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Abstract: We compared the effect of bilateral knee joint cooling with or without a pre-cooling warm-
up on sprint cycling performance to a non-cooling control condition. Seventeen healthy young
males (25 ± 2 years, 174 ± 6 cm, 70 ± 9 kg) performed three conditions in a counterbalanced order
(condition 1: warming + cooling + cycling; condition 2: cooling + cycling; condition 3: cycling). For
warming, a single set of cycling intervals (a 10 s sprint with maximal effort followed by a 180 s active
recovery; resistive load 4% and 1% body mass for sprint and recovery, respectively) was performed.
For cycling, five sets of cycling intervals were performed. For cooling, 20 min of bilateral focal
knee joint cooling was applied. Peak and average values of anaerobic capacity and wheel cadence
during each set across conditions were statistically compared. There was no condition effect over
set (condition × set) in anaerobic capacity (F8,224 < 1.49, p > 0.16) and wheel cadence (F8,224 < 1.48,
p > 0.17). Regardless of set (condition effect: F2,224 > 8.64, p < 0.0002), conditions 1 and 2 produced
higher values of anaerobic capacity (p ≤ 0.05). Similarly (condition effect: F2,224 > 4.62, p < 0.02),
condition 1 showed higher wheel cadence (p < 0.02) than condition 3. A bilateral joint cooling for
20 min with or without pre-cooling warm-up may improve overall sprint cycling capacity during
five sets of cycling intervals when compared to the non-cooling condition.

Keywords: cold application; anaerobic capacity; wheel cadence; muscle temperature

1. Introduction

Cold application—extracting heat and energy (reducing temperature)—is an inex-
pensive and convenient way to achieve clinical benefits such as metabolic reduction [1]
and anesthetic effect [2]. In addition to these therapeutic purposes, cooling modalities
are applied for enhancing muscle function. For example, cooling palms during a 3 min
rest between sets increased the number of repetitions in bench press [3]. Focal knee joint
cooling for 20 min increased quadriceps activation and strength [4]. Further, 20 min of
bilateral knee joint cooling improved a 20 m sprint [5]. Although not fully understood,
possible mechanisms behind this facilitatory effect could at least partially be explained
by the decreased recruitment point of the motor unit [6], suppression of the activation
of inhibitory neurons [7], and increased firing frequency [8]. Psychologically, changes in
sensation at the cooled body part from “tight or heavy” to “loose or light” caused by rapid
warm-up could also be involved [9].

Based on the observation of improved sprint ability [5], we could also expect to see a
similar effect on riding a cycle ergometer. Assumingly, an improvement in lower-extremity
power output and movement efficiency (resulting from the aforementioned neuro-physio-
psychological mechanisms) could lead to an improvement in anaerobic capacity and wheel
cadence (pedaling rate) during cycling. A previous sprinting improvement [5] was observed
approximately 35 min after the knee joint cooling; the 35 min consisted of 5 min of jogging,
20 min of cooling, and 10 min of rapid warming up (five sets of a 2 min intermittent
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exercise protocol consisting of running and jumping at various intensities). While improved
sprinting ability was observed after the activities, the next logical step will be to simplify
these series of steps for field application. Particularly, it is important to examine if jogging
prior to cooling needs to be performed. If this pre-cooling warm-up is unnecessary, the
results would be beneficial for saving time and preserving energy for subsequent exercises.
If the pre-cooling warm-up plays a critical role, the results should be tailored to further
research.

Therefore, the purpose of this study was to examine the effect of 20 min of bilateral knee
joint cooling with or without a pre-cooling warm-up activity on sprint cycling performance.
Specifically, we asked: (1) will knee joint cooling result in an improvement in anaerobic
capacity and wheel cadence, compared with a non-cooling condition? and (2) if so, will
the joint cooling conditions with pre-cooling warm-up show better cycling performance
than the joint cooling condition without pre-cooling warm-up? We hypothesized that
(1) conditions with knee joint cooling would show better cycling performance than a non-
cooling condition, and (2) there would be no difference in cycling performance between
the conditions with or without pre-cooling warm-up. The results of this study would
directly assist cyclists and coaches by suggesting necessary components for warm-up
activities prior to racing. Additional measurements in thigh muscle temperature, fatigue
perception, and heart rate during five sets of cycling protocols would also help us explain
the cause-and-effect relationship between warm-up activity with knee joint cooling and
cycling performance.

2. Materials and Methods
2.1. Subjects

Our sample size was calculated based on the primary dependent measurement, the
anaerobic capacity of cycling sprint (watt/kg). In a similar ergometer test, the average
values on healthy adults were between 8 and 10 watt/kg [10,11]. To detect a difference of
2.1 watt/kg with a standard deviation of 2.0 watt/kg (an effect size of 1.0 using an alpha of
0.05 and a beta of 0.2), a minimum of 16 subjects was necessary.

Therefore, seventeen healthy young males (age: 25.0± 1.8 years, height: 173.6 ± 6.1 cm,
mass: 69.8 ± 9.4 kg) participated in this study. Subjects were physically active (participating
in at least 150 min of aerobic exercise per week) and free from cold urticaria, lower-extremity
or back injury in the last six months, and lower-extremity or spine surgery in their lifetime.
Subjects with any known disease or disorder (e.g., arthritis, diabetes, hypertension) were
excluded. Prior to participation, each subject read the testing procedures and provided in-
formed consent, approved by the University’s Institutional Review Board (KHGIRB-19-141).

2.2. Testing Procedures

To experience three conditions, subjects reported to the laboratory at the same time for
three visits, at least two days apart. Subjects were asked to keep their habitual diet and not
to participate in any physical activity for 24 h prior to the visits [5]. The room temperature
and relative humidity during the data collection period were kept between 24 and 26 ◦C
and 40 and 60%, respectively.

On the first day of data collection, subjects gave informed consent. Upon arrival to
the laboratory for each visit, subjects had a 5 min supine rest on a treatment table. During
this resting period, the baseline values of the thigh temperatures, fatigue perception, and
heart rate were recorded. Afterward, one of three conditions (condition 1: a set of a cycling
protocol + cooling + five sets of a cycling protocol; condition 2: cooling + five sets of a
cycling protocol; condition 3: five sets of cycling protocol: Figure 1A) proceeded in a coun-
terbalanced order. The six possible orders (conditions 1–2–3, 2–3–1, 3–1–2, 2–1–3, 3–2–1, or
1–3–2), generated by a random function in a spreadsheet program (Excel, Microsoft Inc.,
Redmond, WA, USA), were randomly assigned.
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the end” was provided during the 10 s sprint cycling. 
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of the cycling protocol. For condition 3, five sets of the cycling protocol were performed. 
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Figure 1. Testing procedures: (A) Subjects experienced each condition on three separate visits. (B) 
Each set consisted of a 10 s sprint followed by a 180 s active recovery on a stationary cycling ergom-
eter. (C) Two ice bags (directly on the anterior and posterior aspect of the knee joint) were secured 
with a compression wrap on each side. (D) Thermistor probes, covered by neoprene fabric, were 
attached on the vastus medialis and lateralis. 

2.3. Outcome Measures 
Dependent measurements were sprint cycling performance (average and peak an-

aerobic capacity and wheel cadence), thigh temperatures (vastus medialis and lateralis), 
fatigue perception (using a 10 cm visual analog scale), and heart rate (using a heart rate 
monitor). 

To test cycling performance, peak and average capacity and wheel cadence during a 
10 s cycling sprint during the last five sets of cycling protocol were compared across con-
ditions (a single set of a cycling protocol was performed as a warm-up; thus, not ana-
lyzed). Using the ergometer’s built-in computer, data were sampled at 50 Hz for anaerobic 
capacity (watt) and wheel cadence (revolution per min: rpm) and then wirelessly exported 

Figure 1. Testing procedures: (A) Subjects experienced each condition on three separate visits.
(B) Each set consisted of a 10 s sprint followed by a 180 s active recovery on a stationary cycling
ergometer. (C) Two ice bags (directly on the anterior and posterior aspect of the knee joint) were
secured with a compression wrap on each side. (D) Thermistor probes, covered by neoprene fabric,
were attached on the vastus medialis and lateralis.

For condition 1, a set of a cycling protocol was performed on a stationary cycle
ergometer (Monark LC2, Monark Exercise AB, Vansbro, Sweden: Figure 1B) as a pre-
cooling warm-up (Figure 1A). A single cycling protocol consisted of a 10 s sprint (resistive
load: 4% body mass) followed by a 180 s active recovery interval (resistive load: 1% body
mass; 60 rpm). For the sprint cycling, subjects were asked to produce maximal effort
to pedal (the self-selected rate of power development), while the frequency of recovery
cycling was guided by a metronome. Afterward, subjects received 20 min of bilateral knee
joint cooling in a knee extended seated position. An ice bag (a plastic bag with a size of
25 cm × 46 cm, filled with 500 mL crushed ice) was directly attached to the anterior and
posterior aspects of the knee joint (covering the patella, medial and lateral aspects of the
knee joint line, and popliteal fossa, not the tendon and muscle structures) and was secured
with a compression wrap (Figure 1C) on each side. Subjects then continuously performed
five sets of the cycling protocols described above. Verbal encouragement “harder, harder,
to the end” was provided during the 10 s sprint cycling.

For condition 2, 20 min bilateral knee joint cooling was applied followed by five sets of
the cycling protocol. For condition 3, five sets of the cycling protocol were performed. The
self-adjusted saddle and handlebar positions were recorded at the first visit for consistency
in the remaining visits.

2.3. Outcome Measures

Dependent measurements were sprint cycling performance (average and peak anaero-
bic capacity and wheel cadence), thigh temperatures (vastus medialis and lateralis), fatigue
perception (using a 10 cm visual analog scale), and heart rate (using a heart rate monitor).

To test cycling performance, peak and average capacity and wheel cadence during
a 10 s cycling sprint during the last five sets of cycling protocol were compared across
conditions (a single set of a cycling protocol was performed as a warm-up; thus, not
analyzed). Using the ergometer’s built-in computer, data were sampled at 50 Hz for
anaerobic capacity (watt) and wheel cadence (revolution per min: rpm) and then wirelessly
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exported into a spreadsheet program using software (Golden Cheetah v3.4, http://www.
goldencheetah.org/ accessed in 11 November 2019). Average and peak values during each
set of 10 s cycling sprints (except for the first set for condition 1) were compared.

For the thigh muscle temperature, a digital logger thermometer (sampled at 60 Hz;
N543, NT logger, NKTC, Tokyo, Japan) using two separate channels of thermistor probes
were used (Figure 1D). Each thermistor probe was attached to the skin superficial to the
vastus medialis (VM: channel 1) and lateralis (VL: channel 2) and covered by neoprene
fabric (thickness: 3 mm; diameter: 5 cm) and self-adhesive film dressing (Tegaderm Film,
3M, St. Paul, MN, USA). This is a valid method to record a 2.2 cm deep inner tissue by
blocking the heat transfer underneath the neoprene cover [12,13]. The values at 1 s prior
to the 10 s cycling sprint at each set (except for the first set in case of condition 1) were
compared. Five seconds prior to the 10 s cycling sprint at each set of the cycling protocol,
subjects were asked to mark where their perception of fatigue was on a 10 cm (0 being
unfatigued and 10 being fatigued) visual analog scale (VAS) [14] for fatigue perception.

The heart rate monitor (sampled at 1000 Hz; Polar H10, Polar Electro Inc., New York,
NY, USA) was wirelessly connected to a mobile phone application (Polar beat: Run &
Fitness). Heart rate (bpm) data were then exported into the spreadsheet. The values at the
same time points as the thigh temperature samples were compared.

Room temperature and relative humidity were recorded using a wireless environmen-
tal data logger (Kestrel Drop D3, Nielsen-Kellerman Co., Boothwyn, PA, USA).

2.4. Statistical Analysis

To test the condition effect over set, we performed a 3 (condition)× 5 (set) mixed model
ANOVA for anaerobic capacity and wheel cadence; a 3 (condition) × 6 (baseline and each
set) mixed model ANOVA (random variable: subject; fixed variables: condition and set) for
thigh temperature, fatigue perception, and heart rate. Tukey–Kramer pairwise comparisons
were used for post hoc tests (p ≤ 0.05 for all tests; SAS 9.4: SAS Institute Inc., Cary, NC,
USA). Cohen’s d effect sizes (d) [15] were calculated when statistical significances exist.

3. Results
3.1. Cycling Performance

There was no condition effect over set (condition × set) in average (F8,224 = 0.72,
p = 0.67) or peak (F8,224 = 1.49, p = 0.16: Table 1) values in anaerobic capacity. Regardless
of set (condition effect), subjects with knee joint cooling (conditions 1 and 2) showed
higher anaerobic capacity than subjects without cooling (average: F2,224 = 13.6, p < 0.0001;
peak: F2,224 = 8.64, p = 0.0002: Figure 2A). Regardless of condition (set effect), average
(F4,224 = 4.69, p = 0.001) and peak (F4,224 = 5.00, p = 0.0007) values in anaerobic capacity
were reduced at set 4 (p = 0.03, d = 0.24) and 5 (p = 0.03, d = 0.30), respectively, as compared
with those at set 1.

There was no condition effect over set (condition× set) in average cadence (F8,224 = 0.41,
p = 0.91) and peak cadence (F8,224 = 1.48, p = 0.17: Table 1). Regardless of set (condition effect:
F2,224 = 10.38, p < 0.0001), condition 3 showed 5 (4%, p < 0.0001, d = 0.39) and 4 (3%, p = 0.008,
d = 0.25) fewer wheel rpm as compared with conditions 1 and 2, respectively (Figure 2B).
In a comparison of peak cadence (condition effect: F2,224 = 4.62, p = 0.02), subjects with
condition 1 had 3 greater wheel rpm than those with condition 3 (2%, p = 0.02, d = 0.20,
Figure 2B). Regardless of condition (set effect: F4,224 = 3.38, p = 0.02), the average cadence
between sets 2 and 5 was different (p = 0.05, d = 0.28). The highest peak cadence (set effect:
F4,224 = 11.72, p < 0.0001) was recorded at set 2, as compared with sets 1 (p = 0.02, d = 0.28),
4 (p < 0.0001, d = 0.42), and 5 (p < 0.0001, d = 0.53).

http://www.goldencheetah.org/
http://www.goldencheetah.org/


Healthcare 2022, 10, 1951 5 of 10

Table 1. Changes in cycling sprint performance.

Set 1 Set 2 Set 3 Set 4 Set 5

Anaerobic
Capacity

(watt)

Condition 1
399 ± 41 407 ± 43 394 ± 37 385 ± 38 383 ± 38
437 ± 33 436 ± 37 441 ± 38 434 ± 41 426 ± 42

Condition 2
399 ± 41 407 ± 43 394 ± 37 385 ± 38 383 ± 38
440 ± 46 455 ± 45 453 ± 40 439 ± 43 435 ± 44

Condition 3
381 ± 39 385 ± 43 369 ± 39 354 ± 40 354 ± 41
440 ± 43 445 ± 47 424 ± 44 405 ± 45 395 ± 44

Cadence
(rpm)

Condition 1
149 ± 5 148 ± 8 150 ± 7 147 ± 7 147 ± 7
165 ± 6 167 ± 7 165 ± 8 163 ± 8 161 ± 8

Condition 2
147 ± 8 150 ± 8 147 ± 7 145 ± 9 144 ± 8
160 ± 8 165 ± 7 164 ± 7 161 ± 8 159 ± 8

Condition 3
144 ± 6 146 ± 7 145 ± 6 139 ± 7 140 ± 7
163 ± 6 168 ± 6 163 ± 6 157 ± 7 155 ± 7

Values are mean ±95% confidence intervals. The average and peak values are reported at top and bottom,
respectively. rpm: revolution per minute.
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Figure 2. Changes in anaerobic capacity (A), cadence (B), fatigue perception (C), and heart rate (D),
regardless of set (T bars indicate upper or lower limit of 95% confidence intervals). (A) † Average:
Condition 3 (369 watt) is different from conditions 1 (383 watt) and 2 (394 watt); ‡ Peak: Condition 3
(422 watt) is different from conditions 1 (444 watt) and 2 (435 watt). (B) † Average cadence: Condition
3 (143 rpm) is different from conditions 1 (148 rpm) and 2 (147 rpm); ‡ Peak cadence: Condition 3
(161 rpm) was different from condition 1 (164 rpm). (C) † Condition 3 (4.6 cm) was different from
conditions 1 (3.8 cm) and 2 (3.7 cm). (D) † Condition 3 (138 bpm) was different from conditions 1
(135 bpm) and 2 (135 bpm).

3.2. Thigh Temperature

There was a condition effect over set in the VM temperatures (condition × set:
F10,272 = 1.94, p = 0.04, condition effect: F2,272 = 12.61, p < 0.0001; set effect: F5,272 = 46.33,
p < 0.0001). The VM temperature under condition 2 was 0.7 ◦C lower than condition
1′s temperature (32.4 ◦C vs. 33.1 ◦C, p < 0.01, d = 0.94, Figure 3A) at set 1.
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Figure 3. Changes in the temperature on the vastus medialis (A) and lateralis (B) for each condition
over set (T bars indicate upper limit of 95% confidence intervals). (A) † Condition 2 (32.4 ◦C) was
lower than condition 1 (33.1 ◦C) at set 1. (B) † Condition 2 (32.5 ◦C) was different from conditions
1 (33.6 ◦C) and 3 (33.1 ◦C) at set 1. ‡ Condition 2 (33.1 ◦C) was different from conditions 1 (33.8 ◦C)
and 3 (33.7 ◦C) at set 2.

There was also a condition effect over set in the VL temperatures (condition × set:
F10,272 = 3.34, p = 0.0004, condition effect: F2,272 = 20.76, p < 0.0001; set effect: F5,272 = 116.41,
p < 0.0001). The VL temperature for condition 2 (32.5 ◦C) was lower than the temperature at
conditions 1 (33.6 ◦C, p < 0.0001, d = 1.40) and 3 (33.1 ◦C, p = 0.04, d = 0.79, Figure 3B) at set
1. At set 2, the VL temperature at condition 2 (33.1 ◦C) was still lower than the temperature
at conditions 1 (33.8 ◦C, p = 0.01, d = 0.85) and 3 (33.7 ◦C, p = 0.04, d = 0.70).

3.3. Fatigue Perception

There was no condition effect over set in perception of fatigue (condition × set:
F10,272 = 0.27, p = 0.97, Table 2). Regardless of set (condition effect: F2,272 = 13.87, p < 0.0001),
fatigue perception for condition 3 (4.7 cm) was 19% higher than conditions 1 or 2 (3.8 cm
for each, p < 0.0001, d = 0.43, Figure 2C). Regardless of condition (set effect: F5,272 = 47.84,
p < 0.0001), subjects began to feel fatigue at set 3 (3.9 cm, p < 0.0001, d = 0.53) as compared
to the baseline (2.8 cm).

Table 2. Change in fatigue perception and heart rate.

Baseline Set 1 Set 2 Set 3 Set 4 Set 5

Fatigue
perception

(cm)

Condition 1 2.7 ± 0.9 2.5 ± 0.8 3.0 ± 0.8 3.6 ± 0.8 4.4 ± 0.9 5.3 ± 1.1

Condition 2 2.7 ± 1.0 2.6 ± 0.9 3.0 ± 0.8 3.6 ± 0.9 4.2 ± 1.0 5.5 ± 0.9

Condition 3 3.2 ± 1.0 3.1 ± 1.0 3.7 ± 1.1 4.5 ± 1.1 5.4 ± 1.2 6.5 ± 1.2

Heart rate
(bpm)

Condition 1 73 ± 5 138 ± 7 143 ± 7 149 ± 7 152 ± 7 155 ± 7

Condition 2 76 ± 7 135 ± 9 143 ± 7 149 ± 7 153 ± 6 157 ± 6

Condition 3 79 ± 4 138 ± 7 147 ± 6 153 ± 6 155 ± 6 156 ± 6

Values are mean ±95% confidence intervals.



Healthcare 2022, 10, 1951 7 of 10

3.4. Heart Rate

There was no condition effect over set (condition × set) in heart rate (F10,272 = 0.57,
p = 0.84, Table 2). Regardless of set (condition effect: F2,272 = 3.19, p = 0.04), heart rate for
condition 3 (138 bpm) was 2% higher than for conditions 1 or 2 (135 bpm for each, p < 0.0001,
d = 0.20, Figure 2C). Regardless of condition (set effect: F5,272 = 566.45, p < 0.0001), subjects’
heart rate immediately increased at set 1 (137 bpm, p < 0.0001) and then further increased at
sets 3 (149 bpm, p < 0.0001, d = 0.90) and 5 (155 bpm, p < 0.0001, d = 0.40) from the baseline
value (76 bpm).

4. Discussion

We were interested in observing how 20 min bilateral knee joint cooling combined
with or without a pre-cooling warm-up affects cycling sprint performance during five
sets of cycling intervals. Although our results did not show an interaction effect (finding
a peak performance at a specific time point under a specific condition), our hypotheses
that the conditions with joint cooling, regardless of the pre-cooling warm-up, would show
a better cycling sprint performance than a non-cooling condition and that there would
be no difference between the cooling conditions were generally accepted. Therefore, the
order of cooling and warming up does not seem to be an important factor. We did not
observe the peak cycling performance on a specific condition at a specific set during
cycling interval protocols. When collapsing data across time points (condition effect),
knee joint cooling appears to be beneficial in cycling performance in terms of anaerobic
capacity and cadence. Our results, therefore, indirectly support the previous data on
physical performance enhancement involved with pre-exercise cooling [3–5,16,17]. Less
fatigue perception and heart rate in the conditions with knee joint cooling, relative to the
non-cooling condition, are also indicative of performance efficiency by pre-exercise cooling.

Statistically, the performance enhancement in cycling sprints was not observed in an
interaction (condition × set) but in a condition main effect. Subjects with knee joint cooling
(conditions 1 and 2) showed 4 to 5 greater wheel revolutions while completing the five sets
of 10 s cycling sprints when compared with those without cooling (condition 3). While
the recorded total wheel cadence ranged between 130 and 145 rpm (based on the wheel
cadence in each set, which ranged between 26 and 29 rpm) in our study, the results of
the current study indicate that subjects who receive knee joint cooling may generate 4 to
5 additional rpm. The wheel circumference of the stationary bike is 2 m (by manufacture),
and our results can be further interpreted as being located 8 to 10 m ahead. Although the
standardized mean differences in anaerobic capacity and wheel cadence are small (d < 0.39),
relative to the previous data on performance enhancement [4,5], this clear advantage of
the knee joint cold application should be considered in cycling sprints. Regardless of
condition, the cycling performances peaked at set 2 and declined at sets 4 and 5. These
results also have practical implications in that the first set of each condition was performed
as a warm-up. Along with the data on fatigue perception (fatigued at set 3), the declined
cycling performance at sets 4 and 5 could be indicative of general muscular fatigue.

While a previous study reported a skin temperature reduction of 23 ◦C at the knee
joint due to 20 min of focal knee joint cooling [18], assessment of thigh temperature (not on
the intervention cite—knee joint) in our study was intended to see if temperature change
in the quadriceps is involved in the cycling performance after joint cooling; if the cycling
performance changes, it must be involved with quadriceps muscle function. Known effects
of cold application include increased viscosity of synovial fluid [19], increased stiffness
of mechanical properties in the ligamentous [20] and tendinous [21] structures, decreased
threshold of alpha motor neuron recruitment [6], and decreased activation of inhibitory
neurons [7]. Once our subjects experienced the aforementioned cooling effects, the set of
cycling intervals after knee joint cooling resulted in a rapid increase in tissue temperature
of the knee joint; thus, we assume that subjects may have benefitted from increased force
production of knee extensors [22] and the angular velocity of the knee joint [5]. Additionally,
knee joint cooling might have resulted in a deterioration of the negative feedback [23]
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(e.g., inhibiting α-motor neurons when fatigued). These neurological alterations could
have made subjects pedal harder, which in turn leads to better cycling performance. A
psychological benefit of having a better-perceived feeling during cycling due to a rapid
warm-up could also be a good candidate to explain the results. As previously suggested [5],
we believe that the neurophysiological mechanisms behind the observed cycling sprints
and performance efficiency (e.g., fatigue perception and heart rate) are attributed to this
combined effect of joint cooling and an explosive muscle contraction.

Muscle temperature significantly impacts athletic performance [24–29]; there is a
general idea that the higher the muscle temperature, the better the force-generating capac-
ity [24,30]. For example, a 1 ◦C difference in muscle temperature could affect up to 4% [25]
or 10% [29] of athletic performance. In our study, the thigh temperatures were consistently
increased when performing cycling sprints (during sets 1 through 5 regardless of condition:
32.8 ◦C, 33.0 ◦C, 33.4 ◦C, 33.7 ◦C, and 34.0 ◦C, respectively), and the cycling performance
peaked at set 2 (Figure 3). Another important observation is that there was a thigh muscle
temperature reduction due to knee joint cooling that had a positive impact on cycling
performance (Figures 2 and 3). There is a large body of data on declined muscle function
with cold application to local muscle [31–35]; thus, muscle temperature reduction is asso-
ciated with muscle function decline. Our data are an addition to the scientific evidence
on this lack of connection between muscle temperature and muscle function [31], which
may suggest that there could be a certain range of muscle temperature for an ideal muscle
metabolism that produces maximum power output. Since core temperature might have
a larger impact on muscle function than local muscle temperature [32], the relationship
between muscle function and various locations of body temperature (e.g., core and joint
temperature) should be examined in future studies.

There are several limitations and assumptions in our study. First, the generalization
of knee joint cooling on cycling performance should be restricted to the specific situation
where subjects performed five sets of cycling sprint intervals; thus, care should be taken
when applying the results of our data to different types of cycling performance such as long-
distance road cycling. Additionally, our results on a stationary ergometer cannot be directly
applicable to road cycling because our testing protocol did not account for additional
weights (e.g., a rider and a bike), road condition (e.g., slope and friction), and environmental
condition (e.g., wind resistance, etc.). Neurological adaptation to temperature change (e.g.,
a set of cycling performances followed by knee joint cooling or vice versa) may vary
between subjects due to physiological and psychological responses to a combined effect
of cycling sprints and cold and/or personal experience of cold application and stationary
cycling. Even within subjects, the results of our interventions could have been influenced by
certain contributing factors such as lab conditions (e.g., ambient temperature and relative
humidity), nutritional and hydration status, and maximal effort. Although heart rate
and thigh temperature were collected simultaneously (the same sampling frequency), the
recorded values of two variables at the same time points might have not been correspondent
due to the heart rate lag [36]. Finally, we do not know how the observed results of cycling
performance corresponded to changes in knee joint temperature. While the knee joint
temperature was one of the primary contributing factors, attachment of the temperature
probe to the knee joint was uncomfortable when pedaling at maximal effort. Future studies
should attempt to record knee joint temperatures and to examine an interaction effect
between the cycling performance and knee joint temperature.

5. Conclusions

A 20 min bilateral joint cooling with or without pre-cooling warm-up prior to cycling
protocols seems to improve overall cycling performance during five sets of cycling interval
protocols, as compared to the non-cooling condition. When compared to the non-cooling
condition, the conditions with knee joint cooling showed four to five higher wheel revolu-
tions with 19% and 2% less fatigue perception and heart rate, respectively. The direction
of the results in each dependent variable clearly demonstrates an advantage of focal knee
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joint cooling on cycling sprint performance. We recommend coaches and athletes consider
tying knee joint cooling on their training regimens.

Author Contributions: Conceptualization, J.P.; methodology, A.N. and J.P.; software, A.N. and
J.P.; formal analysis, A.N. and J.P.; investigation, J.P.; resources, J.P.; data curation, A.N.; writing—
original draft preparation, A.N. and J.P.; writing—review and editing, J.P.; visualization, A.N. and
J.P.; supervision, J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Kyung Hee University (protocol code
KHGIRB and date of approval: 18 July 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data will be shared upon acceptance of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kwiecien, S.Y.; McHugh, M.P. The cold truth: The role of cryotherapy in the treatment of injury and recovery from exercise. Eur. J.

Appl. Physiol. 2021, 121, 2125–2142. [CrossRef] [PubMed]
2. Khezri, M.B.; Akrami, A.; Majdi, M.; Gahandideh, B. Effect of cryotherapy on pain scores and satisfaction levels of patients in

cataract surgery under topical anesthesia: A prospective randomized double-blind trial. BMC Res. Notes 2022, 15, 234. [CrossRef]
[PubMed]

3. Kwon, Y.S.; Robergs, R.A.; Kravitz, L.R.; Gurney, B.A.; Mermier, C.M.; Schneider, S.M. Palm cooling delays fatigue during
high-intensity bench press exercise. Med. Sci. Sports Exerc. 2010, 42, 1557–1565. [CrossRef] [PubMed]

4. Pietrosimone, B.G.; Ingersoll, C.D. Focal knee joint cooling increases the quadriceps central activation ratio. J. Sports Sci. 2009, 27,
873–879. [CrossRef]

5. Kim, H.; Lee, D.; Choi, H.-M.; Park, J. Joint cooling does not hinder athletic performance during high-intensity intermittent
exercise. Int. J. Sports Med. 2016, 37, 641–646. [CrossRef]

6. Bleakley, C.M.; Costello, J.T. Do thermal agents affect range of movement and mechanical properties in soft tissues? A systematic
review. Arch. Phys. Med. Rehabil. 2013, 94, 149–163. [CrossRef]

7. Raynor, M.C.; Pietrobon, R.; Guller, U.; Higgins, L.D. Cryotherapy after ACL reconstruction: A meta-analysis. J. Knee Surg. 2005,
18, 123–129. [CrossRef]

8. Stackhouse, S.K.; Dean, J.C.; Lee, S.C.; Binder-MacLeod, S.A. Measurement of central activation failure of the quadriceps femoris
in healthy adults. Muscle Nerve Off. J. Am. Assoc. Electrodiagn. Med. 2000, 23, 1706–1712. [CrossRef]

9. Lee, M.; Kim, S.; Choi, H.-M.; Park, J. Ankle or knee joint cooling alters countermovement but not squat jump height in healthy
collegiate athletes. Isokinet. Exerc. Sci. 2017, 25, 1–8. [CrossRef]

10. Ramírez-Vélez, R.; López-Albán, C.A.; La Rotta-Villamizar, D.R.; Romero-García, J.A.; Alonso-Martinez, A.M.; Izquierdo, M.
Wingate anaerobic test percentile norms in colombian healthy adults. J. Strength Cond. Res. 2016, 30, 217–225. [CrossRef]

11. Stickley, C.D.; Hetzler, R.K.; Wages, J.J.; Freemyer, B.G.; Kimura, I.F. Allometric scaling of Wingate anaerobic power test scores in
men. J. Strength Cond. Res. 2013, 27, 2603–2611. [CrossRef] [PubMed]

12. Flouris, A.D.; Webb, P.; Kenny, G.P. Noninvasive assessment of muscle temperature during rest, exercise, and postexercise
recovery in different environments. J. Appl. Physiol. 2015, 118, 1310–1320. [CrossRef] [PubMed]

13. Brajkovic, D.; Ducharme, M.B.; Webb, P.; Reardon, F.D.; Kenny, G.P. Insulation disks on the skin to estimate muscle temperature.
Eur. J. Appl. Physiol. 2006, 97, 761–765. [CrossRef] [PubMed]

14. Bijur, P.E.; Silver, W.; Gallagher, E.J. Reliability of the visual analog scale for measurement of acute pain. Acad. Emerg. Med. 2001,
8, 1153–1157. [CrossRef] [PubMed]

15. Cohen, J. Quantitative methods in psychology. Psychol. Bull. 1992, 112, 155–159. [CrossRef]
16. Palmieri-Smith, R.M.; Leonard-Frye, J.L.; Garrison, C.J.; Weltman, A.; Ingersoll, C.D. Peripheral joint cooling increases spinal

reflex excitability and serum norepinephrine. Int. J. Neurosci. 2007, 117, 229–242. [CrossRef] [PubMed]
17. Arngrimsson, S.A.; Petitt, D.S.; Stueck, M.G.; Jorgensen, D.K.; Cureton, K.J. Cooling vest worn during active warm-up improves

5-km run performance in the heat. J. Appl. Physiol. 2004, 96, 1867–1874. [CrossRef]
18. Park, J.; Song, K.; Lee, S.Y. Single-leg drop jump biomechanics after ankle or knee joint cooling in healthy young adults. J. Sport

Rehabil. 2022, 31, 271–278. [CrossRef]
19. Evans, T.A.; Ingersoll, C.; Knight, K.L.; Worrell, T. Agility following the application of cold therapy. J. Athl. Train. 1995, 30,

231–234.
20. Uchio, Y.; Ochi, M.; Fujihara, A.; Adachi, N.; Iwasa, J.; Sakai, Y. Cryotherapy influences joint laxity and position sense of the

healthy knee joint. Arch. Phys. Med. Rehabil. 2003, 84, 131–135. [CrossRef]

http://doi.org/10.1007/s00421-021-04683-8
http://www.ncbi.nlm.nih.gov/pubmed/33877402
http://doi.org/10.1186/s13104-022-06125-w
http://www.ncbi.nlm.nih.gov/pubmed/35765086
http://doi.org/10.1249/MSS.0b013e3181d34a53
http://www.ncbi.nlm.nih.gov/pubmed/20139781
http://doi.org/10.1080/02640410902929374
http://doi.org/10.1055/s-0035-1559687
http://doi.org/10.1016/j.apmr.2012.07.023
http://doi.org/10.1055/s-0030-1248169
http://doi.org/10.1002/1097-4598(200011)23:11&lt;1706::AID-MUS6&gt;3.0.CO;2-B
http://doi.org/10.3233/IES-160626
http://doi.org/10.1519/JSC.0000000000001054
http://doi.org/10.1519/JSC.0b013e31827f49f8
http://www.ncbi.nlm.nih.gov/pubmed/23364295
http://doi.org/10.1152/japplphysiol.00932.2014
http://www.ncbi.nlm.nih.gov/pubmed/25814638
http://doi.org/10.1007/s00421-005-0113-5
http://www.ncbi.nlm.nih.gov/pubmed/16721613
http://doi.org/10.1111/j.1553-2712.2001.tb01132.x
http://www.ncbi.nlm.nih.gov/pubmed/11733293
http://doi.org/10.1037/0033-2909.112.1.155
http://doi.org/10.1080/00207450600582702
http://www.ncbi.nlm.nih.gov/pubmed/17365110
http://doi.org/10.1152/japplphysiol.00979.2003
http://doi.org/10.1123/jsr.2020-0529
http://doi.org/10.1053/apmr.2003.50074


Healthcare 2022, 10, 1951 10 of 10

21. Alegre, L.M.; Hasler, M.; Wenger, S.; Nachbauer, W.; Csapo, R. Does knee joint cooling change in vivo patellar tendon mechanical
properties? Eur. J. Appl. Physiol. 2016, 116, 1921–1929. [CrossRef]

22. Loro, W.A.; Thelen, M.D.; Rosenthal, M.D.; Stoneman, P.D.; Ross, M.D. The effects of cryotherapy on quadriceps electromyo-
graphic activity and isometric strength in patient in the early phases following knee surgery. J. Orthop. Surg. 2019, 27,
2309499019831454. [CrossRef] [PubMed]

23. Takano, T.; Funahashi, Y.; Kaibuchi, K. Neural polarity: Positive and negative feedback signals. Front. Cell Dev. Biol. 2019, 7, 69.
[CrossRef] [PubMed]

24. Asmussen, E.; Bøje, O. Body temperature and capacity for work. Acta Physiol. Scand. 1945, 10, 1–22. [CrossRef]
25. Bergh, U.; Ekblom, B. Influence of muscle temperature on maximal muscle strength and power output in human skeletal muscles.

Acta Physiol. Scand. 1979, 107, 33–37. [CrossRef]
26. De Ruiter, C.; De Haan, A. Temperature effect on the force/velocity relationship of the fresh and fatigued human adductor pollicis

muscle. Pflügers Arch. 2000, 440, 163–170. [CrossRef]
27. Edwards, R.; Harris, R.; Hultman, E.; Kaijser, L.; Koh, D.; Nordesjö, L. Effect of temperature on muscle energy metabolism and

endurance during successive isometric contractions, sustained to fatigue, of the quadriceps muscle in man. J. Physiol. 1972, 220,
335–352. [CrossRef]

28. Racinais, S.; Blonc, S.; Hue, O. Effects of active warm-up and diurnal increase in temperature on muscular power. Med. Sci. Sports
Exerc. 2005, 37, 2134. [CrossRef]

29. Sargeant, A.J. Effect of muscle temperature on leg extension force and short-term power output in humans. Eur. J. Appl. Physiol.
Occup. Physiol. 1987, 56, 693–698. [CrossRef]

30. Hajoglou, A.; Foster, C.; De, J.K.; Lucia, A.; Kernozek, T.W.; Porcari, J.P. Effect of warm-up on cycle time trial performance. Med.
Sci. Sports Exerc. 2005, 37, 1608–1614. [CrossRef]

31. Mallette, M.M.; Green, L.A.; Hodges, G.J.; Fernley, R.E.; Gabriel, D.A.; Holmes, M.W.; Cheung, S.S. The effects of local muscle
temperature on force variability. Eur. J. Appl. Physiol. 2019, 119, 1225–1233. [CrossRef] [PubMed]

32. Thomas, M.M.; Cheung, S.S.; Elder, G.C.; Sleivert, G.G. Voluntary muscle activation is impaired by core temperature rather than
local muscle temperature. J. Appl. Physiol. 2006, 100, 1361–1369. [CrossRef] [PubMed]

33. Yeung, S.S.; Ting, K.H.; Hon, M.; Fung, N.Y.; Choi, M.M.; Cheng, J.C.; Yeung, E.W. Effects of cold water immersion on muscle
oxygenation during repeated bouts of fatiguing exercise: A randomized controlled study. Medicine 2016, 95, e2455. [CrossRef]
[PubMed]

34. Burke, D.G.; Macneil, S.A.; Holt, L.E.; Mackinnon, N.C.; Rasmussen, R.L. The effect of hot or cold water immersion on isometric
strength training. J. Strength Cond. Res. 2000, 14, 21–25. [CrossRef]

35. Hatzel, B.; Thomas, K. The effects of ice immersion on concentric and eccentric isokinetic muscle performance in the ankle.
Isokinet. Exerc. Sci. 2000, 8, 103–107. [CrossRef]

36. Molkkari, M.; Angelotti, G.; Emig, T.; Räsänen, E. Dynamical heart beat correlations during running. Sci. Rep. 2020, 10, 13627.
[CrossRef]

http://doi.org/10.1007/s00421-016-3444-5
http://doi.org/10.1177/2309499019831454
http://www.ncbi.nlm.nih.gov/pubmed/30803326
http://doi.org/10.3389/fcell.2019.00069
http://www.ncbi.nlm.nih.gov/pubmed/31069225
http://doi.org/10.1111/j.1748-1716.1945.tb00287.x
http://doi.org/10.1111/j.1748-1716.1979.tb06439.x
http://doi.org/10.1007/s004240000284
http://doi.org/10.1113/jphysiol.1972.sp009710
http://doi.org/10.1249/01.mss.0000179099.81706.11
http://doi.org/10.1007/BF00424812
http://doi.org/10.1249/01.mss.0000177589.02381.0a
http://doi.org/10.1007/s00421-019-04112-x
http://www.ncbi.nlm.nih.gov/pubmed/30838455
http://doi.org/10.1152/japplphysiol.00945.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339343
http://doi.org/10.1097/MD.0000000000002455
http://www.ncbi.nlm.nih.gov/pubmed/26735552
http://doi.org/10.1519/00124278-200002000-00004
http://doi.org/10.3233/IES-2000-0040
http://doi.org/10.1038/s41598-020-70358-7

	Introduction 
	Materials and Methods 
	Subjects 
	Testing Procedures 
	Outcome Measures 
	Statistical Analysis 

	Results 
	Cycling Performance 
	Thigh Temperature 
	Fatigue Perception 
	Heart Rate 

	Discussion 
	Conclusions 
	References

