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Background: It is commonly believed in medicine that using heat will increase the distensability and flexibility of soft tissue.
If true, increased flexibility would be a positive factor to reduce injuries in sports. However, cold should have
the opposite effect and is often used to treat sports injuries. This study was accomplished to quantify the ef-
fect of heat and cold on the force needed to flex the knee and laxness of the anterior and posterior cruciate
ligaments.

Material/Methods: The present study examined 20 male and female subjects to determine if heat would increase extensibility of
the anterior and posterior cruciate ligaments of the knee and reduce the force needed to flex the knee. Cold
exposure was examined to see if it would have the opposite effect. There were 4 experiments in the series:
The first was a room temperature series; the second was a series where cold was applied with an ice pack for
20 minutes; in the third, hydrocollator heat packs were applied for 20 minutes; and in the fourth, ThermaCare
heat wraps were applied for 4 hours on the quadriceps and knee. Tendon extensibility was measured with a
KT2000. The force for flexing the knee was measured by passive movement being applied (CPM) to the knee
through 30° and the force required to move the leg was measured.

Results: The results show that the anterior and posterior cruciate ligament flexibility increased and the force needed
to move the knee decreased with heat by about 25% compared to cold application.

Conclusions: Heat is beneficial in increasing muscle and ligament flexibility and may help reduce athletic injuries, but cold
treatment may have the opposite effect.
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Background

Athletic injuries are common in the adult population [1,2]. It is
generally assumed that a warm up, by increasing tissue tem-
perature, will increase tissue distensability and reduce the inci-
dence of injury [3,4]. These warm-ups involve many modalities
and can include stretching, heat, changes in tissue temperature
by exercise, and even mental conditioning [3,4]. However, it is
not clear which factor or factors actually reduce injury in the
athlete. This is especially true in female athletes, whose bio-
mechanics and hormonal influences make them very suscepti-
ble to anterior cruciate ligament tears and ankle injuries [5-8].

Heat is very commonly used before exercise [9]. One advantage
is that by increasing tissue metabolism the muscle is prepared
for the metabolic challenge of exercise [9,10]. Heat also increas-
es glycogen resynthesis and muscle recovery [10]. Heat is also
cited as increasing flexibility and thus reducing the chance of
injury, and reducing energy cost of muscle contraction by re-
ducing internal friction [11,12]. Internal energy costs are re-
duced by warming muscle, but many of these studies have been
done in animals and very few in humans. There is only limited
evidence that heat helps tissue stretching in humans. Further,
when heat is used, there is no previous evidence of the effects
of heat on the tendon or muscle itself, commonly referred to
as the series and parallel elastic components in muscle [13].

In rat tendons, applying force to collagenous tissues causes
stretching, which is greatly aided by heat [14]. The response of
stretch receptors in the cat are also increased by heat [15]. The
mechanism of the changes in the series’ elastic component is
partly due to unwinding of the actin filaments in muscle due
to stretch and partly due to collagen relaxation [11,12]. There
is also rotation of the actin filaments with heat [11]. While
there is some evidence that heat increases muscle flexibility
in humans, there has been no study of where the benefit is
(parallel or series elastic components, or how long the bene-
fit lasts) [16-19]. This was the purpose of the present investi-
gation. We examined 2 heat modalities: a slow heat modality

Table 1. General characteristics of subjects in Group 1.
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and a fast heat modality. We also examined cold packs to see
what effect they might have on tissue elasticity, because cold
is commonly used with injuries during sporting events.

Material and Methods

Study subjects were 12 males and 8 females, ages 20-30, with
no diagnosed tendon or other orthopedic injuries. Subjects were
non-athletes and of normal body weight. The subjects were
divided into 2 groups of 10 each. Group 1 participated in the
first series of experiments and Groups 1 and 2 both participat-
ed in the second series. All procedures and protocols were ap-
proved by the Institutional Review Board of either Loma Linda
or Azusa Pacific University. The general characteristics of the
subjects are shown in Tables 1 and 2.

Methods
Ligament elasticity

Elasticity of the anterior and posterior cruciate ligaments was
measured by a kinematic knee device that is commercially
produced and has been validated in numerous studies. The
device was the Medmetric KT2000 (Medmetric corporation,
San Diego, California). The subject lay supine with the angle
of the knee at 30° (Figure 1). A strain gauge measured the
force necessary to generate an anterior/posterior glide of the
proximal end of tibia on the femoral condyles, thus generat-
ing a force curve of elasticity of the anterior (ACL) and poste-
rior (PCL) cruciate ligaments.

A foot positioning device and thigh strap were used to posi-
tion the subject. Force was applied for the anterior cruciate
ligament at 15, 20, and 30 lbs. (66.6, 88.8, 133.2 newtons). It
was applied at 20 lbs. (88.8 newtons) for the posterior cru-
ciate ligament. As force was applied, the force and displace-
ment controlled an x-y plotter to record the ligament elastic-
ity. The device has been well validated and reported [20-22].

Age Height Weight BMI
Mean 26.0 182.7 79.8 23.8
SD 4.2 5.3 12.7 2.8
Table 2. General characteristics of subjects in Group 2.
Age Height Weight BMI
Mean 243 175.0 69.1 223
SD 1.7 10.7 15.4 3.0
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Figure 1. Typical placement of the leg to measure knee ligament
laxness.

Figure 2. The linear actuator.

Force to flex the knee (FK)

The force to flex the knee was measured for the quadriceps
muscle (FK). The subject was in the seated position with the leg
free to hang at an initial angle of 90° with the foot off of the
floor. A linear actuator was connected through an ankle strap
to passively move the knee through 25° of flexion (Figure 2).
The force needed to move the knee was measured as a mea-
sure of the flexibility and elasticity of the quadriceps muscle
and its tendons. The force measurement was accomplished
with a load cell in series with the linear actuator. Resistive
strain gauges (350 ohms) were arranged as a Wheatstone
bridge. The bridge output was amplified and conditioned with
a DAC100 strain gauge amplifier with a gain of 500 (BioPac
Systems, Goleta, CA). The amplified output was digitized at
2000 hertz with a resolution of 24 bits on an MP150 BioPac
data acquisition system (BioPac Systems, Goleta, CA). A goni-
ometer measured the angle of the knee to calculate the force
needed per® moved (Figure 3). The goniometer used a ruby
bearing 360° 5000 ohm potentiometer. Its output was ampli-
fied and digitized by the BioPac system as described above.

Since different legs had different masses, the data was nor-
malized by dividing the force required to move the leg per
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Figure 3. Subject sitting on the platform and connected to the
linear actuator. The electro goniometer is shown on
the knee.

degrees of movement at the knee and dividing this number
by the body weight.

Procedures

For each subject, baseline ligament flexibility and the force
to move the lower leg were measured, followed by 2 series
of experiments. The purpose of the first experimental series
was to see what changes might occur in the quadriceps re-
sponse to forced movement and the elasticity in the anterior
and posterior cruciate ligaments during 4 hours of heat expo-
sure with ThermaCare heat wraps. The speed of movement
was also varied. Thermacare heat wraps are slow-warming
wraps. In contrast, fast-warming or cooling sources are used
clinically. We wanted to see if there was steady-state heating
after 4 hours, which would allow us to compare this slow re-
sponse heating to standard high temperature and low tem-
perature modalities that are only applied for 20 minutes in
therapy. We also needed to evaluate the effect of speed of
flexion of the knee to set the speed for flexion in the second
series of experiments. From the first series of experiments, a
steady-state heat response was found after 4 hours; therefore,
in the second series of experiments in Group 2, ThermaCare
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Figure 4. The displacement of the tibia per newton of applied
force for the anterior (AC) and posterior (PC) cruciate
ligaments in 10 subjects + the standard deviation.
Data were collected at rest, and after 1, 2, and 4 hours
after heat pack application.

0.055
= FK
=
2 0.050
2
2
= 0.045
£
2 0040
o
3 —— 90° per sec
S 0035 90°/5 seconds
E) —— 90°/10 seconds
0.030 T . x
Rest 1 2 4
Hours

Figure 5. Newtons of force per degree movement of the
quadriceps per kg body weight to move the knee into
flexion. The graph shows the mean for 10 subjects +
the standard deviation. Data were collected at rest,
and after 1, 2, and 4 hours of heat pack application.
Three speeds of movement were tested: 90°/sec, 90°/5
sec, and 90°/15 sec.

heat wraps were applied for 4 hours and the data was com-
pared to 20-minute hydrocollator heat pack applications and
20-minute cold pack applications.

Therefore, the subjects were divided into 2 groups. In Group
1, heat was applied to the quadriceps muscle and knee with
a ThermaCare heat wrap for 4 hours. ACL and PCL flexibil-
ity and the force to move the lower leg were measured af-
ter 1, 2, and 4 hours of Thermacare heat application. Three
speeds were used for quadriceps flexibility — 90° per sec-
ond, 90° per 5 seconds, and 90° per 15 seconds — and force
was recorded in terms of the position of the muscle to see
if there was a major difference in the movement of the low-
er leg with speed of movement. Based on these results, in
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Group 2, only 1 speed of movement was used for the quad-
riceps muscle — 90° in 15 seconds. In this group, tendon elas-
ticity and force to move the quadriceps muscle were mea-
sured either after 4-hour application of ThermaCare heat
wraps, 20-minute application of hydrocollator heat packs, or
20-minute application of ice packs. The ice packs and hydro-
collator heat packs were separated from the skin by 6 layers
of towels. This series therefore examined the effect of cold
compared to slow heat and rapid heat changes on the skin
above the knee and muscle.

Statistical and data analysis
This was a longitudinal study. Data was analyzed by paired

t tests, means, and standard deviations. ANOVA was used to
compare groups. The level of significance was p<0.05.

Results

Series 1 - the effect of heat on ACL, PCL, and FK

The relationship between the force required to displace the
tibia as a measure of anterior and posterior cruciate ligament
elasticity is shown in Figure 4 for the 10 subjects in Group 1.
As shown in the figure, the application of ThermaCare heat
wraps caused an increase in the laxness of the anterior and
posterior cruciate ligaments. There was a small increase af-
ter 1 hour, which peaked at 4 hours. The data at 2 and 4
hours were not significantly different. For both ACL and PCL
there was a significant difference from the start data at 1
and 2 hours but no difference between hours 2 and 4 hours
(ANOVA p<0.05).

For the force to move the knee through flexion (FK), the data
is shown in Figure 5.

As shown in Figure 5, with increasing time that the heat packs
were applied, there was less force needed to flex the knee. For
increasing the rate of movement at any time period, the force
required to flex the knee was greatest for the fastest move-
ment (the difference between the 3 conditions was significant,
ANOVA p<0.05). The greatest reduction in force was after the
second hour of heat pack application.

Series 2 - the effect of cold, rapidly applied and slowly
applied heat

Since there was steady-state elasticity after 4 hours with
ThermaCare heat wraps, this series of experiments then com-
pared a slow heat source applied for 4 hours using ThermaCare
heat wraps versus standard therapy sessions using cold and
hydrocollator heat applied for 20 minutes.
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Figure 6. The displacement per newton force for the anterior
(AC) and posterior (PC) cruciate ligaments in 10
subjects + the Standard Deviation. Data was collected
at room temperature and 20 minutes after cold
pack application or 20 minutes after application of
hydrocollator heat packs or 4 hours after application of
ThermaCare heat wraps.
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For the forces to passively move the knee (FK), the data is
shown in Figure 7.

With increasing application of warmth, there was a linear de-
crease in the force needed to move the knee, showing a re-
duction in tissue elasticity with heat (Figure 7). There was no
difference between the ThermaCare slow heat data and the
hydrocollator heat pack data. There was no significant differ-
ence between men and women when data were normalized by
body weight (p>0.05). When examining the raw data not cor-
rected for mass of the men’s legs, it took more force to move
the men’s legs than the women'’s legs.

When the force data was analyzed at a knee angle of 20° of
flexion compared to relaxation, a hysteresis curve was es-
tablished. The difference between the force for flexion and
passive relaxation was 18.4+6.3 newtons after cold packs,
12.8+4.3 newtons with the leg at room temperature, and av-
eraged 8.9+3.7 newtons after the 2 heat pack applications,
showing a reduction in stiffness with heat.

Discussion
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Figure 7. Newtons of force per degree movement of the
quadriceps per kg body weight to move the knee into
flexion. The graph shows the mean for 10 subjects +
the standard deviation.

The relationship between the force required to displace the
tibia to stretch the anterior and posterior cruciate ligaments is
shown in Figure 6 for the 10 subjects in Group 2. As shown in
this figure, cold caused an increase in force needed to stretch
the anterior and posterior cruciate ligaments; whereas hydro-
collator heat packs and ThermaCare heat wraps increased flex-
ibility. The difference between the response to cold and both
heat modalities was significant (p<0.05). For the anterior cru-
ciate ligament, only the 132 newton data are shown. The 89
newton data followed a similar course. Female subjects had
significantly greater movement of the tibia at the same force.
Thus, the displacement per unit force was significantly high-
er —by 21% for the ACL and 16% for the PCL for women com-
pared to men (p<0.05).

Heat is commonly used in some form before exercise [3]. The
temperature of muscles and ligaments is normally below that
of the core temperature [23-25]. The core temperature is pro-
tected at about 37°C [26]. But, since almost 2/3 of all calories
of food ingested result in the production of heat, over a mil-
lion calories a day needs to be dissipated to keep the core cool.
The core is classically defined as the brain and heart [25]. The
intestinal track is usually warmer than the core; in the diges-
tion of food, it produces heat and may be up to 2°C above that
of the core [27]. Shell tissues (e.g., arms and legs), are used
as a radiator to remove heat from the intestines, active mus-
cles, and the core [28,29]. The shell tissues are kept at least
6°C below the core so that heat can move from the core to
the shell and be removed from the body [30-32]. Skin temper-
ature is thus typically 31°C on the arms and legs [28,30,32].
For the tissues below the skin, temperature varies by depth
and location from the core. Generally, the further deep tissues
are away from the central body, the cooler they are [32,33].

It is no surprise then that heat is commonly used before ex-
ercise. The simplest way of heating these deep shell tissues is
by light exercise. Light exercise raises the blood flow to muscle
and the temperature of muscle rises toward that of the core
[2,30,32,33]. But other tissues such as the knee and its ligaments
can only be heated effectively externally [26,34,35]. This is also
true for the ankle. Here, external heat may be of great benefit.

While there is a consensus on the use of heat for increasing
ligament and muscle stretching prior to exercise as a means
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of reducing injury [36], there is little evidence that this really
works. Logically, since ligaments and tendons are elastic struc-
tures, they should be more flexible with heat. Increasing tem-
perature increases flexibility of knee ligaments (anterior and
posterior cruciate) and there is a substantial change in tissue
elasticity. In previous studies, a warm-up before athletic events
has been shown to substantially reduce athletic injuries [36—
38]. The assumption is that these soft tissue injuries are re-
duced by heat by increasing the elasticity of tendons and lig-
aments [37,38]. There is, however, no direct evidence for this
hypothesis. Previous studies on heat and ligament elasticity
have dealt largely with human cadavers or rat tendons. For
example, when rat anterior cruciate ligaments and quadriceps
muscle tendons were heated from room temperature to near
core, both showed an increase in elasticity, with the largest
being in the hamstring tendons [39]. The quadriceps tendons
did not include the muscle itself. In the present investigation,
the increase in elasticity of the anterior cruciate ligament
was similar to rat data and the present investigation, but the
hamstring rat data was more elastic than the whole quadri-
ceps and tendons seen here. However, in humans the tension
in grafts of the hamstring showed an increase in elasticity by
about 20% when the tendons warmed from operating room
temperature to body temperature after the graft was implant-
ed [40]. This data is similar to that of the present investiga-
tion. In cadavers, gracilis, semitendinosus, and patella tendons,
when warmed from room to body temperature showed sim-
ilar increases in elasticity as shown here, but hamstring ten-
dons showed more elasticity [39]. These findings on cadavers
and rat tendons have supported the idea that a warm-up be-
fore exercise, especially in women, increases tendon elastici-
ty [36]. In a recent review of over 10 000 female athletes, the
data support a reduction in ACL tears with a warm-up [36].

Women are especially susceptible to ACL tears. This particularly
occurs during the late luteal and early follicular phases, when
body temperature is low [36]. The sports injury rate of wom-
en from ACL tears is reported as being about 3 times higher
than in men, with an incidence rate 11 times higher in wom-
en engaged in military training than in men [5]. It would there-
fore appear that use of local heat, such as with a ThermaCare
heat wrap, before athletic training and events, may be useful
to include in a warm-up. The results of our study indicate that
it increases elasticity and may help prevent injuries. The op-
timal time to apple local heat would be during mid-follicular
phases of the menstrual cycle, since this is when body tem-
perature is the lowest.

Changing the speed of movement of a limb during passive
movement reveals properties of the elasticity of the tissues
involved [41]. Concerning the passive stretching of the quad-
riceps muscle and its tendons by the CPM machine used here,
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previous experiments show that as the speed of movement
increases, the series and parallel elastic components store
more energy and therefore require more force [42]. Studies
of the hysteresis of passive movement of the leg found that
the mechanism of resistance is rearrangement of collagen,
and is not due to fluid compartment changes [42]. EMG stud-
ies have shown that rapid movement does cause some reflex
muscle activity. If, for faster rates of movement, any muscle
activity was generated, then some of the resistance to move-
ment may be related to energy stored in actin filaments dur-
ing stretch. Actin is the main component of the thin filaments
in muscle. During stretch and muscle contraction, the steep
helical structure (70°) rotates and stores energy to aid the se-
ries elastic component in muscle [12]. This is due to the fact
that the thin filaments are a double helix wound in a counter-
clockwise rotation [43]. During stretching, when there is active
actomyosin bridge formation, they unwind and store elastic
energy [43]. This may have added to the increased force re-
quired to flex the knee at high rates but at low rates of move-
ment, probably due only to the elastic properties in the quadri-
ceps muscle and its tendon [44,45]. These same 2 studies also
suggest that the most accurate way to measure the passive
elastic properties of tissue is slow movement, because rapid
movement stores more elastic energy [42]. The data present-
ed here are in agreement. Therefore, after the Group 1 exper-
iment, only the lowest movement rate was used to study the
effect of temperature on force needed to flex the knee. The in-
creased force with cold and reduced force with heat are there-
fore probably attributed to the effect of heat and cold and the
relaxation of collagen in the connective tissue in the quadri-
ceps muscle and its tendons at higher temperatures. Adding
to that is the data on the hysteresis between the flexion and
extension forces. Here, there was a difference in the Group 2
subjects — 18.4 newtons at 20° flexion at the knee after the
cold packs and 8.9 after heat packs — showing the difference
in stored energy with cold compared to heat causing the pas-
sive properties of the muscle to be stiffer.

Conclusions

1. Cold increases the force necessary to passively move the
knee through range of motion, whereas heat has the oppo-
site effect.

2. Cold and heat alter both the elasticity of the anterior and
posterior cruciate ligaments, as well as tendon and muscle.

3. There was more laxity in the anterior and posterior cruciate
ligaments in women, but heat had the same relative bene-
ficial effect.

4. Women showed more knee ligament laxness than men at
all temperatures examined.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




Petrofsky JS et al:
Effect of heat and cold on tendon flexibility and force to flex the human knee
© Med Sci Monit, 2013; 19: 661-667

References

1.

N

w

S

S}

(=2}

~

o

o

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pappas E, Zampeli F, Xergia SA, Georgoulis AD: Lessons learned from the
last 20 years of ACL-related in vivo-biomechanics research of the knee joint.
Knee Surg Sports Traumatol Arthrosc, 2013; 21(4): 755-66

. Kettunen JA et al: Cumulative incidence of shoulder region tendon injuries

in male former elite athletes. Int J Sports Med, 2011; 32(6): 451-54

. LaBella CR et al: Effect of neuromuscular warm-up on injuries in female soc-

cer and basketball athletes in urban public high schools: cluster random-
ized controlled trial. Arch Pediatr Adolesc Med, 2011; 165(11): 1033-40

. Pasanen K et al: Effect of a neuromuscular warm-up programme on mus-

cle power, balance, speed and agility: a randomised controlled study. Br )
Sports Med, 2009; 43(13): 1073-78

. Barber-Westin SD et al: Reducing the risk of noncontact anterior cruciate

ligament injuries in the female athlete. Phys Sportsmed, 2009; 37(3): 49-61

. Hicks-Little CA et al: Menstrual cycle stage and oral contraceptive effects

on anterior tibial displacement in collegiate female athletes. ) Sports Med
Phys Fitness, 2007; 47(2): 255-60

. Zazulak BT et al: The effects of the menstrual cycle on anterior knee laxi-

ty: a systematic review. Sports Med, 2006; 36(10): 847-62

. Belanger MJ et al: Knee laxity does not vary with the menstrual cycle, be-

fore or after exercise. Am J Sports Med, 2004; 32(5): 1150-57

. Slivka D et al: Local heat application enhances glycogenesis. Appl Physiol

Nutr Metab, 2012; 37(2): 247-51

Naperalsky M, Ruby B, Slivka D: Environmental temperature and glycogen
resynthesis. Int J Sports Med, 2010; 31(8): 561-66

Jarosch R: Large-scale models reveal the two-component mechanics of stri-
ated muscle. Int ) Mol Sci, 2008; 9(12): 2658-723

Jarosch R: The Different Muscle-Energetics during Shortening and Stretch.
Int J Mol Sci, 2011; 12(5): 2891-900

Foure A et al: Gender differences in both active and passive parts of the
plantar flexors series elastic component stiffness and geometrical param-
eters of the muscle-tendon complex. J Orthop Res, 2012; 30(5): 707-12

Warren CG, Lehmann JF, Koblanski JN: Heat and stretch procedures: an eval-
uation using rat tail tendon. Arch Phys Med Rehabil, 1976; 57(3): 122-26

Sato H: Effects of skin cooling and warming on stretch responses of the
muscle spindle primary and secondary afferent fibers from the cat’s tibia-
lis anterior. Exp Neurol, 1983; 81(2): 446-58

Brodowicz GR, Welsh R, Wallis J: Comparison of stretching with ice, stretch-
ing with heat, or stretching alone on hamstring flexibility. J Athl Train, 1996;
31(4): 324-27

Funk D et al: Efficacy of moist heat pack application over static stretching
on hamstring flexibility. J Strength Cond Res, 2001; 15(1): 123-26

Lentell G et al: The use of thermal agents to influence the effectiveness of
a low-load prolonged stretch. J Orthop Sports Phys Ther, 1992; 16(5): 200-7

Lehmann JF et al: Effect of therapeutic temperatures on tendon extensibil-
ity. Arch Phys Med Rehabil, 1970; 51(8): 481-87

Lawhorn KW et al: The effect of graft tissue on anterior cruciate ligament
outcomes: a multicenter, prospective, randomized controlled trial com-
paring autograft hamstrings with fresh-frozen anterior tibialis allograft.
Arthroscopy, 2012; 28(8): 1079-86

Shelbourne KD, Urch SE, Freeman H: Outcomes after arthroscopic excision
of the bony prominence in the treatment of tibial spine avulsion fractures.
Arthroscopy, 2011; 27(6): 784-91

Araki D et al: The use of an electromagnetic measurement system for ante-
rior tibial displacement during the Lachman test. Arthroscopy, 2011; 27(6):
792-802

Petrofsky JS, Lind AR: Insulative power of body fat on deep muscle temper-
atures and isometric endurance. J Appl Physiol, 1975; 39(4): 639-42
Petrofsky JS, Lind AR: The relationship of body fat content to deep mus-

cle temperature and isometric endurance in man. Clin Sci Mol Med, 1975;
48(5): 405-12

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

667

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

CLINICAL RESEARCH

Rowell LB: Human cardiovascular adjustments to exercise and thermal
stress. Physiol Rev, 1974; 54(1): 75-159

Petrofsky J et al: Dry heat, moist heat and body fat: are heating modalities
really effective in people who are overweight? J Med Eng Technol, 2009;
33(5): 361-69

Gerbrandy J, Snell ES, Cranston WI: Oral, rectal, and oesophageal temper-
atures in relation to central temperature control in man. Clin Sci (Lond),
1954; 13(4): 615-24

Petrofsky JS et al: The influence of ageing and diabetes on heat transfer
characteristics of the skin to a rapidly applied heat source. Diabetes Technol
Ther, 2010; 12(12): 1003-10

Cranston WI, Gerbrandy J, Snell ES: Oral, rectal and oesophageal temper-
atures and some factors affecting them in man. J Physiol, 1954; 126(2):
347-58

Rowell LB: Cardiovascular aspects of human thermoregulation. Circ Res,
1983; 52(4): 367-79

Pennes HH: Analysis of skin, muscle and brachial arterial blood tempera-
tures in the resting normal human forearm. Am J Med Sci, 1948; 215(3):
354

Webb P: Temperatures of skin, subcutaneous tissue, muscle and core in
resting men in cold, comfortable and hot conditions. Eur J Appl Physiol
Occup Physiol, 1992; 64(5): 471-76

Clarke RS, Hellon RF, Lind AR: The duration of sustained contractions of the
human forearm at different muscle temperatures. J Physiol, 1958; 143(3):
454-73

Petrofsky JS et al: The influence of ageing on the ability of the skin to dis-
sipate heat. Med Sci Monit, 2009; 15(6): CR261-68

Petrofsky JS, Laymon M: Heat transfer to deep tissue: the effect of body
fat and heating modality. ] Med Eng Technol, 2009; 33(5): 337-48

Bien DP: Rationale and implementation of anterior cruciate ligament inju-
ry prevention warm-up programs in female athletes. J Strength Cond Res,
2011; 25(1): 271-85

Herman K et al: The effectiveness of neuromuscular warm-up strategies,
that require no additional equipment, for preventing lower limb injuries
during sports participation: a systematic review. BMC Med, 2012; 10: 75

Aguilar AJ et al: A dynamic warm-up model increases quadriceps strength
and hamstring flexibility. J Strength Cond Res, 2012; 26(4): 1130-41

Elias JJ, Rai SP, Ciccone WJ II: In vitro comparison of tension and stiffness
between hamstring tendon and patella tendon grafts. J Orthop Res, 2008;
26(11): 1506-11

Ciccone WJ Il et al: Viscoelasticity and temperature variations decrease
tension and stiffness of hamstring tendon grafts following anterior cruci-
ate ligament reconstruction. J Bone Joint Surg Am, 2006; 88(5): 1071-78

Riemann BL et al: The Effects of Sex, Joint Angle, and the Gastrocnemius
Muscle on Passive Ankle Joint Complex Stiffness. J Athl Train, 2001; 36(4):
369-75

Nordez A et al: The effect of angular velocity and cycle on the dissipative
properties of the knee during passive cyclic stretching: a matter of viscos-
ity or solid friction. Clin Biomech (Bristol, Avon), 2009; 24(1): 77-81

Jarosch R: Muscle force arises by actin filament rotation and torque in the
Z-filaments. Biochem Biophys Res Commun, 2000; 270(3): 677-82

Gajdosik RL: Influence of a low-level contractile response from the sole-
us, gastrocnemius and tibialis anterior muscles on viscoelastic stress-re-
laxation of aged human calf muscle-tendon units. Eur J Appl Physiol, 2006;
96(4): 379-88

Gajdosik RL et al: Viscoelastic properties of short calf muscle-tendon units

of older women: effects of slow and fast passive dorsiflexion stretches in
vivo. Eur J Appl Physiol, 2005; 95(2-3): 131-39

Indexed in:
[ISI Journals Master List]
[Chemical Abstracts/CAS]

[Index Medicus/MEDLINE]
[Index Copernicus]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[EMBASE/Excerpta Medica]



