement with
previous studies [20–22]. Pietrosimone et al. [22] found a 10% increase of isometric quadriceps strength after 20 min of FKJC in healthy individuals, and this effect remained until
45 min after FKJC. For instance, baseline peak torque increased from 263 N·m to 289 N·m
immediately after FKJC and remained elevated until 45 min after the intervention. In contrast, the current study observed only a trivial and non-significant change (3.5 to 4.4 N·m
increase) after FKJC. Pietrosimone et al. [22] suggested that FKJC can induce greater activation of the motor neuron pool, resulting in additional motor unit recruitment, which
plays a role in increasing the force production of quadriceps. Different methodological
characteristics and low statistical power from the previous study [22] may explain the
contradictory results of the effect of FKJC on isometric strength. For instance, in the study
by Pietrosimone et al. [22], an isometric quadriceps contraction was performed at 70◦
of knee flexion. In contrast, the present study utilized 80◦ of knee flexion. In maximal
voluntary isometric contraction, discrepancy in knee joint angles may lead to differences
in the torque–joint angle relationship of the quadriceps muscle [34,35]. One of the unique
characteristics of isometric contraction is that the contractile elements of the muscle shorten
while the elastic elements (tendinous structures) at the ends of the muscle fibers are pulled
(increased tension) until the muscle reaches maximal force generation [36]. In this regard,
the contractility of the quadriceps muscle during maximal isometric contraction may differ
depending on the position of knee flexion angle during testing, which is associated with
a change in tendon stiffness. Tendon stiffness appears to be intensified when cooling is
applied to the knee joint [26]. Previous studies reported that 30 min of local cooling of the
knee joint significantly increased tendon stiffness, and there was a positive relationship
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between stiffness and quadriceps torque production [26,27]. Marginson et al. [34] showed
different isometric quadriceps force outputs depending on the knee flexion angle. For
instance, in the same study [34], even a 10◦ difference in knee flexion angle during the
isometric contraction led to a significant change in the force output [34]. Thus, despite the
relatively small difference in knee flexion angle (10◦ ) during isometric contractions between
the current study and previous study [22], considering the possible impacts of joint cooling
on the muscle–tendon relationship, FKJC may differently influence isometric peak torque
associated with a slight difference in knee joint angle. The previous study [22] showed that
isometric peak torque was significantly improved immediately after 20 min of FKJC application compared with the control condition. However, this statistically significant finding
may be influenced by a concurrent decrease in peak torque following the control condition
from the baseline measurement. Lastly, the previous study [22] had a low statistical power
to detect differences between FKJC and control conditions. Therefore, it is possible that the
effects of FKJC on isometric quadriceps strength in healthy individuals is either minimal or
absent according to the findings of the current and previous investigations [22].
Different subject populations between studies may also account for different outcomes
for isometric quadriceps strength following FKJC. Previous studies [20,21] using a pathological knee model have shown an increase in isometric strength after cooling. For instance,
Rice et al. [21] found that isometric quadriceps strength increased by 16% following FKJC
in participants with arthrogenic muscle inhibition (i.e., muscle activation failure by neural
inhibition) induced by using an experimental model of knee swelling. Additionally, Loro
et al. [20] found an increase in isometric quadriceps strength after FKJC in individuals
after recent anterior cruciate ligament or meniscus repair surgery. It is suggested that
quadriceps strength changes after FKJC can be attributed to the disinhibitory effect of FKJC,
which excites cutaneous receptors including mechanoreceptors and thermoreceptors. Such
stimulation plays a role in masking inhibitory signaling to the central nervous system [37]
by facilitating motor neuron pool of the quadriceps. However, this disinhibitory model is
not likely applicable to healthy individuals without joint pathology, as no pain or swelling
is present to inhibit the activation of surrounding muscles. Thus, it is possible that the
effect of FKJC on isometric quadriceps strength may be limited to individuals with the
presence of muscle inhibition caused by joint injury or other joint pathology.
The present study showed that FKJC did not affect concentric quadriceps strength,
and our findings contradict some previous work [30] that found a negative impact of FKJC
on force output during concentric contraction in healthy individuals. Rhodes et al. [30]
reported a significant reduction (10–20%) of concentric quadriceps strength measured
by peak torque following FKJC. They suggested that the cooling causes muscle stiffness
and may lead to reduced muscle strength by altering the mechanical properties of the
tissue and desensitization of the mechanoreceptors. [30] However, whether the cooling
application affects the joint receptors is still in question. Furmanek et al. [38] examined the
proprioceptive activities of the knee joint as assessed by sense of joint position and force
production accuracy (variability in force production) of 66 healthy subjects following FKJC,
which was applied over the knee joint and the quadriceps muscle for 20 min. They found
no significant reduction of joint position sense and force production accuracy after FKJC,
suggesting no adverse effect of FKJC on the sensitivity of these receptors [38]. Joint stability
is dependent on muscle strength and proprioception. Sufficient neuromuscular control is
required to maintain joint stability, and muscle performance will not be maintained when
stability of the joint is impaired. Therefore, given that FKJC did not appear to alter activity
of the joint receptors, it may be plausible that concentric peak torque is not negatively
affected by the cooling application. However, the sensitivity of joint receptors after FKJC
requires further investigation in order to understand the underlying mechanisms of joint
stability and the force-generating relationship, especially during concentric contraction
following FKJC.
The current study findings are consistent with a previous study [39] with regard to
eccentric strength. Kimura et al. [39] found that cryotherapy did not alter the eccentric
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strength at slow (30◦ /s) and relatively fast (120◦ /s) contraction velocities at the ankle joint
following application of cold via ice bath immersion (leg immersion in a 10 ◦ C ice bath).
Although no study directly examined eccentric quadriceps strength at slow (60◦ /s) and
fast (180◦ /s) velocities following FKJC, a previous study [40] on athletic performance after
FKJC was also in line with the current findings. It was found that a squat jump, which
requires the synergetic function of concentric and eccentric quadriceps strength, was not
affected by FKJC [40]. Findings of the current study, in addition to previous studies [39,40],
demonstrate that FKJC interventions result in little to no eccentric quadriceps performance
enhancement.
There are limitations in the current study. The temperatures of knee joint and quadriceps were measured extrinsically. However, skin surface temperature is associated with
intra-articular temperature of the knee [41]; therefore, it is assumed that FKJC successfully
reduced the temperature of the knee joint. This study is also limited to single-joint exercises
as it is possible that the response to multi-joint exercises (i.e., squats and jumps) may be
different following FKJC. Lastly, FKJC was limited to the application at the joint. Thus, the
intervention may not be generalizable to the muscle performance following other types
of cryotherapy.
Our findings of no change in strength following FKJC indicate that the static (isometric) and dynamic (isokinetic) strength of the quadriceps are not negatively affected by FKJC,
indicating that the use of FKJC may be important to coaches who are involved in a sport
setting where a primary muscle at work is the quadriceps (i.e., cycling, track, and field, etc.).
Cryotherapy may be a safe modality to condition muscles due to its physiological benefits
(i.e., attenuation of central fatigue [42] and promotion of recovery [43]). Additionally, FKJC
could be used in physical rehabilitation before active strengthening exercise (i.e., cryokinetics) as a means to improve muscle strength while also providing analgesic effects [23,44]. A
recent meta-analysis [42] revealed that cryotherapy application before exercise appeared to
be effective in maintaining muscle performance during prolonged muscle contraction (i.e.,
running and cycling) [42]. However, it should be noted that cryotherapy may negatively
affect maximal muscle strength when applying it directly to the muscles [19]. Therefore,
when applying cryotherapy for joint cooling, it is important to localize the cooling to the
joint area only so that the surrounding musculature will not be negatively affected.
5. Conclusions
We found that 20 min of FKJC did not alter isometric, concentric, and eccentric
quadriceps strength at slow and fast contraction velocities. These results suggest that
using FKJC was neither beneficial nor harmful to the static and dynamic strength of the
quadriceps. The current study provides support for evidence-based practice for sports
healthcare practitioners and coaches who consider FKJC as a treatment modality for
managing pain and/or acute injuries [17,18] without attenuating quadriceps function.
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