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ABSTRACT 

 

Introduction: Cold-induced changes in lactate kinetics are critically important for athletes, 

particularly those training and competing in the cold. Alterations in lactate production and/or 

clearance may result in altered blood lactate concentrations and calculated lactate threshold, 

which affects the exercise intensity that athletes can sustain during a race. The purpose of this 

study was to evaluate the effect of cold ambient temperature on lactate threshold with and 

without a preceding warm-up in female cyclists/triathletes. Methods: Seven well-trained female 

cyclists/triathletes (age: 37 ± 5 yrs; body mass: 60.08 ± 8.93 kg; peak oxygen uptake (VO2peak); 

50.36 ± 3.04 ml·kg-1·min-1; peak power output: 261.43 ± 30.78 W) participated in this study and 

completed five study visits: 1) baseline testing; 2) familiarization trial: and 3) three experimental 

trials. The experimental visits consisted of: 1) thermoneutral temperature (20ºC, NEU); 2) cold 

temperature (0ºC) with noactive warm-up (CNWU); and 3) cold temperature (0ºC) with 25 min 

active warm-up (CWU). During each condition, participants performed a lactate threshold test 

followed by a time to exhaustion trial at 120% of the participant’s peak power output. Heart rate 

(HR), oxygen uptake (VO2), core temperature, skin temperature, blood lactate concentration, and 

rating of perceived exertion (RPE) were assessed throughout each trial. Magnitude based 

inferences were utilized to examine performance effects (interpreted with Hopkins’ effect sizes). 

Physiological and perceptual data were assessed via null-hypothesis testing and significance was 

set at p=0.05. Data are presented as mean ± SD. Results: Power output at lactate threshold was 

182.1 ± 26.4, 200.0 ± 22.6, and 192.9 ± 30.1 W for NEU, CNWU, and CWU, respectively. 

Power output at lactate threshold was 5.4 ± 2.6% lower in NEU vs. CWU (90% C. I= -10, 0.04; 

ES = -0.34). Power output at lactate threshold was 4.2 ± 2.7% higher in CNWU vs. CWU; this 
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difference was likely trivial (90% C.I = -1.1, 9.8; ES = 0.25). Power output at lactate threshold in 

CNWU vs. NEU was 10.2 ± 2.6% greater and the effect was considered very likely small (90% 

C.I. = 4.9, 15.8; ES= 0.59). At lactate threshold, there were no significant differences among 

groups in VO2, lactate concentration, HR or RPE (p = 0.487, 0.115, 0.841, and 0.87, 

respectively). There was an 11% increase in time to exhaustion at 120% peak power output V 

between CNWU vs. CWU (73.14 ± 7.93 s, 64.86 ± 7.93 s; 90% C.I. = -2.4, 26.5; ES =0.62, 

respectively) and this effect was likely small. Time to exhaustion was 7.8% longer in NEU 

condition compared to CWU (70.14 ± 10.45 s, 64.86 ± 7.93 s, 90% C.I. = -6.2, 23.9; possibly 

small; ES =0.44, respectively). Lastly, CNWU vs. NEU had a possibly trivial (3%) increase in 

time to exhaustion (73.14 ± 7.93 s, 70.14 ± 10.45 s; 90% C.I. =-9.1, 16.8; ES =0.18, 

respectively). Conclusion: These findings suggest that power output at lactate threshold and 

time to exhaustion at 120% of peak power output was greater and longer in CNWU compared to 

NEU in female cyclists/triathletes, likely resulting in a small change in performance. For female 

cyclists/triathletes exercising in the cold, it appears avoiding a 25 min active warm-up may 

improve performance at lactate threshold and time to exhaustion at 120% of peak power output. 

Therefore, athletes should consider the effect temperature has on lactate kinetics and determine 

appropriate training methods and race procedures necessary to optimize performance
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CHAPTER 1 

INTRODUCTION 

The physiological determinants of endurance performance have been extensively studied to 

determine appropriate training methods for athletes to optimize race day performance (10). An 

athlete’s endurance performance is a product of his or her maximal oxygen consumption 

(VO2max), lactate threshold, and exercise efficiency/economy (39, 86). Of these three 

components, lactate threshold is currently considered the best determinant of endurance capacity 

(38). Lactate threshold is characterized as the exercise intensity (%VO2max) at which lactate 

production exceeds lactate clearance and can be defined as the upper limit to an athlete’s 

sustainable performance (60, 138). In athletes with similar VO2max values, Coyle et al. (39) 

discovered that when comparing endurance performance in male athletes that performed at their 

lactate threshold to athletes that performed at 34% above their lactate threshold, athletes 

performing at their lactate threshold cycled for 2-fold longer than athletes in the 34% above lactate 

threshold group (60.8±3.1 min vs. 29.1±5.0 min, p<0.001, respectively). In agreement with Coyle 

and colleagues, multiple studies have reported a strong correlation between blood lactate threshold 

and exercise performance (38, 51, 73, 80, 98, 149, 150).  

 

Despite the reliability of lactate threshold to predict exercise performance, lactate threshold may 

be altered by various environmental factors such as altitude, air velocity, humidity, and ambient 

temperature (5, 19, 57).  Temperature has been shown to have a profound influence on blood 

lactate concentrations during exercise (53, 109, 141, 142). Changes observed in blood lactate in 

response to cold exposure is thought to be caused by peripheral vasoconstriction, enhanced lactate 

clearance and/or increases in stroke volume (53, 141). Cold induced changes in lactate kinetics are 

critically important for athletes who are performing in races in the cold such as the Yukon Artic 

Ultra, the Baikai Ice Marathon, and the Iditasport ultramarathon (36). It is probable that changes 

in blood lactate concentrations during exercise in the cold can overestimate or alter an athlete’s 

lactate threshold. During high intensity exercise in the cold, lactate accumulates at a slower rate 

and athletes tend to perform at higher power outputs, approximately 40W higher (12.6%), 
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compared to thermoneutral conditions (cold condition: 180±6 W; thermoneutral condition: 142±7 

W, p<0.01) (141).  

However, it is important to consider that investigators evaluating blood lactate response in the cold 

have not reviewed the effects of an active- warm up prior to performance (53, 141). Athletes often 

actively warm-up to reduce the risk of muscular injury and potentially improve performance by 

reducing lactate accumulation after the onset of exercise (50, 156). Additionally, actively warming 

up can increase intramuscular, skin and core temperature which may reverse the slow rate of lactate 

accumulation observed in high intensity exercise in the cold (156). 

 

In addition to a paucity of data regarding an active warm-up prior to a cold weather race, there is 

also limited data regarding lactate threshold in the cold in female athletes. Women tend to have 

higher body surface to body mass ratios, lower lean mass, and higher body fat than men, which 

influences their physiological response to cold stress during exercise (62, 133, 135).  Higher body 

fat percentages in women compared to men suggest that women tend to have greater tissue 

insulation and therefore, provide extra layers to protect their bodies against hypothermia (117). 

However, when body fat and body mass to body surface ratio is controlled, research shows that 

women tend to cool faster than men under cold conditions and have lower skin temperature during 

exercise (62). In addition to thermoregulatory response differences, women tend to produce less 

lactate and/or have a less pronounced lactate response than their male counterpart, which may alter 

lactate threshold in the cold (123). 

1.1 Purpose 

It has been proposed that the lactate threshold is higher in cold ambient temperatures compared to 

thermoneutral conditions in men (53, 141, 142). To our knowledge, no studies have assessed 

lactate threshold in the cold in female athletes nor has research determined whether an active 

warm-up would mitigate the blood lactate response in the cold. Therefore, the purpose of this 

investigation was to determine the effect of cold ambient temperature on lactate threshold with or 

without an active warm-up in female cyclists and triathletes. 
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1.2 Aims and Research Hypotheses 

1.2.1 Aim 1 

To determine the extent to which cold ambient temperature (0°C) with and without an 

active warm-up affects exercise intensity at lactate threshold in female cyclists and triathletes. 

Hypothesis for Aim 1a We hypothesized that exercise intensity at lactate threshold in cold 

ambient temperature would be higher compared to lactate threshold in thermoneutral temperature. 

Hypothesis for Aim 1b We hypothesized that an active warm-up would diminish the effect 

that cold ambient temperature has on exercise intensity at lactate threshold.  

1.2.2 Aim 2 

 To determine the extent to which cold ambient temperature (0°C) would affect time to 

exhaustion at 120% of peak power output in female cyclists and triathletes. 

Hypothesis for Aim 3 We hypothesized that time to exhaustion in cold ambient 

temperature would be longer compared to time to exhaustion in thermoneutral temperature and 

time to exhaustion in the cold with an active warm-up. 

1.2.3 Assumptions 

The following assumptions were made in this investigation: 

1) Participants completed a health history questionnaire and food logs truthfully.   

2) All laboratory equipment yielded accurate measurements over the course of the study. 

3) Participants followed all instructions provided by researchers. 

4) Mechanical efficiency was similar for all participants. 

5) Participants refrained from exercise for the 24 hours prior to each visit. 

1.3 Delimitations 

Delimitation included the following:   

1) Participants performed all experimental trials within the follicular phase of their 

menstrual cycle to control for hormonal influences on thermoregulation and blood 

lactate however progesterone and estrogen were not directly assessed. 

2) Epinephrine and norepinephrine during cold exposure and exercise have been 

extensively studied and therefore were not included in this study. 
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3) The study included only elite, well-trained, eumenorrheic women with at least 2 years 

of cycling experience. 

1.4 Limitations 

The limitations of this study included: 

1) Clothing’s thermal insulation was not measured; however, participants were asked to 

wear the same cycling kit and shoes during each experimental trial to limit the effects 

of clothing on blood lactate response and thermoregulation in the cold. 

2) Experimental trials were performed within the follicular phase of the menstrual cycle 

and therefore the results may not be generalized to the luteal phase of the menstrual 

cycle. 

  



5 

CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Lactate Metabolism 

2.1.1 Lactate Production Through the Glycolytic Pathway 

Lactate is a product of carbohydrate metabolism in which glucose is broken down in a series of 

reactions through the glycolytic pathway (49, 119, 129). Glucose can be obtained from the diet 

(from carbohydrates) or through the conversion of stored glycogen to glucose-6-phosphate via 

glycogen phosphatase (2, 49). Glycolysis is a metabolic process, which converts glucose, a 6-

carbon molecule, into pyruvate (a 3-carbon molecule) in the cytoplasm. There are multiple fates 

for pyruvate (Figure 1) after it is produced (2, 49, 57, 112, 119, 129).  

 

Pyruvate is converted to acetyl-CoA by the pyruvate dehydrogenase complex in the 

mitochondria then enters the Krebs cycle (also known as the tricarboxylic acid cycle) to produce 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) (87, 119, 

129). NADH and FADH2 are shuttled into the mitochondrial matrix and electrons from these 

substrates pass though the electron transport chain. The passing of electrons through the chain 

allows for hydrogen (H+) ions to be pumped into the intermembrane space of the mitochondria; 

H+ ion concentration increases in the intermembrane space causing the ions to move against their 

proton gradient through adenosine triphosphate (ATP) synthase to produce energy in the form of 

ATP (92, 119). The series of reactions necessary to produce ATP from acetyl CoA is 

characterized as aerobic respiration.  

 

As previously indicated, pyruvate can also be reduced to lactate. This pathway does not require 

oxygen in the series of reactions, which convert glucose to lactate and therefore, it is often 

characterized as an anaerobic process. Pyruvate is converted to lactate by lactate dehydrogenase 

(LDH) and NADH is oxidized to NAD+ (2, 87, 92, 130). NADH must be oxidized to NAD+ by 

lactate dehydrogenase (LDH) for glycolysis to continue; NAD+ aids in the reduction of 

glyceraldehyde-3-phosphate into 1,3 bisphosphoglycerate for glycolysis to occur (Figure 2) 
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(57).Lactate production occurs in various cells within the body such as skeletal muscle fibers, 

erythrocytes, cells within the visual cortex of the brain, skin cells, placental cells, adipocytes and 

hepatocytes (2, 112). 

2.1.2 Lactate Release from Skeletal Muscle 

Skeletal muscle is the major site for lactate production and lactate is released from skeletal 

muscle to be utilized as energy throughout the body (2) (see section 2.1.5). Lactate transport (out 

of the muscle fiber into the circulation) is facilitated through proton-linked monocarboxylate 

transport (MCT) systems (49). MCT1 and MCT4 are the transporters that are primarily utilized 

in skeletal muscle to transport lactate and H+ ions into the circulation (21, 92, 119). The MCT1 

transporter is embedded in the sarcolemma and bound to CD147 (chaperone protein), LDH, and 

cytochrome oxidase (21). These elements form a mitochondrial lactate oxidation complex (21). 

The MCT1 transporter also has a high affinity for pyruvate and can transport pyruvate across 

mitochondrial membranes. Additionally, lactic acid can diffuse across the sarcolemma of the 

muscle fiber to enter the blood (57). 

2.1.3 The Cori Cycle 

Excess lactate production is also shuttled out of the muscle to be used in the Cori cycle within 

the liver (93, 94, 119, 151). The Cori cycle is a gluconeogenetic pathway utilized to increase 

glucose production (93). Lactate produced via the glycolytic pathway within skeletal muscle can 

be transported to the liver, where it is converted to glucose to be: 1) sent back to metabolically 

active tissue; or 2) stored as liver glycogen (151) (Figure 3). It is thought that the Cori cycle is 

utilized to increase lactate clearance and support energy demands by providing glucose for 

anaerobic and/or aerobic respiration; however, further investigations are required in light of the 

evolution of the lactate metabolism paradigm indicating the role of various tissues (in addition to 

the liver) throughout the body that contribute to lactate production as well as lactate removal (23, 

92–94, 119, 151). The current interpretation, significance, and mechanisms of action of the Cori 

cycle can be found elsewhere (93). 
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2.1.4 The Traditional Hypothesis of Lactate Production 

From the 1930’s to 1970’s, theories regarding lactate and its role in the glycolytic pathway began 

to emerge. Historically, lactate was considered merely a metabolic waste product of glycolysis 

and lactate accumulation only occurred when oxygen (O2) was limited (19, 57, 148, 150). 

Researchers such as Harrison & Pilcher (113) believed that decreased O2 delivery caused 

increased lactate production, which lead to fatigue in endurance athletes (26). Authors speculated 

that an increase in carbon dioxide (CO2) excretion during exercise was due to bicarbonate 

buffering of acids that occurred during the “hypoxic” component of exercise (26, 113). However, 

this construct has been highly scrutinized as accumulation of lactate does not always indicate an 

inadequate O2 supply (66). In fact, Green et al. (66) collected muscle biopsies and ventilatory 

assessments to evaluate the relationship between O2 uptake, muscle lactate and blood lactate 

concentrations during progressive aerobic exercise. They found that muscle blood lactate 

concentration (1.59, 4.49, 6.37, and 11.3 mM at rest, 79%, 94% and 110% of ventilatory 

threshold, respectively) increased significantly prior to onset of lactate threshold (1.25 mmol/l) 

and ventilatory threshold (2.09 mmol/l) (66). Additionally, Richardson et al. (118) discovered 

that increased lactate production was not the result of hypoxic conditions; these researchers 

reported that lactate efflux increased from 1 to 15 mmol/min and arterial blood lactate 

concentration increase from 1.4 to >4 mmol during a single-leg knee extensor exercise as 

exercise intensity increased and intracellular partial pressure of oxygen (PO2) remained 

unchanged (118). Therefore, lactate accumulation is not indicative of hypoxia.  

 

Additionally, Connett et al. (132) illustrated the paradigm that as PO2 decreases, metabolism 

becomes O2 dependent rather than O2 deficient. For example, decreased intracellular PO2 must 

maintain oxidative metabolism to meet the aerobic ATP demands and increase the NADH/NAD+ 

and adenosine di-phosphate (ADP) and inorganic phosphate (Pi)/ ATP ratio (37). Despite 

increased ADP and Pi/ATP ratios, increased blood and muscle lactate concentrations occur due 

to an increase in glycolysis to compensate for decreased muscular PO2 (37). In other words, the 

traditional construct of lactate as a strictly anaerobic metabolite (although it can be under 

hypoxic conditions), is flawed and lactate increases to meet the aerobic ATP demands in 
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oxidative metabolism (37). This paradigm reveals that glycolysis and oxidative phosphorylation 

are not strictly independent mechanisms; these pathways are interconnected by responding to 

similar control signals, phosphorylation states and redox states (37, 57). Hence, lactate 

accumulation begins even when the muscle is not oxygen-deficient and well prior to the 

anaerobic threshold. Other factors such as beta-adrenergic system stimulation, muscle 

contraction pattern and duration, and substrate availability are thought to contribute to lactate 

production (130).  

 

In addition to production under hypoxic conditions, researchers have historically hypothesized 

that during high intensity exercise, lactate accumulation occurs and causes fatigue (20, 22, 57). 

Allen et al. (3) suggested that lactate accumulation caused fatigue because a negative relationship 

existed between muscle force and concentration of lactate and H+ ions (3). Although a close 

relationship is observed and increased lactate/lactic acid does occur at the onset of fatigue 

(typically after lactate threshold occurs), it is now not thought to be the cause of fatigue (20). 

Multiple studies have discovered that increased Pi, reactive oxygen species (ROS), magnesium 

(Mg), and decreased ATP may be the cause of muscular fatigue at high exercise intensities (3, 

14, 20). During exercise recovery, lactate/lactic acid also does not cause muscular pain and/or 

soreness. After exercise, lactate is cleared from the blood and reaches baseline concentrations 

after 15-60 minutes (88) depending on the individual, their fitness level, and/or recovery method 

(active recovery vs. standing recovery)(20, 88).  

 

2.1.5 The Current Lactate Paradigm: A Turnover Index 

The current lactate paradigm is considered a turnover index that requires the assessment of: 1) 

lactate production rates; 2) lactate removal rates; and 3) plasma volume (20–22, 57, 165). All 

three components amalgamate to determine arterial blood lactate concentration. Skeletal muscle 

is often thought to be the major site for lactate production, however, other tissues such as the 

brain, heart, liver, adipose, and erythrocytes are also considered additional production sites (2). 

To clarify lactate production during exercise, Bergman et al. (14) investigated whole body lactate 

kinetics during endurance exercise in men. It was determined that lactate release from active 
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skeletal muscle accounted for approximately 70% of whole body lactate release during exercise 

(14). Therefore, data suggest that 30% of lactate production must be released from other tissues 

during exercise. To further investigate this hypothesis, Bergman & Colleagues (13) discovered 

that during rest and atrial pacing (a substitute for exercise, where a pacemaker is utilized to 

increase heart rate), lactate was released from the heart with higher rates of disposal during atrial 

pacing compared to rest (approximately 15% and 5% respectively, p<0.05)(13). Several studies 

have also reported that lactate is transported across red blood cells and released as plasma lactate 

declines (2, 20, 57). This mechanism allows for the transport of lactate to other tissues in the 

body (14, 57). Moreover, this concept illustrates that lactate release and production from various 

tissues should be considered when identifying arterial lactate concentration. 

 

Lactate is often utilized as fuel and shuttled throughout the body at rest and during exercise (20, 

57). This concept, called the lactate shuttle hypothesis, suggests that lactate released from one 

cell can serve as a precursor for either oxidative phosphorylation or gluconeogenesis in other 

cells (20). During high intensity, endurance exercise, lactate production exceeds pyruvate 

production in the cytosol by 10-fold or more; therefore, excessive production of lactate allows 

for movement through the mitochondrial outer membrane into the mitochondrial intermembrane 

space (23). Increased lactate in the mitochondrial intermembrane space facilitates the conversion 

to pyruvate by LDH in the mitochondria. Pyruvate is then oxidized to produce energy (Figure 4).  

 

Lactate uptake during rest and exercise reduces arterial lactate concentration and contributes to 

lactate removal from the circulation. During exercise, the heart becomes a major site for lactate 

uptake and oxidizes lactate to a much larger capacity than active skeletal muscle (131). 

Myocardial oxygen demand and blood flow increases as exercise intensity increases and at heavy 

exercise intensities (greater than 60-80% of VO2max), lactate becomes the major substrate for 

the heart and accounts for up to 60% of its substrate metabolism (131). In addition to cardiac 

muscle, the brain can utilize lactate as an energy source through the Krebs cycle (2). Gallagher et 

al. (2009) used an in vivo C-labeled microdialysis technique and laboratory analysis via nuclear 

magnetic resonance spectroscopy to evaluate metabolism within brain cells. The fate of lactate 

was traced by a lactate infusion and the results indicate that lactate was converted into glutamine 
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via the Krebs cycle in the brain (2, 54). The utilization of lactate in brain cells and cardiac 

muscle as energy and the removal of lactate for gluconeogenetic purposes within the liver (see 

section 2.1.3) heavily contribute to blood lactate concentration. These factors further suggests 

that lactate removal rates are extremely influential and should be considered in the lactate 

paradigm (2, 54, 57, 131). 

 

Lastly, plasma volume concentrations should be accounted for when interpreting blood lactate 

concentrations. Berthoin et al. (15)  suggest that the movement of water between interstitial, 

intravascular, and extravascular compartments are dependent on hydrostatic pressure gradient 

and osmotic gradient pressure that may occur during exercise. When fluids shift from 

intravascular to extravascular compartments during exercise, this causes plasma osmolality to 

increase, plasma volume to decrease, and subsequently elevating lactate concentration (15). 

These authors reported that after an incremental exercise test to produce maximal fatigue and 

after lactate concentration was corrected for plasma volume variations, the original maximal 

lactate concentration (non-corrected, 14.9 ± 2.6 mmol·l-1) was 17.3% higher than the corrected 

maximal lactate concentration (12.7± 2.6 mmol·l-1) (Figure 5).  

 

Additionally, Zouhal et al. (165)  compared plasma variations, lactate concentrations and lactate 

concentrations corrected by plasma volume in sprinters, endurance athletes and sedentary 

individuals after a Wingate test. Corrected lactate concentrations were obtained through analysis 

of hematocrit variations using an equation proposed by Berthoin et al. (15). In all three groups, 

lactate concentration was significantly higher than the corrected lactate concentrations after 5 

min (13.7 ± 0.7 mmol·l-1, lactate concentration; 11.7 ± 0.7 mmol·l-1, corrected lactate 

concentration; p>0.05), after 10 min (10.9 ± 0.9 mmol·l-1, lactate concentration; 9.8 ± 0.7 

mmol·l-1, corrected lactate concentration) and after 20 min of passive recovery (8.3 ± 0.8 

mmol·l-1 , lactate concentration; 7.8 ± 0.6 mmol·l-1 , corrected lactate concentration)(165). 

Although it appears plasma volume variations have a significant effect on lactate concentration, 

it should be recognized that studies evaluating plasma volume variations and lactate 

concentration have been performed during the recovery period of short, high intensity exercise 

and, to our knowledge, have not been reported during endurance exercise (165). Therefore, this 
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justifies more research to evaluate the influence of plasma volume during endurance exercise and 

whether it affects lactate threshold values in athletes. 

2.1.6 Blood Lactate Response During Incremental Endurance Exercise 

At low intensity workloads (less than 50% of VO2max) during incremental exercise, there is a 

minimal increase in blood lactate concentration (6). As exercise intensity increases and reaches 

higher intensities, exercise intensity and blood lactate form a curvilinear relationship (Figure 6) 

(6). The time point prior to an inflection in blood lactate is thought to be the lactate threshold 

(38, 91) (section 2.2 and 2.3). There are several mechanisms that may cause a gradual increase in 

blood lactate at low exercise intensities and a curvilinear relationship between blood lactate and 

higher exercise intensities. 

 

The first proposed mechanism is the activation of the beta-adrenergic system, which is highly 

correlated with blood lactate responses during exercise (63, 99, 115). Mazzeo & Marshall (99) 

evaluated the relationship between plasma catecholamines, lactate threshold, and ventilatory 

threshold in competitive cyclists and runners when both types of athletes performed these tests 

on a bike and treadmill. On the bike, lactate and epinephrine threshold was reached at 65.3±3.8% 

of VO2max for cyclists and at 60.0±1.7% of VO2max for runners (99). On the treadmill, cyclists 

reached lactate and epinephrine threshold at 53.5± 2.8% of VO2max and runners reached these 

thresholds at 75.0± 4.0% of VO2max (99). This suggests that mode of exercise can influence 

lactate threshold and confirms that exercise specificity is critically important when assessing 

lactate threshold. Additionally, the data reported that an inflection in plasma epinephrine was 

identical to the inflection in blood lactate, reflecting a strong positive relationship between the 

two variables (r = 0.97)(99).  Similarly, Podolin et al. (115) examined plasma catecholamine and 

lactate threshold in trained men in a normal and glycogen-depleted state. Interestingly, the 

participants’ lactate threshold was approximately 13% greater (65.6 ± 2.3%, lactate threshold 

normal; 75.3 ± 1.9%, lactate threshold glycogen depleted) and plasma catecholamine threshold 

was 14% greater (64.8.6±2.3%, epinephrine threshold normal; 75.0±1.8%, epinephrine threshold 

glycogen depleted) in the glycogen depleted state compared to normal condition (115). The 

authors determined that not only was the inflection point in plasma lactate and epinephrine 
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identical, but the glycogen depleted state shifted the inflection point to the right (115). They also 

speculated that low plasma epinephrine hindered blood lactate concentration by a reduction in 

beta-adrenergic stimulation in active skeletal muscle, which initiates glycogen breakdown; 

increased plasma epinephrine may have caused an increase in lactate production via 

glycogenolysis and glycolysis. Therefore, catecholamine release is considered a potential 

mechanism for accelerated lactate production, however, whether catecholamines directly 

influence lactate production is still highly debated. 

 

In addition to epinephrine, there are several mechanisms that interplay to increase blood lactate 

as exercise intensity increases. Parolin et al. (110) suggested that lactate accumulation might be 

due to an imbalance between glycogen phosphorylase and pyruvate dehydrogenase (PDH). 

Parolin et al. (110) evaluated the time course of PDH and glycogen phosphorylase during the 

first and last exercise bout of 3 sets of cycling bouts (30 seconds long). During the first bout, 

glycogen phosphorylase in the blood increased from a resting value of 11.8 ± 2.7 to 46.8 ± 5.3 

mmol·min-1 ·kg wet wt-1 at 6 seconds (s) and returned to baseline values at the end of the 30 s 

exercise bout. It is thought that glycogen phosphorylase is rapidly activated by increased 

calcium, adenosine monophosphate (AMP), epinephrine, and Pi (57, 110). During the 3rd 

exercise bout, glycogen phosphorylase concentration remained at baseline throughout the 30 s 

trial. Interestingly, PDH started at a resting value of 0.53 ± 0.02 mmol·min-1 ·kg wet wt-1 and 

increased linearly to its maximal activation concentration of 3.56 ± 0.50 mmol·min-1 ·kg wet wt-1 

by 15 s. During the 3rd exercise bout, resting PDH was 3-fold higher than the 1st bout and it 

reached its maximal activation level at approximately 6 s into the 30 s trial. These data suggest 

that as exercise progressed by successive exercise bouts, there was a reduction in the muscles’ 

capacity to stimulate substrate phosphorylation via glycolysis and phosphocreatine hydrolysis 

and therefore was required to utilize oxidative phosphorylation as an energy system (110). 

Furthermore, this concept illustrates that lactate production is dependent on the competitive 

actions of glycogen phosphorylase and PDH (57, 110).  

 

The proportion of muscle fiber type within the muscle can also influence lactate production as 

exercise intensity increases. Ball-Burnett et al. (7) examined the effect of prolonged one-leg 
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cycling at 61% of VO2max on energy metabolism in type I and type II muscle fibers. The authors 

discovered that lactate production was higher in type II compared to type I fibers at 15 min (43.9 

± 9.7 and 51.2 ± 9.8 mmol·kg wet wt-1) and 60 min (18.2 ± 4.7 and 25.9 ± 6.5 mmol·kg wet wt-

1). Additionally, type II fibers experienced greater glycogen depletion compared to type I fibers 

(175 ± 62 and 82.4 ±45 mmol glucosyl units, respectively)(7). Therefore, this suggests 

individuals with a larger ratio of type I fibers to type II twitch fibers withstand higher lactate 

threshold work rates and accumulate less blood lactate at a given exercise intensity (7, 57). 

 

As blood lactate concentration is considered a turnover index, there are mechanisms that affect 

the removal of lactate in addition to lactate production. Nielsen et al. (108) assessed whether the 

accumulation of blood lactate during incremental exercise was associated with a reduction in 

hepatosplanchnic blood flow. During exercise, hepatosplanchnic blood flow decreased from a 

resting value of 1.6 ± 0.1 to 0.7 ± 0.1 l/min but hepatosplanchnic O2 uptake increased from 67 ± 

3 to 93 ± 13 ml/min (108). Despite a reduction in blood flow, the liver was able to increase 

glucose output during exercise. However, when venous hemoglobin saturation was low, there 

was a reduction in lactate uptake in the liver resulting in the accumulation of blood lactate in the 

circulation (108).  In addition to blunted lactate uptake in the liver, research suggests that 

increased sympathoadrenal activity decreases lactate removal and will therefore cause lactate 

production to exceed removal (57, 108). Unfortunately, there is limited research regarding blood 

lactate response during exercise and the influence of lactate removal, which suggests more 

research is necessary to determine its role. 

2.1.7 The Effects of Training on Blood Lactate 

Exercise training has been shown to blunt blood lactate response during exercise in both 

untrained and trained individuals (81, 128). Hurley et al. (81) examined the effects of a training 

regimen consisting of three days of maximal cycling bouts and three days of 40 min high 

intensity runs every week for 12 weeks in untrained men. After training, VO2max increased by 

26% (pre-training: 43.2 ± 3.4 ml/kg/min; post-training: 54.4 ± 1.0 ml/kg/min) and the VO2 

values corresponding to the participant’s lactate threshold (2.5 mmol·l-1 increased by 39% after 

training (pre-training: 29.4 ± 2.4 ml/kg/min; post-training: 41.0 ± 2.5 ml/kg/min)(81). Similarly, 

Sjodin et al. (128) reported that eight well-trained male runners (pre-training VO2max ranged 
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from 64.5-72.5 ml/kg/min) after 14 weeks of training increased their VO2 at lactate threshold 

(defined as lactate accumulation at 4.0 mmol) from a pre-training value of 58.6 ± 2.3 ml/kg/min 

to a post-training value of 60.6 ± 3.2 ml/kg/min (128). There was no significant difference in 

VO2max from pre- to post-training (68.7 ± 2.6 ml/kg/min, 69.9 ± 3.8 ml/kg/min, 

respectively)(128). Changes in oxygen uptake at lactate threshold because of endurance training 

warrants evaluation of blood lactate concentrations post exercise after training. Moreover, it is 

critically important to evaluate VO2 at lactate threshold. Yoshida et al. (161) compared blood 

lactate concentration obtained after an incremental exercise test between trained (individuals 

were trained and participated in 15 minutes of cycling at an intensity corresponding to 4.0 

mmol·l-1blood lactate, 3 days per week for 8 weeks) and untrained college-aged males. In the 

trained group, blood lactate concentration significantly decreased after training (7.3 ± 0.6 

mmol·l-1, pre-training; 5.7 ± 0.5 mmol·l-1, post-training). Post-training blood lactate values were 

also significantly lower in the trained group vs. the untrained group (5.7 ± 0.5 mmol·l-1, 6.9 ± 0.4 

mmol·l-1, respectively).  

 

It is also important to note that different training intensities may induce divergent effects on 

blood lactate response. To evaluate the effects of different training intensities, Weltman et al. 

(154) evaluated the effects of a one-year training program for untrained, sedentary women who 

were randomized to three experimental conditions: 1) training above lactate threshold; 2) training 

at lactate threshold; and 3) a control condition (performed very little physical activity). 

Interestingly, researchers found that women who trained above their lactate threshold had 

significantly higher VO2 values at their lactate threshold (36.6 ± 3.4 ml/kg/min) than women 

who trained at their lactate threshold (29.7 ± 6.9 ml/kg/min) and the control group (24.5 ± 6.5 

ml/kg/min) (p<0.05) (154). Moreover, these data may suggest that athletes should train above 

their lactate threshold during interval training to train optimally (154).  

2.1.8 Sex Differences in Blood Lactate Response During Exercise 

The blood lactate response is well characterized in men, however, there is conflicting data 

regarding blood lactate response during exercise in women. Several studies reveal that in 

women, blood lactate increases throughout the duration of endurance exercise and there are no 
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sex differences in blood lactate response (79, 155, 164). Horton et al. (79) determined that during 

a 2 h cycling trial at 40% of VO2max, there were minimal increases in blood lactate (~0.2 

mmol·l-1for men and women) and there were no significant differences between men and women 

(79). Similarly, Wheatley et al. (155)) observed that there was no sex difference in blood lactate 

concentration after moderate intensity exercise (3.22 ± 1.24 mmol·l-1, men; 2.78 ± 1.32 mmol·l-1, 

women). However, during vigorous exercise, men had an approximately 13% greater increase in 

peak blood lactate concentration than women (8.79 ± 2.39 mmol·l-1, 7.68 ± 2.39 mmol·l-1, 

respectively). Baumgart et al. (11) examined lactate threshold (defined as above 4 mmol·l-1) and 

intermittent shuttle running in male and female soccer players. The authors found that women 

had an 8.2% lower running velocity at lactate threshold than men (13.4 ± 1.1 km·h, women; 14.6 

± 0.7 km·h, men; p=0.003). The authors speculated that differences in running velocity at lactate 

threshold may be due to higher body fat percentages, lower hemoglobin concentration, and lower 

VO2max values in women (11, 89). Additionally, studies have revealed that women tend to 

oxidize more fat than carbohydrate compared to their male counterparts at higher intensities 

(greater than 70% of VO2max) (120, 140). Ruby et al. (120) determined that when men and 

women exercised at the same percentage of their lactate threshold (70 and 90%), there was no 

difference in plasma lactate concentration at either work rates. However, at both work rates, men 

had significantly greater carbohydrate oxidation compared to women (men, 70% lactate 

threshold: 83.2±7.2 µmol·kg-1 ·min-1; women at 70% lactate threshold: 57.3±8.7 µmol·kg-1 ·min-

1; men at 90% lactate threshold: 141.8±10.9 µmol·kg-1 ·min-1; women at 90% lactate threshold: 

82.0±12.3 µmol·kg-1 ·min-1)(120). It is thought that carbohydrate oxidation is lower in women 

because 17-beta-estradiol, a reproductive hormone in women, may suppress glycogen utilization 

(120). Furthermore, decreased glycogen utilization can lead to a reduction in blood lactate 

concentrations via a reduction in glycolytic rates. However, more research is warranted to 

establish the mechanisms that suggest that there are sex differences in blood lactate responses. 

2.1.9 The Effect of the Menstrual Cycle on Blood Lactate Response at Rest and During 

Exercise 

There are limited studies evaluating the effects of the menstrual cycle on blood lactate at rest and 

during exercise. McCracken et al. (101) examined blood lactate responses at rest and during 
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exercise recovery in physically active, eumenorrheic women in the mid-follicular and mid-luteal 

phases of the menstrual cycle (confirmed by serum progesterone and estrogen concentrations) 

(101). At rest, blood lactate did not differ between the mid-follicular (1.6 ± 0.2 mmol·l-1) and 

mid-luteal phase (1.7 ± 0.3 mmol·l-1). However, during exercise recovery (30 min post-exercise), 

the mid-follicular phase had lower lactate values compared to the mid-luteal phase (2.4 ± 0.4 

mmol·l-1, 4.06 ± 1.3 mmol·l-1, respectively) (101). Authors speculated that blood lactate levels 

may have been different between phases of the menstrual cycle during exercise recovery because 

during the follicular phase, women have been shown to utilize more lipids; however, there is no 

clear physiological mechanism to explain these differences (101). In contrast, Abdollahpor et al. 

(1) reported that blood lactate concentrations in active women before and after an incremental 

exercise test did not change as a result of the menstrual cycle (p>0.7)(1). In addition, Dean et al. 

(44) found that when moderately active eumenorrheic women performed maximal exercise tests 

to determine lactate threshold, lactate threshold was not different among the early follicular 

phase (1.27 ± 0.1 mmol·l-1), the mid-follicular phase (0.95 ± 0.1 mmol·l-1), or the mid-luteal 

phase 1.33 ± 0.2 mmol·l-1 )(44). The lack of research regarding the influence of the menstrual 

cycle on blood lactate and lactate threshold warrants more research in this area. 

2.2 A Historical Perspective of Lactate Threshold 

2.2.1 Lactate Threshold and Exercise Performance 

Prior to utilizing lactate threshold methods to predict exercise performance, athletes often used 

their VO2max values. In heterogenous groups of athletes, VO2max is an adequate method; a high 

VO2max is strongly correlated with high cardiorespiratory fitness (10, 90). It is well known that 

the VO2max paradigm is considered the body’s upper limit to oxygen uptake and it is limited by 

various factors such as pulmonary diffusing capacity, cardiac output, O2 carrying capacity, skeletal 

muscle capillary density, and skeletal muscle mitochondrial enzymes (10). Although changes in 

VO2 demonstrate the effects of cardiorespiratory training, many elite athletes experience a 

phenomenon where they are unable to increase their VO2max at higher intensities (10). 

Additionally, in events lasting longer than 15-20 minutes, athletes did not reach their VO2max; 

elite athletes tend to perform at 70-75% of their VO2max for long distance races. Therefore, using 

VO2max as a training tool is particularly difficult in this athletic population (66, 153). 
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“Performance VO2”, coined by Dr. Edward Coyle, is defined as a percent of an individual’s 

VO2max that he or she can sustain during endurance performance (39). As previously indicated, 

VO2max increases and tends to level off after an aerobic training program in elite athletes. 

However, the velocity an individual maintains during endurance exercise can continuously 

increase over time and elite athletes can evaluate their aerobic training adaptations and/or increases 

in performance (38, 39, 51). Performance VO2 is correlated with the time point prior to a 

substantial increase in blood lactate, which is known as lactate threshold (56, 66, 127, 148). Farrell 

et al (51) were one of the first groups of researchers to determine that a relationship existed 

between performance VO2 and lactate threshold. Farrell and colleagues evaluated the correlations 

between different distance paces (for 42 km, 19.3 km, 15 km, 9.7 km, and 3.2 km distances) and 

the onset of plasma lactate accumulation (OPLA), percent slow twitch muscle fibers, VO2max, 

VO2 associated with OPLA, VO2 at race pace, percent of VO2max at race pace, and VO2 required 

for a treadmill velocity of 0.268 km/min (51). OPLA was found to have the strongest correlation 

to treadmill velocity at all race distances (r= 0.98, 0.97, 0.97, 0.96, 0.91, respectively). Similarly, 

Coyle et al. (39) separated 14 elite cyclists into two groups: 1) group H with higher VO2max values 

at lactate threshold (72-86% VO2max); 2) group L with lower VO2max values at lactate threshold 

(59.1-71.2% VO2max) (39). Both groups cycled at 88% of their VO2max until volitional fatigue 

(group H= 8% over lactate threshold; group; L =34% over lactate threshold). The average time to 

fatigue for group H (60.8 ± 3.1min) was approximately 49% higher than time to fatigue in group 

L (29.1 ± 5.0min) indicating that exercising at a power output slightly above lactate threshold 

produced optimal performance compared to exercising significantly above lactate threshold 

(p<0.001) (39).  

 

The discovery that lactate threshold was the strongest predictor for endurance performance has led 

coaches and athletes to use this threshold in training programs. Many elite cyclists will train above 

their lactate threshold through interval training. Other athletes, such as runners, will keep a running 

pace that correlates to their heart rate value at their lactate threshold time point (example: 153 bpm 

at lactate threshold) or will run interval sprints above this threshold. The incorporation of lactate 
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threshold training into athletes’ training regimen is extremely popular among athletes and 

demonstrates the successful application of science in sports. 

2.3 Lactate Threshold  

2.3.1 Lactate Threshold Terminology and Interpretation 

Lactate threshold terminology is highly debated within the field of Exercise Physiology. Various 

researchers have attempted to quantify, and measure lactate threshold and their diverse theories 

affect the way in which we interpret lactate response during exercise. Although lactate threshold 

is defined as the exercise intensity at which a non-linear increase in blood lactate concentration 

occurs (19), there are multiple methods to assess the non-linear increase. Some researchers 

believe that lactate threshold is associated with an absolute concentration that represents the 

maximal balance between lactate production and lactate removal (73, 148, 150). A threshold 

value of 4 mmol/l is often utilized as an absolute concentration. Heck et al. (73) performed 

various incremental exercise tests in elite, treadmill trained and healthy males (heterogeneous 

population) to determine whether 4 mmol·l-1is an appropriate lactate threshold value. Participants 

had a range of lactate threshold values (2.4-5.52 mmol·l-1) with an average threshold value of 

4.02 mmol·l-1(73). The researchers speculated that since a heterogenous population was used and 

all participants reached their lactate threshold at approximately 4.0 mmol·l-1, 4.0. mmol·l-1was 

the value that corresponded to an equilibrium between lactate production and clearance (73). 

However, others have argued that different values reflect an equal production and removal rate 

of lactate and should be considered the threshold value (160). For example, Hurley et al. (81) 

used 2.5 mmol·l-1, Yoshida et al. (160) used 1.0 mmol·l-1over the resting value, and Kinderman 

et al. (146) used 2.0 mmol·l-1. A major concern for fixed blood lactate threshold values is that 

this concept ignores variability among participants. Thoden (143) established that the individual 

lactate threshold could be defined as a 1.0 mmol·l-1 increase from one workload to another. For 

this method, the increment that immediately precedes the initial rise in blood lactate (greater or 

equal to 1.0 mmol·l-1) is chosen as the lactate threshold (143). Individual blood lactate values can 

range from 2 to 7 mmol·l-1 as exercise increases, which suggests this method is optimal for 

athletes who may reduce blood lactate concentrations throughout training (139, 148, 150). 
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There are also additional lactate threshold methods that involve interpretation from a generated 

blood lactate curve (blood lactate vs. velocity/power output). Cheng et al. (31) proposed a 

method called the “D-max method”, which calculates the point that yields the maximal distance 

from a third-degree polynomial curve representing blood lactate concentration as a function of 

VO2 to the line formed by the two end points of the curve (4, 31).  Additionally, other researchers 

used a tangent point on the curve to establish the lactate threshold value; however, the tangent 

point at a set angle could yield a different threshold value depending on the units and may reduce 

the validity of the tangent point method (139). 

 

It is uncertain whether researchers will come to an agreement regarding the lactate threshold 

concept and more research is warranted to determine the validity and reliability of these tests. 

Although there are many different methods to interpret lactate threshold, a rightward shift after 

training will indicate a training effect, demonstrating that athletes are able to perform at a higher 

percentage of their VO2max (56, 139).  

2.3.2 Comparison of Lactate Threshold Methods 

Despite the debate regarding the most optimal lactate threshold method few studies have 

compared the reliability and validity across multiple methods. McGehee et al. (102) evaluated 

four different direct-method assessments of lactate threshold: 1) D-Max method; 2) 1.0 mmol·l-1 

increase from preceding work rate method; 3) 4.0 mmol·l-1 threshold method; and 4) a visual 

determination of a non-linear evaluation from baseline. Authors discovered that the 4.0 mmol·l-1 

method was significantly higher than the other three methods and the other methods did not 

differ (3.1 ± 0.2, 3.2 ± 0.2, 4.0 ± 0.0, 2.9 ± 0.2 mmol·l-1, respectively)(102). Similarly, 

Sterkowicz et al.(134)  examined the same lactate threshold methods as McGehee et al. (102) in 

addition to an algorithm method in judo athletes. Interestingly, the visual determination method 

was strongly correlated with those obtained from 4.0 mmol·l-1 method, the algorithm method, 

and 1.0 mmol·l-1 from preceding work rate method (r=0.87, 0.88, 0.77, respectively) (134). The 

correlation between the 4.0 mmol·l-1and 1.0 mmol·l-1increase method was also high 

(r=0.88)(134). These studies suggest that the two methods that are often utilized in the laboratory 

and clinical settings, the 4.0 mmol·l-1 and 1.0 mmol·l-1 increase from preceding work rate, are 
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highly correlated. Since most of the lactate threshold methods are highly correlated it is unclear 

which method is the best lactate threshold criteria to utilize when performing lactate threshold 

analyses (52). For athletes as well as untrained individuals, 1.0 mmol·l-1 is often preferred 

because it is easy to perform and accounts for the variability among individuals. 

2.3.3 Protocols for Lactate Threshold  

An additional factor that may affect the interpretation of lactate threshold is the type of lactate 

threshold protocol utilized. There are typically two categories of protocols: 1) continuous, 

incremental aerobic exercise; or 2) discontinuous bouts of aerobic exercise (a fixed time to run, 

which is performed multiple times). To compare these methods, Weltman et al. (153)had 15 

male runners perform a continuous, incremental lactate threshold test (3-min stages) and a 

discontinuous series of 10 min runs to measure lactate threshold. Participants were asked to 

report to the laboratory for 4 experimental visits: one visit for the continuous, incremental lactate 

threshold test and three visits for the discontinuous series of 10 min runs (153). There were no 

significant differences in velocity (232.5± 26.0 m/min, continuous; 236.3 ± 28.7 m/min, 

discontinuous), VO2 (52.28 ± 5.20 ml/kg/min, continuous; 52.38 ± 6.33 ml/kg/min, 

discontinuous), and heart rate (159.4 ± 9.2 bpm, continuous; 157.3 ± 12.9 bpm, discontinuous) at 

lactate threshold between testing protocols (153). Although both methods appear to be matched, 

researchers often perform continuous, incremental lactate threshold tests rather than 

discontinuous runs since only one laboratory visit is required. 

2.3.4 An Indirect Method to Estimate Lactate Threshold: Ventilatory Threshold 

The direct methods to assess lactate threshold are invasive and require a lactate analyzer to 

determine blood lactate concentration. Due to the minimally invasive nature of the test, many 

researchers have used ventilation (VE) threshold, a method based on gas exchange, as an indirect 

measure of lactate threshold. VE threshold examines the relationship between VE and VO2 and 

can be defined as the time point at which increases in VE become disproportionate (non-linear) 

to the increase in power output or speed of locomotion (138, 150). It is thought that VE increases 

during exercise because of the reaction of H+ with bicarbonate, which subsequently dissociates 

to water and carbon dioxide (CO2), decreasing blood pH (138, 150). Davis et al. (43)tested the 
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relationship between VE and blood lactate methods by asking participants to perform three 

incremental tests: an arm crank, cycle and treadmill (walking) test. After completion, authors 

used nine participants’ data for the leg cycling exercise to compare VE and blood lactate at 

anaerobic threshold. A significant correlation of r=0.95 was present between VE and venous 

blood lactate measurements at anaerobic threshold (56). Additionally, Gaskill et al. (2001) 

evaluated four VE threshold methods: VE/VO2, VE/VCO2, ventilatory slope (V-slope) and a 

combined method of all three VE threshold methods. The combined method utilized is described 

elsewhere (55). The authors examined the reliability and accuracy of these methods compared to 

the direct method of lactate threshold (visual determination) in aerobically active, healthy, and 

sedentary participants (3 groups). The results of this study indicated that in all three groups, 

lactate threshold and VE threshold (all four methods) were significantly correlated (correlation 

range: 0.77-0.98) with the greatest correlation in the VE/VO2 threshold method (r=0.98) (55).  

2.4 Effects of an Active Warm-up Prior to Endurance Exercise  

2.4.1 Purpose of Performing a Warm-up Prior to Exercise 

Many athletes suffer from musculoskeletal injuries that prevent them from participating in sport. 

Musculoskeletal injuries are thought to impair performance when athletes return from the injury 

and can be incredibly painful (95, 121, 156). To avoid these injuries, athletes often incorporate 

warm-ups into their exercise sessions (95). Safran et al. (121) assessed whether warm-ups 

prevented musculoskeletal injury rates by measuring force, change in length required to tear the 

muscle, site of failure and length-tension deformation in 10 hindlimb muscles of rabbits. One 

hind limb was isometrically preconditioned (single stimulation to maximal voltage) and the other 

was used as a control (121). Interestingly, the isometrically preconditioned muscles required 

more force to tear (40.00 ± 3.55 N, preconditioned; 38.45 ± 3.26 N, control; p0.001) and was 

able to stretch to a greater length before tearing compared to the control (27.7 ± 2.6% increase in 

length, preconditioned; 26.2 ± 2.1% increase in length, control; P<0.05)(121).  Additionally, the 

isometrically preconditioned muscles tended to have increased elasticity, measured by producing 

less force at each tear site compared to the control (121). The researchers speculated that these 

differences were caused by an increase is muscle temperature by preconditioning (see section 

2.4.2)(121). Additionally, Barnard et al. (8) determined that when 10 healthy men ran for 20 secs 
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at 10 miles per hour (mph) at 24% grade on a treadmill without a prior warm-up, 6 of the 

participants had abnormal electrocardiograms showing either ischemic ST segment depression (3 

participants) or minor ST/T wave changes (3 participants). Acute ischemic events within the 

muscle can lead to various injuries and therefore illustrates the importance of warming up prior 

to strenuous exercise (8).  

 

Although warm-ups are performed frequently in sports, the literature demonstrating its 

improvements in endurance performance are controversial (40, 50, 95, 121, 156). Hajoglou et al. 

(68) examined three of the following warm-up conditions prior to a 3-kilometer cycle time trial 

in well-trained male cyclists: 1) no warm-up; 2) an easy warm-up defined as a 15-min protocol 

with 5-min segments at 70, 80, and 90% of participant’s VE threshold followed by a 2-min rest 

period; and 3) a hard warm up comprised of 5-min segments at 70, 80, and 90% of VE threshold, 

then 3 min at the exercise intensity at VO2peak, followed by 6 min of rest. Both the hard and 

easy warm-ups had significantly faster time trials than the no warm-up condition (267.3 ± 10.4, 

266.8 ± 12.0, 274.4 ± 12.1 s, respectively). McMillian et al. (104) evaluated the effects of a 

dynamic warm-up (calisthenics and movement drills for 10 min), static warm-up (static 

stretching for 10 min), and no warm up on power and agility performance (shuttle run, vertical 

jump, medicine ball throw). During the shuttle run, the dynamic warm-up had significantly faster 

times than static stretching or no warm-up (9.56 ± 0.79, 9.69 ± 0.85, 9.77 ± 0.82 s, respectively). 

In contrast, Zourdos et al. (166) examined the effects of a submaximal warm-up on running 

performance (30 min distance trial) in male well-trained runners. The 13-min submaximal warm-

up comprised of 5 min of sitting, 6 min of submaximal running (2-min intervals at 45, 55, and 

65% of VO2max), and a 2-min walk at 3.2 km/h (166). The authors found that 30 min distance 

trial was not significantly different with or without a submaximal warm-up (7.8 ± 0.5 km, 7.7 ± 

0.6 km, P= 0.37)(166). However, an effect size calculation revealed a small effect (d=0.2) 

supporting the warm-up condition. Therefore, this suggests that a warm-up should be considered 

prior to performance (166). 
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2.4.2 Physiological Changes Induced by an Active Warm-up 

Actively warming up prior to endurance exercise may improve performance by increasing 

muscle and/or core temperature (136). Increased core temperature has been shown to cause a 

greater dissociation of oxygen from hemoglobin and may enhance O2 delivery to the active 

muscles (95).  Temperature-related mechanisms that explain the benefits of an active warm-up 

would include reductions in joint and muscle stiffness. Wright & Johns (157) discovered that 

warming of the metacarpal joint prior to movement in two participants increased their range of 

motion in the joint (16-26% increase in range of motion from 35ºC to 45ºC). Additionally, 

Wright & Johns (157)evaluated joint movement during ice water cooling of the hand (until hand 

skin temperature dropped to 18ºC) and found that cooling the hand decreased movement of the 

joint by 10-20% (157). Warming the muscle via active warm-up may also increase nerve 

conduction rate. Dhavalikar et al. (45) evaluated the effect of forearm skin temperature on nerve 

conduction rate in 45 female girls (18-25 years old). The researchers found that there was a 

positive relationship between forearm skin temperature and nerve conduction rate (54.91 ± 2.94, 

27ºC; 56.86 ± 3.46 37ºC, p=0.001). 

 

Actively warming up also induces physiological changes that are unrelated to temperature. An 

active warm-up has been shown to increase baseline VO2, which is thought to decrease the 

body’s initial utilization of anaerobic processes during the onset of exercise (16, 17, 156). Figure 

7 depicts anaerobic and aerobic metabolism during endurance exercise without an active warm-

up (a) and with an active warm-up (b).  

 

Gollnick et al. (58) examined glycogen depletion during three different workloads (31%, 64% 

83% of maximal aerobic power). During exercise, glucose oxidation was 0.6 g/min, 2.1 g/min, 

3.3 g/min, respectively. In this study, the lowest intensity was chosen to simulate a low intensity 

warm-up an athlete might perform (17, 58, 121, 166). The lowest warm-up intensity had less 

glycogen depletion and therefore, athletes may be able to sustain exercise after their warm-up for 

a longer period by utilizing a lower warm-up intensity rather than a higher warm-up intensity 

(17, 58).  In contrast, post-activation potentiation is thought to be an additional mechanism that 
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supports the benefit of performing a warm-up prior to exercise. Post-activation potentiation is 

characterized as a transient increase in muscle performance from previous contractile activity 

and uses a warm-up at a high intensity (with maximal muscle contractions) to improve 

contractile performance (17). Young et al. (163) tested this hypothesis by assessing jump 

performance in resistance trained men with a 5-RM load prior to jumping or after jumping. 

Participants who performed a 5-RM test prior to jumping jumped 2.8% higher than participants 

who performed the 5-RM after jumping (39.0 ± 3.3 cm, pre- 5-RM jump; 40.0 ± 3.5 cm, post 5-

RM jump) (163). Although post activation potentiation may be beneficial for power and strength 

performance, there is a paucity of data regarding its benefits for endurance exercise (17, 163) 

2.4.3 Effect of Active Warm-up on Lactate Kinetics 

Studies have suggested that performing an active warm-up may blunt blood lactate response 

during endurance performance (16, 17, 64, 65, 147, 156). Gray & Nimmo (64) examined the 

effects of an active warm-up, passive warm-up and a control on high intensity cycling that 

consisted of a 30 s intense exercise at 120% of VO2max followed by cycling to exhaustion at 

120% of VO2max one minute later. The active warm-up consisted of a 5 min trial cycling at 40% 

of VO2max and the passive warm-up consisted of passive heat exposure in an environmental 

chamber until muscle temperature reached the same value achieved after the active warm-up 

(either determined by familiarization trial or experimental trial). As expected, blood lactate was 

significantly higher after the warm-up in the active warm up condition (4.85 ± 0.65 mmol·l-1) 

compared to the passive warm-up (0.65 ± 0.04 mmol·l-1) and the control (0.68 ± 0.06 mmol·l-

1)(64). Immediately after the 30 s cycling trial, blood lactate was similar from pre-test to post-test 

for the active warm-up group (4.45 ± 0.65 mmol·l-1) (64). Both the passive warm-up and control 

groups had an approximately 2-fold increase in blood lactate (1.47 ± 0.14 mmol·l-1, 1.73 ± 0.26 

mmol·l-1, respectively). After cycling to exhaustion, the passive warm-up and control groups’ 

blood lactate increased by approximately 3-fold (pre-exhaustion, passive: 1.47 ± 0.14 mmol·l-1; 

pre-exhaustion, control: 1.73 ± 0.26 mmol·l-1; post-exhaustion, passive: 4.45 ± 0.33 mmol·l-1; 

post-exhaustion, control: 4.91 ± 0.65 mmol·l-1) and blood lactate in the active warm-up group 

increased by approximately 45% (6.46 ± 0.65 mmol·l-1) (64). The researchers speculated that a 

blunted lactate response in the active warm-up condition might have occurred due to the 
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“conditioned” muscle providing a readily available supply of acetyl groups before the onset of 

high intensity exercise. Conversely, increased rate of blood lactate removal during recovery 

could also have contributed to the blunted blood lactate response (64). To further explore the 

effects of a warm-up on blood lactate, Gray et al. (65) evaluated an active warm-up that 

consisted of participants cycling at 40% of their maximal power output for 5 min (cadence of 60 

rev·min) followed by a 1 min rest period, then four 15 s sprints at 120% of their maximal power 

output against a control condition. A 30 s cycling trial at 120% of their maximal power output 

was performed for assessment. Before the 30 s trial, blood lactate was significantly higher in the 

active warm-up condition (active warm-up: 5.2 ± 0.4 mmol·l-1; control: 1.0 ± 0.2 mmol·l-1). 

There was no significant difference in blood lactate concentration between pre- and post-exercise 

within the active warm-up group (5.2 ± 0.4 mmol·l-1, pre-exercise active warm-up; 5.4 ± 0.3 

mmol·l-1, post-exercise active warm-up). Within the control group, blood lactate increased by 

approximately 4-fold from pre-exercise to post-exercise (1.0 ± 0.2 mmol·l-1, 3.8 ± 0.5 mmol·l-1).  

  

As previously indicated, blood lactate concentration is an important variable to consider when 

assessing performance. Wahl et al. (147) examined performance, incremental changes in blood 

lactate and lactate distribution (between plasma and red blood cells) during a 30 s maximal effort 

cycling test after three different conditions: 1) an extensive warm-up (12 min cycling at 60% of 

VO2peak); 2) an intensive warm-up (12 min cycling at 60% of VO2peak including three high 

intensity phases of 10 s at 200% of VO2peak); and 3) no warm up. Interestingly, mean and peak 

power output was significantly higher in the extensive warm-up (732 ± 192 watts, 1033 ± 107 

watts, p<0.05, respectively) and intensive warm-up (740 ± 191 watts, 1051 ± 80 watts, p<0.05, 

respectively) compared to the no warm-up condition (680 ± 181 watts, 986 ± 104 watts, 

respectively).  

2.5 Human Thermoregulation and Physiology in Cold Environments  

2.5.1 Theoretical Models of Thermoregulation Control 

Thermal homeostasis is maintained and regulated via heat production and heat loss (33). Heat 

accumulation is the result of numerous factors such as increase basal metabolic rate, muscle 

contraction, shivering thermogenesis and brown adipose tissue thermogenesis; heat loss occurs 
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due to radiation, evaporation, convection and conduction (32). Thermal balance is thought to be 

controlled by a theoretical model deemed “the set point model” (32). The model was introduced 

by Hammel et al. (70) who suggested that the model is analogous to a household thermostat, 

where any deviation is body temperature causes thermoregulatory responses from the periphery, 

core, and hypothalamus to restore thermal hemostasis (70). The responses from the periphery 

and core are thought to produce an overall thermal signal to the hypothalamus, which will cause 

heat accumulation or heat loss depending on the direction of the temperature deviation (32, 70). 

Although this theory is considered the traditional model, the mechanisms by which 

thermoregulation is controlled remain controversial. An additional theory, similar to the set point 

model, is the reciprocal inhibition model created by Bligh et al. (18). Rather than an overall 

thermal signal, Bligh et al. (18) suggested that interconnections between cold and warm sensor 

pathways are utilized. This is a generalized model that allows body temperature homeostasis to 

occur within a narrow range of variability and is dependent on reciprocal responses of 

coefficients of cold and warm sensors to temperature changes, which will therefore control and 

influence thermal balance (18, 32). The last proposed thermoregulatory model was constructed 

by Paul Webb (152) and is referred to as the “Heat Regulation Model”. This model is 

dramatically different than the set point and reciprocal inhibition models because core 

temperature is not the regulated variable (137). The heat regulation model defends overall heat 

storage (the net balance between heat loss and heat gain) as the primary variable. This model 

also proposes that the body uses heat flow and temperature gradients across the skin as the 

primary afferent signals rather than utilizing skin and core temperature alterations (152). 

Therefore, if net heat balance is disturbed body temperature changes would act as a secondary 

response. 

2.5.2 Physiological Changes During Rest and Exercise in Cold 

Humans first sense cold sensations through thermoreceptors in the skin called cold receptors (28, 

125). Shafer et al. (125) used menthol (to elicit a cold sensation) to determine the transduction 

mechanism by which the afferent nerve endings of the cold receptors stimulate a cold response to 

the rest of the body. Researchers have determined that cold receptors contain calcium channels 

and an influx of calcium will generate an action potential to the central nervous system (125). 
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The action potentials from multiple afferent fibers enter the spinal cord at trigeminal and the 

superficial laminae of the dorsal horn regions and then are sent to the brain (125, 136). The 

hypothalamus is considered the “control center” for thermoregulation and assesses the degree to 

which skin temperature deviates from core temperature into order to determine which 

physiological and psychological changes are necessary to restore thermal homeostasis (33, 83, 

136). The preoptic anterior portion of the hypothalamus stimulates efferent activity to ultimately 

dissipate or produce heat depending on which thermoreceptors are activated (warm or cold) 

(136). 

 

 With a reduction in skin and/or core temperature, the first and primary physiological response 

that occurs is vasoconstriction of the periphery (46). The vasoconstrictor system reduces heat 

loss and protects the body from hypothermia. Vasoconstriction increases core blood volume to 

maintain core temperature since many physiological functions of the body are temperature 

dependent (29, 46, 136). The vasoconstrictor system begins when the hypothalamus causes a 

downstream production of catecholamines and cortisol when the body is suddenly exposed to 

cold (46, 136). Catecholamines act as beta adrenergic receptor agonists and bind to beta 

adrenergic receptors in the vasculature of the periphery to increase peripheral arterial resistance 

and decrease peripheral blood flow and volume (46). These physiological changes will alter 

cardiovascular and ventilatory function by increasing central blood volume, VE, VO2, blood 

pressure, cardiac output and stroke volume (107, 136, 162). Muza et al. (107)observed the 

cardiovascular and ventilatory responses of seven male participants during prolonged cold air 

exposure and cold acclimation. After 10 min of cold air exposure (5ºC), VO2 increased by 

approximately 93% and cardiac output increased by approximately 22%. VO2and cardiac output 

were highly correlated at the 10 min period. Hanna et al. (71) exposed 16 men (18-44 years of 

age) to ambient temperatures ranging from 4.5-6.5C for 1 h. The researchers found that VO2 

increased over two-fold during cold exposure compared to a thermoneutral baseline (231 ± 42 

mL/min, normal; 586 ±189 mL/min, cold), heart rate increased from 72 ± 7 bpm to 84 ± 11 bpm, 

cardiac output increased from 6.3 ± 1.2 l/min to 10.2 ± 2.1 l/min, and stroke volume increased 

from 87 ± 19 mL to 120 ± 20 mL. Similarly, Li et al. (96) found that normotensive participants 

(8 males and 16 females) in -5ºC (repeated bouts of 15 min) had a mean increase in blood 
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pressure (113.8 ± 9.5/72.0 ±7.6 mmHg, 124.5 ± 9.8/82 ± 8.0 mmHg) and interestingly, heart rate 

decreased from 66.1 ± 8.2 bpm to 64.4 ± 7.6 bpm (96). The researchers suggested that 

vasoconstriction in the extremities may explain a reduction in heart rate as many older 

individuals experience bradycardic symptoms when exposed to cold ambient temperature (96). 

During exercise, Therminarias et al. (141)reported that men performing incremental exercise in 

cold (-2ºC) vs. thermoneutral (24ºC) conditions had significantly higher VO2 (3.70 ± 0.19 L/min, 

24ºC ; 4.20 ± 0.20 L/min, -2ºC) and VE values (109.3 ± 7.3 L/min, 24ºC;  117.2 ± 8.0 L/min, -

2ºC) at exhaustion (141). Additionally, Hanna et al. (71)tested cardiovascular and metabolic 

parameters during mild and moderate exercise and found that there was a fall in core temperature 

(mean value of 0.3ºC) at the end of the exercise protocol (71). During mild exercise, VO2, 

cardiac output and stroke volume were 27%, 20%, and 8% higher during the cold condition 

compared to thermoneutral (844 ± 101 ml/min, VO2 normal; 1152 ± 119 ml/min, VO2 cold; 796 

± 92 ml/min, cardiac output normal; 1129 ± 110 ml/min, cardiac output cold; 119 ± 17 mL, 

stroke volume normal; 128 ± 17 mL; stroke volume cold)(71). Similar findings were observed in 

the moderate exercise category in this study (71). 

 

Along with cardiovascular and ventilatory changes, vasoconstriction disrupts fluid balance 

within the body (162). Young et al. (162)examined vascular fluid responses to cold air exposure 

and cold-water immersion in seven male soldiers. Participants were exposed to 5ºC cold air for 

90 min and submerged in 18ºC stirred cold water for 90 min on separate occasions (162). A cold 

acclimation protocol (24 x 90 min cold-water submersions, 5 times a week for 5 weeks) was 

performed after the acute air and cold-water submersion visits. Authors discovered that cold 

stress had a significant effect on plasma volume in which cold air exposure decreased plasma 

volume by 11.8 ± 1.4% and cold water immersion decreased plasma volume by 16.6 ± 1.6% 

(162) (P<0.001). It is thought that changes in plasma volume are caused by dehydration induced 

by cold stress (137). Sun et al. (137) speculated that cold-induced diuresis caused dehydration 

(increased sodium excretion) during cold exposure by an increase in blood pressure (137).  

However, a reduction in plasma volume due to cold immersion and/or cold air exposure could 

also be attributed to increased metabolic rate, inadequate fluid intake, respiratory water losses, 

and/or heavy winter clothing (136). A disruption in fluid balance is particularly troubling for 
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athletes exercising in the cold. Seifert et al. (126) found that college-aged cross country skiers, 

even when provided water throughout practice (drinking ad libitum) skiers experienced a 0.6-

1.8% loss in fluids via body weight (126). Interestingly, multiple studies have shown that a cold 

environment reduces voluntary fluid intake, which can account for dehydration in many athletes 

(28, 105, 126). Mears et al. (105) asked 10 males to complete a cycling protocol consisting of 

70% VO2peak for 1 h in warm (25.0 ± 0.1°C) or cold (0.4 ± 1.0°C) conditions. Water intake 

during the warm trial was significantly greater than in the cold trial (0.81 ± 0.42 l, 0.50 ± 0.49 l 

respectively, p=0.001) and body mass losses were similar in both groups (1.03 ± 0.26%, 1.15 ± 

0.34%, respectively)(105). However, this study should consider increased sweat loss that 

occurred during the warm trial, and the body’s awareness of greater sweat loss. It is possible that 

the human body will increase voluntary water intake when sweat loss is high which can be seen 

when exercising in warm conditions (86). 

 

Lastly, the beta-adrenergic system stimulates peripheral vasoconstriction, which effects energy 

substrate use. The binding of catecholamines to beta adrenergic receptors stimulates lipolysis, 

gluconeogenesis and glycogenolysis (83, 136); however, substrate utilization after cold exposure 

remains controversial (69, 86, 136, 145). Haman et al. (69) explored fuel utilization in men after 

wearing a 10°C water perfused liquid condition suit for 2 h compared to a baseline value at 

28°C. Total lipid utilization increased from 39 ± 2 mg of fatty acids/min at 28°C to 177 ± 17 mg 

of fatty acids/min at 10°C and carbohydrate utilization increased from 165 ± 9 mg of 

glucose/min to 358 ± 41 mg of glucose/min, respectively (Figure 8) (69).  

 

In contrast, Vallerand et al. (145) exposed young men to 10ºC for 2 h, increasing energy 

expenditure 2.46-fold compared to the warm condition (29ºC). Energy expenditure via 

thermogenesis had a 588% increase in carbohydrate oxidation and 63% increase in fat 

oxidation (p<0.01, p<0.05, respectively)(145). Carbohydrate appeared to be the preferred fuel 

source for thermogenesis in a shivering muscle (also see section 2.5.3 below) (83, 145). During 

exercise in the cold, there does not appear to be an additive relationship where fat or 

carbohydrate metabolism is further increased (46). Fuel utilization during exercise in cold 
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depends on energy availability; low glycogen stores will increase utilization of fatty acids and 

vice versa (46).  

2.5.3 Shivering and Non-Shivering Thermogenesis 

To protect the body against hypothermia, metabolic rate increases via shivering to increase heat 

production (12, 42, 69, 75). Bell et al. (12) examined the relationship between metabolic rate and 

shivering with 10 men (classified in two groups based on body fat percentage) exposed to 10ºC 

cold air for 2 h. The researchers found that whole body shivering was significantly correlated 

with increased metabolic rate (r=0.63-0.93)(12). Similarly, Iampietro et al. (82) found that 16 

participants exposed to cold air had a 5-fold increase in metabolic rate (approximately 80 kcal/h 

at rest vs. 400-450 kcal/h after cold exposure) (48). Shivering thermogenesis generates heat 

through involuntary contractions of skeletal muscle (48, 75, 106). The intensity of shivering 

depends on the duration and severity of the cold exposure, as well as, individual characteristics 

such as body fat percentage (69). Tikusis et al. (144) examined the onset of shivering of various 

muscles during 10ºC cold air for 2 h in 6 lean males and 6 males who were considered to have 

“average” body fat (10-15% body fat). Figure 9 from Tikusis et al. (1991) depicts that the 

muscles of the trunk (PE, pectoralis major; AB, rectus abdominus) began to shiver sooner than 

the limb muscles (144). Shivering onset appeared to be lower in lean individuals than individuals 

with “normal” body fat percentages although only rectus femoris (FE) and gastrocnemius (GA) 

muscles were significantly lower in the lean individuals (144) (p<0.05).  

 

 As previously indicated (see section 2.5.2), shivering muscles primarily utilize carbohydrates as 

fuel from glycogen stores (69, 83, 145). However, when glycogen stores are low, lipids are often 

utilized as a fuel source and other sources, such as protein, do not significantly contribute to heat 

generation to maintain core temperature (69, 145). Jacobs et al. (84) evaluated muscle glycogen 

depletion in men exercising at four different intensities: 1) low-intensity exercise (30% of work 

rate at 4.0 mM of lactate) at 21ºC; 2) low-intensity exercise at 9ºC; 3) moderate intensity 

exercise (60% of work rate at 4.0 mM of lactate) at 21ºC; and 4) moderate intensity exercise at 

9ºC. They found that in the low intensity exercise group, muscle glycogen content was 

significantly lower post-exercise when the participants performed in 9ºC (376 ± 50 mmol 

glucose ·kg -1, 289 ± 76 mmol glucose ·kg -1) and interestingly, glycogen content did not differ in 
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the 21ºC group during low intensity exercise (327 ± 60 mmol glucose ·kg -1 , pre-exercise low 

intensity at 21ºC; 319 ± 60 mmol glucose ·kg -1, post-exercise low intensity at 21ºC)(85).The 

results of this study suggest that glycogen is depleted to a larger extent in the cold trial and this 

may occur due to the onset of shivering (85). Moreover, shivering prefers to utilize 

carbohydrates as fuel based on the degree of muscle glycogen depletion that occurs in the cold 

compared to a thermoneutral condition. The contribution of lipids as an energy source during 

shivering still needs to be fully established (85). 

 

In addition to shivering, the body can also defend against hypothermia through non-shivering 

thermogenesis. Non-shivering thermogenesis often occurs during prolonged cold exposure to 

increase heat production (27). Shivering is the body’s primary defense against reductions in core 

temperature (aside from peripheral vasoconstriction), however, shivering cannot be sustained for 

extended periods of time because it requires a substantial amount of energy and fuel (27). Non-

shivering thermogenesis produces heat through UCP-1 proteins in brown adipose tissue via beta 

adrenergic stimulation (72). Although brown adipose tissue is present in adult humans, its 

contribution to heat production and maintenance of core temperature is highly debated (27, 72, 

75, 122). Brown adipose tissue is found in the supraclavicular, axillary, paravertebral, and neck 

regions in small quantities; therefore, its contribution based on its size is questioned (72). 

Additionally, many individuals are unable to activate their brown adipose tissues stores (122). 

However, Saito et al. (122) found that when 32 men and women (ranging from 23-35 years old) 

were exposed to 19ºC for 2 h, 17 participants had a substantial increase in fluorodeoxyglucose 

uptake, a measure of brown adipose tissue activity in their supraclavicular and paraspinal regions 

(122). Interestingly, body mass index was negatively correlated with activation of brown adipose 

tissue (122). Harms & Seale (72) suggested that imaging studies have revealed that the presence 

of UCP-1 expressive adipocytes are lower in obese and overweight individuals, which therefore 

may explain a reduction in core temperature in obese/overweight compared to lean individuals 

(27, 72). When brown adipose tissue can be recruited, studies have found that it has a profound 

effect on heat production (27, 72, 122, 159). Yoneshiro et al. (159) determined that cold-induced 

thermogenesis, defined as the difference between energy expenditure between individuals 

exposed to 29ºC versus 19ºC, was 3-fold higher in brown adipose tissue positive (individuals 
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able to recruit brown adipose tissue) compared to brown adipose tissue negative participants 

(252.0 ± 41.1 kcal/day, positive; 78.4 ± 23.8 kcal/day, negative) (159). Although these data are 

compelling, more research is warranted to establish the significance of brown adipose tissue 

activation in cold-induced thermogenesis. 

2.5.4 Blood Lactate Response in Cold at Rest and During Exercise 

Blood lactate response in the cold is highly variable and dependent on the severity and duration 

of both cold exposure and/or the exercise bout (34, 142). At rest, acute cold exposure has been 

shown to increase lactate production. Jacobs et al. (84) reported that when 10 men were 

immersed in 10ºC cold water to elicit a reduction in 1ºC of their rectal temperature (range from 

21-62 min), lactate production increased by 81%. The researchers speculated that the onset of 

shivering thermogenesis increased lactate production by utilizing muscle glycogen as a fuel 

source (84). Subsequently, these researchers compared glycogen depletion in active skeletal 

muscle and lactate production before and after light and moderate exercise in 9ºC and 21ºC. 

When combining both exercise groups, lactate was significantly higher at rest in 9ºC (p=0.017) 

but had no significant differences after 30 min of exercise (p>0.05)(85). Similarly, Claremont et 

al. (34) examined metabolic responses after participants cycled for 1 h at 52-59% of VO2max in 

two separate conditions: 1) cold temperature (0ºC) and 2) hot temperature (35ºC). The cold 

condition had a significantly higher VO2 values immediately post exercise (mean 29.7 ± 1.3 

ml/kg/min, cold; 26.6 ± 1.0 ml/kg/min, hot) compared to the heat condition (34). Interestingly, 

blood lactate response immediately post exercise was higher in the hot condition (35.9 ± 6.5 

mg%) than the cold condition (26.5 ± 4.4 mg%)(34). It is believed that blood lactate was higher 

in the heat due to reduced liver lactate uptake (reduced blood flow to the liver during exercise in 

heat) and therefore decreased lactate clearance from the circulation (34).  

 

During incremental exercise, blood lactate response appears to differ at different intensities (low 

intensity vs. high intensity) (53, 141, 142). Therminarias et al. (141) evaluated blood lactate, VE, 

metabolic responses and lactate threshold during an incremental cycle test (increased intensity by 

30 W every 2 minutes until exhaustion) in 10 soccer players in the cold (-2ºC) and thermoneutral 

(24ºC) ambient temperature.  At lactate threshold, workload was 22% higher in the cold 
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compared to thermoneutral (180 ± 6 W, 142 ± 7 W, respectively). VO2 and VE were also 33% 

and 41% (respectively) higher during exercise in the cold (43.6 ± 2 ml/kg/min, cold; 29.4 ± 1.9 

ml/kg/min, thermoneutral; 78.5 ± 4.3 L/min, cold; 47.0 ± 2.5 L/min, thermoneutral)(141). 

Interestingly, at lower exercise intensities (below 120 W) blood lactate tended to be higher in the 

cold condition. However, after 120 W, blood lactate tended to be higher in the thermoneutral 

condition (Figure 10)(141). The researchers speculated that shivering thermogenesis at lower 

intensities might play a role in higher blood lactate concentrations below 120 W. At higher 

intensities, the need for shivering thermogenesis diminished due to increased work rate and 

oxygen delivery to the working muscles (vasoconstriction decreases)(141, 142). An additional 

hypothesis is that at higher intensities, lactate removal and utilization increases (141).  

 

To further explore lactate kinetics in the cold, these investigators performed another study 

involving an incremental cycle test in well-trained male cyclists in moderately cold environment 

(10ºC) compared to hot (30ºC) (53). Researchers performed a similar incremental test; however, 

each stage was 3 min long and increased by 35 W until exhaustion. Like the original study, 

exercise intensity at lactate threshold was significantly higher in the cold condition (249 ± 9 W) 

compared to thermoneutral (234 ± 11 W) (53). Blood lactate response was similar between the 

conditions at exercise intensities below lactate threshold and were different (cold condition had 

lower blood lactate) at intensities above lactate threshold (53). VO2 at lactate threshold was also 

higher in the cold condition (3.55 ± 0.13 L/min, cold; 3.31 ± 0.16 L/min). However, there was no 

difference in VO2, blood lactate, VE, and exercise intensity at rest or at exhaustion between the 

conditions (53). It was hypothesized that lactate threshold was higher during the cold condition 

due to vasoconstriction in the periphery, which increased ventricular filling time and stroke 

volume (53). It is thought that increased core blood volume increases blood flow to the liver for 

lactate clearance (141). No shivering response was observed during exercise in this study. 

Although lactate kinetics during incremental exercise are known, the mechanisms by which these 

changes occur remain controversial. Additionally, there is no research observing blood lactate 

response during incremental exercise in the cold in women. 
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2.5.5 Sex Differences in Thermoregulation in Cold 

Body composition and morphology tend to explain sex differences observed in thermoregulation 

in the cold. Women tend to have smaller body sizes and higher body fat percentages compared to 

men (25). Ducharme et al.(47) evaluated the thermal conductivity of skin and subcutaneous fat 

versus muscle in tissues of the human forearm in men while immersed in water temperature 

ranging from 15-36ºC for 3 h. Skeletal muscle had approximately 50% more thermal 

conductivity than skin and adipose tissue (varied from 0.56 ± 0.05 to 1.91 ± 0.19 W·ºC-1·m-1, 

varied from 0.28 ± 0.03 W·ºC-1·m-1 to 0.73 ± 0.14 W·ºC-1·m-1, respectively). Therefore, it would 

appear that women have a thermal advantage due to having more subcutaneous fat compared to 

men (25, 136). Conversely, higher body surface area to mass ratios accelerated body cooling and 

women tend to have higher body surface area to mass ratios than men. A greater body surface 

area to mass ratio causes women to have less thermal inertia, indicating that the same number of 

calories gained or lost will cause a greater change in body heat content than in men. This causes 

women to experience greater heat loss than men per unit of body mass (25). Women also have 

lower skin temperatures compared to men when exposed to the same cold temperature (41). 

Additionally, Rennie et al. (117) revealed that men tolerated cool water more than women 

(measured by thermal sensation in the cold water); interestingly, cold-adapted diving women 

with greater subcutaneous adipose tissue were able to tolerate cool water more than lean men 

(117). Additionally, McArdle et al. (100) found that when men and women were matched for 

body fat percentage, women had faster cooler times than men, which is likely due to an increased 

body surface area to mass ratio. 

 

There is a paucity of studies evaluating sex differences in cold environments between men and 

women. It is thought that most differences stem from differences in body composition between 

men and women; however, more research is warranted to determine other mechanisms by which 

thermoregulation in cold differs between sexes. 

2.5.6 Effects of the Menstrual Cycle on Thermoregulation in Cold 

The menstrual cycle has been shown to effect thermoregulation in women in both cold and hot 

conditions. It is widely recognized that core temperature is elevated (approximately up to 0.7ºC) 
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during the luteal phase of the menstrual cycle (Figure 11) (62, 133, 135, 136). Although the 

mechanisms regarding core temperature elevation during the luteal phase are unknown, 

Stephenson & Kolka (133) hypothesized that an elevation in core temperature may be required to 

elicit a hospitable environment for implantation of the zygote or could be a vestigial event 

resulting from neuroendocrine changes in the brain over time (133). 

To quantify core temperature variations between cycle phases, Hessemer & Brfick (74)examined 

core temperature in 10 women in the mid-luteal phase and early follicular phase (serum 

progesterone: 46.0 and 0.9mmol, respectively). They found that in the midluteal phase in the 

cold and thermoneutral conditions, core temperature threshold for the onset of shivering, chest 

sweating, and heat clearance (cutaneous vasodilation) were approximately 0.47ºC higher than in 

the follicular phase (74). Additionally, Bartelink et al.(9) evaluated blood flow during the 

menstrual cycle and its influence on peripheral circulation in 31 women in four different time-

periods in their menstrual cycle: 1) menstruation (2nd or 3rd day of cycle); 2) pre-ovulation (1 day 

before expected ovulation); 3) post-ovulation (2 days after ovulation); and 4) mid-luteal (8 days 

after ovulation). The researchers performed a standardized finger cooling test, which consisted of 

immersion of a gloved hand in a 16°C water bath for 5 minutes (9). Baseline finger blood flow 

was significantly different between menstruation (2.9 ± 1.5 ml min-1 100 ml-1) and the other 

three occasions within the menstrual cycle (3.79 ± 2.0 ml min-1 100 ml-1, pre-ovulation; 3.93 ± 

1.7 ml min-1 100 ml-1, post-ovulation; 3.88 ± 1.8 ml min-1 100 ml-1, mid-luteal) (p=0.041). 

Baseline forearm vascular resistance was also higher during menstruation (37.6 ± 27.3 arbitrary 

units) compared to pre-ovulation (26.3 ± 10.9 arbitrary units), post-ovulation (24.1 ± 9.4 

arbitrary units), and mid luteal phases (24.8 ± 10.2 arbitrary units) (p=0.002)(9). During the 

experimental protocol, differences were only found between the mid-luteal and pre-ovulation 

phase, where mean immersion and recovery laser doppler flux was 29.2 ± 16.4 arbitrary units 

during pre-ovulation and was 18.4 ± 10.9 arbitrary units during the mid-luteal phase (p=0.003). 

This suggests that peripheral skin circulation was significantly different between these two 

phases in the cold (9). 

 

Gonzalez & Blanchard (59) focused on thermoregulatory responses during cold transients during 

two phases of the menstrual cycle (follicular and luteal) in two different clothing ensembles. 
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Estradiol and progesterone levels were analyzed to confirm hormonal differences between the 

two phases (estradiol: 30.2 ± 12.9 pg/ml, follicular phase, 122.5 ± 41.1 pg/ml, luteal phase; 

progesterone: 0.45 ± 0.24 ng/ml, 9.90 ± 4.64 ng/ml, respectively). During the cooling phase, 

participants experienced a downward trend where environmental temperature decreased by 

0.32ºC every min until approximately 80-120 min (when the participant requested to stop or her 

fingertip skin temperature reached ≤5°C or esophageal temperature decreased toward 35°C)(59). 

The slope of shivering thermogenesis response to decreased body temperature in the luteal phase 

of the menstrual cycle was attenuated during both experimental clothing ensemble experiments 

(p=0.02, p=0.01)(59). Furthermore, the participants had an attenuated response to lowered skin 

and core temperature in the midluteal phase and it is believed this attenuation occurred due to 

increased estradiol and progesterone concentrations during this phase (59). The researchers 

speculated that the level of shivering per change in skin and core temperature during the luteal 

phase occurred because less heat production is necessary, which causes lower heat debt (39).   

 

As previously mentioned, the luteal phase has an elevated core temperature compared to the 

follicular phase. Charkoudian & Johnson (30) created the figure (Figure 12) below to illustrate 

the physiological changes that occur from the follicular phase to the luteal phase to elicit an 

increase in core temperature. In this review, authors commented that core temperature is 

increased by either a reduction in total skin blood flow or an increase in metabolic rate; however, 

it is difficult to determine which mechanism is primarily responsible for this change (29, 30). 

Figure 12 depicts changes in skin blood flow and/or metabolic rate that would cause an increase 

in 0.5ºC (or heat storage of 30 kcal) within 24 hours in a 60 kg woman (30).   

The thermoregulatory alterations caused by the menstrual cycle call into question its effects on 

thermoregulation during exercise. To evaluate this, Pivarnik (114) assessed whether the 

menstrual cycle (mid-follicular versus mid-luteal phase) would affect thermoregulation during a 

60 min cycle test at 65% of VO2peak (114). Figure 13 depicts mean rectal temperature for 8 

participants every 10 min during exercise. Rectal temperature tended to be higher in the luteal 

phase compared to the follicular at baseline and the first 30 minutes of exercise, however, these 

differences were not significant. Interestingly, after 40 min, rectal temperature was significantly 
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higher in the luteal phase compared to follicular phase at 40, 50 and 60 minutes (P<0.001) (114). 

Skin temperature was not different between phases (P>0.05). 

 

Additionally, Gruzca et al. (67) evaluated the influence of the quasi-follicular and quasi-luteal 

phase (determined as the middle of each phase) on endurance exercise in women taking oral-

contraceptives versus no contraceptives. Each participant performed a VO2max test and cycled at 

50% of her VO2max for 45 minutes in 24 ± 0.5 ºC room temperature in each phase of her 

menstrual cycle (total of 4 experimental visits) (67). VO2max was not different between phases 

of the menstrual cycle or between women taking contraceptives and not taking contraceptives. 

Mean changes in skin temperature and rectal temperature from rest to exercise were not 

significant within the follicular phase for women taking oral contraceptive versus women not 

taking oral contraceptive (rectal temperature: 0.48 ± 0.05ºC, oral contraceptive, 0.65  ± 0.08ºC, 

no oral contraceptive; skin temperature: 0.54 ± 0.20ºC, oral contraceptive, 1.15 ± 0.28ºC, no oral 

conceptive)(67). However, there was significant difference in rectal and skin temperature 

between phases within women not taking oral contraceptives from rest to exercise (rectal 

temperature: 0.49 ± 0.07ºC, luteal, 0.65 ± 0.08ºC, follicular; skin temperature: 0.54 ± 0.27ºC, 

luteal, 1.15 ± 0.28ºC, follicular)(67). Despite the differences in core and/or skin temperature 

between phases of the menstrual cycle, to the best of our knowledge, no studies have evaluated 

thermoregulatory responses to cold stress within the menstrual cycle during endurance exercise 

2.6 Conclusion 

As lactate threshold is considered the greatest determinant of endurance performance, it is 

necessary to evaluate factors that influence blood lactate kinetics. Many athletes perform races in 

cold and therefore it is essential to examine the effects cold ambient temperatures have on lactate 

threshold. Additionally, pre-race procedures such as an active warm-up must be evaluated to 

determine if it is advantageous or detrimental to exercise performance in cold. This knowledge 

will allow athletes to not only optimize their race day performance but; formulate effective 

training programs and/or pre-race procedures. 
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2.7 Chapter 2 Figures 

 

Figure 1. Overview of the Glycolytic Pathway: Anaerobic and Aerobic Respiration (3). 

 

 

 

 

 

 

 

 

Figure 2. Oxidation of NADH to NAD+ Utilized for Reaction Required in the Glycolytic 

Pathway (3). 
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Figure 3. The Cori Cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Lactate Shuttle Hypothesis. 
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Figure 5. Plasma Lactate Concentration After Incremental Exercise With a Plasma Volume 

Correction (White Dots) and No Correction (Black Dots). 

 

Figure 6. Oxygen Uptake and Blood Lactate Response With Increased Exercise Intensity (7). 
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Figure 7. Aerobic and Anaerobic Metabolism During Endurance Exercise: A) Without an Active 

Warm-up Prior to Endurance Exercise; B) an Active Warm-up Prior to Endurance Exercise (18). 

 

 

 

 

 

 

 

 

 

 

Figure 8. Fuel Oxidation and Relative Contribution to Heat Production in the Cold vs. 

Thermoneutral Conditions. 
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Figure 9. Onset of Shivering in Various Muscle Groups in Lean vs. Normal Men (137).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Blood Lactate Response During Incremental Exercise (134). 



43 

 

Figure 11. The Menstrual Cycle and Fluctuation in Core Temperature in Women (33). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Physiological Changes in Skin Blood Flow and Metabolic Rate to Elicit a Body 

Temperature Increase of 0.5ºC (31). 
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Figure 13. Rectal Temperature During Endurance Exercise in the Luteal and Follicular Phase 

(109). 
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CHAPTER 3 

METHODOLOGY 

3.1 Participants 

Seven healthy, female cyclists and triathletes were recruited to participate in this study through 

recruiting flyers and word of mouth. Participants were eligible to take part in the study if they 

meet the following criteria: 1) female between the ages of 25-45 years old; 2) VO2peak of ≥45 

ml/kg/min; 3) self-reported minimum of 2 years of cycling training at least 3 days/week for ≥ 10 

hours a week), and 4) self-reported energy consumption ≥ 30 kcal per kg-1 lean body mass/day 

on a regular basis. Exclusion criteria included: 1) a musculoskeletal injury or disorder that 

impaired cycling performance; 2) taking medications that affected metabolism; 3) have an 

existing metabolic disease, cardiovascular disease, or uncontrolled thyroid disorder 4) an 

irregular or absent menstrual cycle; 5) irregular consumption of carbohydrates (e.g. ketogenic or 

very low carbohydrate diet); 6) pregnant or trying to become pregnant; 7) ergogenic and/or 

dietary supplements that affected performance (a wash-out period was provided based on the 

half-life of the supplement). All study procedures and potential risks were explained to 

participants verbally prior to obtaining informed consent. All study procedures were approved by 

Florida State University’s Institutional Review Board (Appendix A). 

3.2 Study Design 

This study implemented a randomized, cross-over design with five laboratory visits: a baseline 

testing visit, a familiarization trial, and three experimental trials. The baseline testing visit and 

familiarization trial (Visits 1 and 2) were performed at the Institute of Sports Sciences and 

Medicine (ISSM) and the experimental trials (Visits 3-5) were performed in an environmental 

chamber (Heinicke Instruments, Hollywood, FL) in the Department of Nutrition, Food and 

Exercise Sciences at Florida State University. Visit 3 occurred at least 24 h after Visit 2. The 

experimental trials were performed in the follicular phase of the participants’ menses separated 

by 24-48 h. The three experimental trials consisted of the following conditions: 1) thermoneutral 

(20°C; NEU) 2) cold (0°C) with no active warm-up (CNWU); and 3) cold (0°C) with an active 

warm-up (CWU). Relative humidity within the environmental chamber was maintained between 
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30-40% for each trial. The order in which the participants performed each experimental trial was 

randomized by selecting from a pool of all 6 possible ordered scenarios. (Randomizer.org). 

 

For all lactate threshold tests, participants were fitted with a Hans Rudolph mask (Hans Rudolph 

Inc., Shawnee, KS, USA) attached to a breathing tube to measure the expired air delivered to the 

metabolic cart system (Parvo Medics Truemax 2400 Metabolic Measurement System, 

Consentius Technologies, Sandy, UT). The metabolic cart measured VE, respiratory exchange 

ratio (RER), and VO2 continuously. Blood was collected and measured throughout via a finger 

stick using a microcapillary tube (approximately 30 microliters) under sterile conditions. Blood 

was analyzed using the YSI lactate analyzer (YSI 2900, YSI, Inc., Yellow Springs, OH, USA). 

The participant’s lactate threshold was characterized as the exercise intensity prior to a 1.0 

mmol·l-1  or higher increase in blood lactate concentration (143). Figure 14 depicts the study 

procedures that occurred during each study visit. 

 

 

 

 

 

 

 

 

 

 

Figure 14.  Schematic of Study Design. Note: VO2, Oxygen Consumption; RPE, Rating of 

Perceived Exertion.   



47 

3.2.1 Baseline Testing (Visit 1)  

Participants reported to the laboratory at ISSM following a 4-h fast. The participants provided 

written and oral informed consent (Appendix B), completed a medical history (Appendix C), and 

a physical activity/cycling questionnaire (Appendix D). After completion of paperwork, body 

weight was measured on a physician beam scale (Seca Corporation, Mexico) and height measured 

using a stadiometer (Seca Corporation, Mexico). Body composition was determined using air 

displacement plethysmography (BOD POD, Cosmed; Rome, Italy). Lean body mass was 

calculated by air displacement plethysmography, and was used to calculate the caloric needs of 

participants for the remainder of the study (≥30 kcal∙kg-1 lean body mass∙day-1). Each participant 

was provided a dietary log and list of foods to ensure that they were above the energy threshold of 

30 kcal per kg-1 lean body mass∙day-1 (Appendix E). Eating above this energy threshold ensured 

that luteinizing hormone pulsatility, a measure of reproductive function, was not impaired and 

lactate metabolism was not affected (97). Loucks et al. (2003) determined that restricted energy 

availability at 10 and 20 kcal per kg-1lean body mass∙day-1 suppressed luteinizing hormone 

pulsatility (-5.0 ± 1.6 and -3.0 ± 1.0 p∙24h-1, respectively) and energy availability at 30 kcal∙kg-1 

lean body mass∙day-1 had no effect on luteinizing hormone pulsatility (0.0 ± 1.0 p∙24h-1). The 

participants were also asked to replicate their meals between visits. 

3.2.2 Familiarization Trial (Visit 1) 

Participants reported to the laboratory at ISSM at least 24 h after Visit 1. For the familiarization 

and experimental trials, participants were asked to wear their own cycling shoes and cycling kit. 

They wore the same or similar clothing for each experimental trial. After arrival, the participants 

were fitted to the cycle ergometer (Velotron, Racermate, Inc., Seattle, WA, USA) and the 

researchers recorded the cycle ergometer measurements (seat height, handle length, etc.). The 

same measurements were used for all three trials. The participants first performed a 

VO2max/lactate threshold protocol for familiarization purposes and to assess cardiorespiratory 

fitness. Participants were fitted with a Hans Rudolph mask attached to a breathing tube to 

measure the expired air delivered to the metabolic cart system. The metabolic cart measured VE, 

RER, and VO2 continuously. The protocol began with participants pedaling against 2.0 W·kg-1.  

Each stage of the protocol was 4 min in length and the resistance was increased by 25 watts after 
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the completion of each stage. Heart rate (HR) were measured every min using a Polar® HR 

monitor (Polar® FTM4, Polar, Inc., Kempele, Finland) and ratings of perceived exertion (RPE) 

using the Borg RPE scale were measured at the end of each 4 min stage. Blood lactate was 

obtained between the 2nd and 3rd min of each 4 min stage. When blood lactate increased by at 

least 1.0 mmol·l-1from the previous stage (143),  the participated moved onto one min stages 

\and resistance was increased by 25 watts at the end of each stage and the participant pedaled 

until she reached volitional exhaustion to obtain VO2peak values. RPE and HR were measured at 

the end of each one min stage. After completion of the VO2max/lactate threshold familiarization 

trial, the participants performed a familiarization of the active warm-up protocol, which 

simulated normal warm-up procedures performed by competitive cyclists and triathletes (24). 

The active warm-up consisted of 5 min of cycling at 1.5 W∙kg-1 followed by 20 min of cycling at 

2.0 W∙kg-1. At min 15, 17 and 19, the participants performed a 5 W∙kg-1 sprint for 10 seconds 

(24). Lastly, the participants were familiarized to the cycling time to exhaustion test, which was 

performed at 120% of their peak power output. Peak power output was characterized as the 

greatest power output achieved during the VO2max/lactate threshold test before volitional  

exhaustion. 

3.2.3 Experimental Trials (Visits 3-5) 

Prior to the participants’ arrival, the YSI lactate analyzer was calibrated per the manufacturer's 

recommendations. An indoor climate monitor (Perception II TM, Davis Instruments, Hayward, 

CA) was used to assess environmental temperature, humidity and barometric pressure. The 

metabolic system was flow calibrated with a 3L calibration syringe (no.5530, Hans Rudolph, 

Inc., Kansas City, MO) and gas calibrated using a gas mixture of known concentrations of O2 

and CO2 (16.08% O2; 3.98% CO2, Scott Medical Products, Plumsteadville, PA). 

The participants were required to abstain from exercise, caffeine and alcohol for 24 h prior to 

each experimental trial and reported to the Department of Nutrition, Food and Exercise Sciences 

in the morning following an 8 h fast with completed 24 h food and physical activity logs. 

Participants were asked to report to the laboratory euhydrated (drink normally) and provide a 

small urine sample in sterile urine cups for urine specific gravity (USG) analysis to confirm that 

USG was less than 1.020 g ml-1 (124). If participants were dehydrated, they were asked to drink 
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at least 250 mL of water prior to testing. Body weight was measured on a physician beam scale 

and skin temperature was assessed using thermochron iButtons (iButton DS1921G-F5, Maxim 

Integrated, San Jose, CA, USA) attached to the skin using medical tape. Thermochron iButtons 

were placed on 8 sites: forehead, forearm, abdomen, upper arm, calf, thigh, scapula, and chest to 

measure mean skin temperature (158). The participants were instrumented with a Polar® HR 

monitor (Polar® FTM4, Polar, Inc., Kempele, Finland). Lastly, participants were instrumented 

with a latex glove on the right hand with hand warmers (HotHands Hand Warmer, HotHands; 

Dalton, GA; USA) placed on the dorsal side and palm of the hand. A fleece glove was then 

placed over the latex glove. Gloves and hand warmers were utilized to aid in the collection of 

blood lactate via finger stick. The middle and ring fingers of the latex and fleece gloves were 

removed to allow researchers to obtain blood lactate. 

 

After all equipment was instrumented baseline VO2, RER, VE were assessed for 5 min outside 

the chamber. After 5 min, baseline blood lactate, HR, skin temperature, and core temperature 

were collected. Core temperature was calculated based on aural temperature using a tympanic ear 

thermometer (Thermoscan ExacTemp IRT 4520; Braun, Boston, MA; AUR).  

Next, the participants entered the environmental chamber.  The following procedures occurred 

when the participant was randomized to each experimental condition (separated by 24-48 h): 1) 

NEU and CNWU conditions: Participants were fitted with a Hans Rudolph mask attached to a 

breathing tube to measure the expired air delivered to the metabolic cart system to measure VE, 

RER, and VO2 continuously. The participants remained seated on the bike for 5 min after 

entering the chamber; 2) the CWU condition, the participant immediately began the active warm-

up protocol (warm-up procedures described in section 3.2.1). After completion of the warm-up, 

blood lactate, core temperature, skin temperature, and HR were collected, and the participant was 

instrumented a Hans Rudolph mask attached to a breathing tube (for VE, RER, VO2) and then 

was asked to sit on the bike for 5 min. After 5 min of temperature exposure, post warm-up blood 

lactate, core temperature, skin temperature, and HR were collected. 

After the 5 min rest period in the chamber, the experimental protocol began with participants 

pedaling against 2.0 W·kg-1. The trial consisted of 4 min stages and the resistance was increased 

by 25 watts after the completion of each stage. Participants pedaled until they reached volitional 



50 

exhaustion. No fluid intake was allowed, and no encouragement was provided by the researchers 

during the trial. HR and skin temperature were measured every min and RPE was measured at 

the end of each stage. Blood lactate was obtained starting at the 2nd min of each stage.  Core 

temperature was assessed 7 min into exercise. When the test was completed, the participants 

remained seated on the bike for 2 min to obtain post-exercise core temperature, skin temperature, 

HR and blood lactate values. After the 2 min rest period, participants were asked to cycle for 2 

min at a self-selected power output (low intensity). Participants then pedaled at 120% of their 

peak power output until volitional exhaustion. The time to exhaustion was performed in the 

temperature condition assigned. After completion, the participants were permitted to cool down 

and/or exit the chamber. The participants returned to the laboratory 24-48 h later for their next 

experimental condition.  

3.2.4 Statistical Analysis 

A required sample size of 6 participants was estimated by an a priori power analysis from published 

research (53) with an alpha level set at 0.05 and a power of 0.8 (G*Power 3.1 statistical software). 

The major outcome measure for the a priori power analysis was exercise intensity at lactate 

threshold (cold: 180 ± 6 W, thermoneutral; 142 ± 7 W). Magnitude-based inferences were 

employed to examine performance effects via a published excel spreadsheet (76). All performance 

data were log-transformed prior to analysis to account for heteroscedasticity. Uncertainty in group 

effects are presented as ninety percent confidence intervals. Effect sizes (ES) were calculated by 

standardizing mean differences to the standard deviation (SD) of the NEU condition. (77). ES were 

interpreted as: trivial <0.3, small 0.3–0.9, moderate 0.9-1.6, and large >1.6 (77). A worthwhile 

performance for power output at lactate threshold was set at 0.5% calculated as 0.3 (smallest 

important effect) multiplied by the typical variation for cycling performance (1.5%) (78, 111). We 

determined that a worthwhile performance effect for time to exhaustion test was 3.3%.  We 

estimated within subjects’ variation based from prior studies (35, 61, 78, 103). Typical variation 

in cycling performance during time to exhaustion was determined to be 11% (approximately 

midpoint of range 5.3-14%). The smallest worthwhile change was calculated as 0.3 multiplied by 

11% (3.3%).  
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All perceptual and physiological data were assessed via null-hypothesis testing. Normality was 

assessed via Shapiro-Wilk test and non-normal variables were log transformed prior to analysis. 

For skewed data that could not be log transformed, the statistical test was performed regardless of 

the skewed distribution and all violations were reported.  Homogeneity of variances were assessed 

by Levene's test or Mauchly's Test of Sphericity for equality of variances. Two-way (group*time) 

repeated measures analysis of variance (ANOVA) tests were used to identify differences between 

experimental groups (NEU, CNWU, CWU) at pre-exercise conditions, each exercise intensity, and 

immediately post-exercise for the following variables: blood lactate, skin temperature, RPE, VO2 

and HR. If a group*time effect occurred, one-way ANOVA with Bonferroni correction (for post 

hoc analyses) was used to determine significant differences. Additionally, a one-way ANOVA 

with Bonferroni correction was performed to identify differences between all three groups at 

lactate threshold, as well as, potential differences between groups at pre-exercise conditions and 

post-exercise. Data were analyzed using SPSS statistical software (Version 22, IBM Corp., 

Armonk, NY). Perceptual and physiological data are presented as means ± SD. Significance was 

accepted at p = 0.05. 
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CHAPTER 4 

RESULTS 

4.1. Descriptive Characteristics 

Table 1 summarizes the descriptive characteristics of the participants at baseline (N=7).  

Seventeen participants were recruited to participant in the study and seven participants met 

inclusion and exclusion criteria and completed all three experimental trials. Figure 15 depicts the 

participant recruitment and inclusion/exclusion process.  

4.2 Environmental Conditions 

Table 2 provides the temperature and humidity during each experimental condition. Ambient 

temperature within the NEU condition was not normally distributed (p<0.001) and all 

transformation methods were unable to produce a normally distributed data. Therefore, a one-

way ANOVA test was utilized. This analysis revealed that there were significant differences 

between groups (p=0.001). The CNWU and CWU were significantly different from the NEU 

condition (p<0.001, <0.001, respectively) and there was no significant difference between 

CNWU and CWU (p=1.00).  

4.3 Lactate Threshold Performance 

Power output at lactate threshold was 192.9 ± 30.1, 182.1 ± 26.4, and 200.0 ± 22.6 W for CWU, 

NEU, and CNWU, respectively. Power output at lactate threshold was 5.8% lower in NEU vs. 

CWU (90% C. I = -10, 0.04; likely small; ES = -0.34). There was a 4.2% increase in power 

output at lactate between CNWU vs. CWU, however, this difference was likely trivial (90% C.I 

= -1.1, 9.8; ES = 0.25). Additionally, power output at lactate threshold in CNWU vs. NEU was 

10.2% greater and the effect was considered very likely small (90% C. I = 4.9, 15.8; ES = 0.59) 

(Figure 15).  

4.4 Physiological and Perceptual Response 

At baseline, there were no differences between groups in HR, VO2, lactate, RER or skin 

temperature (p=0.675, 0.350, 0.991, 0.788, 0.920, respectively) (Table 3). After 5-min of 

temperature exposure, HR and RER were significantly higher in the CWU condition compared to 

the thermoneutral condition (CWU HR: 83.0 ± 6.0 bpm, NEU HR: 70.0 ± 7.0 bpm, p <0.048; 

CWU RER: 0.90 ± 0.06, NEU RER: 0.78 ± 0.06, p=0.002). After temperature exposure, skin 
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temperature was significantly different between all three groups (p<0.001). Skin temperature in 

the NEU condition after 5 min of temperature exposure was 27.53% and 12.88% higher 

compared to the CWU (p=<0.001) and CNWU (p=0.004) conditions. Skin temperature in the 

CWU condition after temperature exposure was 11.48% lower compared to the CNWU 

condition (p=0.011). VE was not significantly different between NEU and CNWU (12.53 ± 2.60 

L·min-1, 14.19 ±4.76 L·min-1, respectively p=0.43) (Table 3). Of note, an instrument error 

occurred during one participant’s NEU trial that reflected physiological impossible findings for 

VE after post temperature exposure. This datum point was 2 SDs outside the mean value and was 

replaced with the mean value for the group. At volitional exhaustion, there were no differences 

in HR or VO2 (p=0.748 and p=0.494, respectively) between groups. However, there were 

differences between conditions in skin temperature and lactate concentration (p<0.001 and 

p=0.022, respectively). Skin temperature at volitional exhaustion was significantly higher in the 

NEU condition compared to both CWU and CNWU (p<0.001 and p<0.001). There were no 

differences in skin temperature between CNWU and CWU at exhaustion (p=1.00). For lactate 

concentration, there were significant differences between CWU compared to both CNWU and 

NEU condition at exhaustion (p=0.047 and p=0.047) (Table 3). 

 

At lactate threshold, a one-way ANOVA revealed that there were no significant differences 

between groups in VO2, RER, lactate concentration, HR or RPE (p=0.487, 0.145, 0.115, 0.841, 

and 0.870, respectively) (Table 4). Lactate threshold test was performed until volitional 

exhaustion and therefore, only 4 participants completed stage 5 (n=2 for CWU, n= 3 for NEU, 

and n= 4 for CNWU) and one participant completed stage 6 (in NEU condition). To account for 

this difference, a one-way ANOVA was utilized to assess differences in mean values at stage 5 

and no analyses were performed at stage 6. All missing data (5 data points) for pre-exercise and 

stage 1-4 values were replaced with the mean value of the group. Additionally, an instrument 

error occurred during one participant’s NEU trial that reflected physiological impossible findings 

for VO2 after post temperature exposure. This datum point was 2 SDs outside the mean value 

and was replaced with the mean value for the group. The Shapiro-Wilks test normality on the 

studentized residuals indicated that data (HR, VO2, RPE, lactate concentration, and skin 

temperature) were normally distributed (p<0.04) except for the following variables/time points:  
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HR at stage 1 (p<0.001), VO2 at baseline (p=0.006), RPE at stage 3-4 (p=0.024, 0.014, 0.02, 

respectively) and skin temperature stages 2-4 (p=0.032, 0.013, 0.006, respectively). All data 

were transformed, however, the distribution remained skewed. Therefore, given the robust nature 

of the violations to normality in the two-way ANOVA test, two-way repeated measured 

ANOVAs were performed. Additionally, Mauchly's test of sphericity indicated that the 

assumption of sphericity had been violated for time and two-way interaction (p<0.001) and 

therefore, Greenhouse-Geisser was utilized to assess significant effects.  

 

Time effects were present across all variables (HR, VO2, lactate, RPE, and skin temperature; 

p=0.034, <0.001, <0.001, <0.001, <0.001, respectively) (Figure 17, Figure 18, Figure 19, 

Figure 20, Figure 21, respectively). However, only group*time interactions were observed in 

lactate and skin temperature (p=0.12 and p<0.0001). Interestingly, post hoc analyses reported no 

significant differences between conditions for lactate concentration (CWU-NEU: p=0.270; NEU-

CNWU: p=1.00; CWU-CNWU: p=0.259) (Figure 19). For skin temperature, NEU condition 

was significantly different than CWU and CNWU (p<0.001, <0.001, respectively). Post hoc 

analysis indicated that skin temperature was significantly different during NEU compared to 

CNWU from temperature exposure (p<0.004), in stages 1-4 (p<0.001, <0.001, <0.001, <0.001, 

respectively), and IP (p<0.001). Skin temperature was also different during NEU compared to 

CWU from temperature exposure (p<0.001), in stages 1-4 (p<0.001, <0.001, <0.001, <0.001, 

respectively) and IP (p<0.001). There were no significant differences in skin temperature 

between CNWU and CWU except after temperature exposure (p=0.011) (Figure 21). 

 

At stage 5, a one-way ANOVA determined there were no significant differences between 

conditions in HR, VO2, lactate or RPE (p=0.790, .0948, 0.311, 0.910, respectively) except in 

skin temperature (p<0.001) (Figure 17, Figure 18, Figure 19, Figure 2, respectively). In NEU 

condition at stage 5, skin temperature was significantly different than CNWU and CWU 

(p=0.001, 0.003, respectively). There were no differences in skin temperature at stage 5 between 

CNWU and CWU (p=1.00) (Figure 19). Of note, core temperature was collected throughout 

each experimental trial, however, due to instrument error, most values were physiological 

impossible. Therefore, core temperature was not analyzed. 
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4.6 Time to Exhaustion Performance at 120% of Peak Power Output 

There was an 11% increase in time to exhaustion between CNWU vs. CWU (73.14 ± 7.93 s, 

64.86 ± 7.93 s; 90% C. I = -2.4, 26.5; ES = 0.62, respectively) and this effect was likely small. In 

the NEU condition, time to exhaustion was 7.8% longer compared to CWU (70.14 ± 10.45 s, 

64.86 ± 7.93 s, 90% C. I = -6.2, 23.9; possibly small; ES = 0.44, respectively). CNWU vs. NEU, 

had a possibly trivial (3%) increase in time to exhaustion (73.14 ± 7.93 s, 70.14 ± 10.45 s; 90% 

C.I = -9.1, 16.8; ES = 0.18, respectively) (Figure 22). 
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4.7 Chapter 4 Tables 

 

        Table 1. Descriptive Variables Measured at Baseline (N= 7). 

Age (yrs) 37.0 ± 5.0 

 

Height (cm) 165.14 ± 7.98 

 

Body mass (kg) 60.08 ± 8.93 

Lean mass (kg) 45.39 ± 5.38 

Body fat (%) 24.63 ± 5.19 

VO2peak (ml·kg-1·min-1) 50.36 ± 3.04 

 

Peak Power Output (W) 261.43 ± 30.78 

 

Power Output at LT (W) 186.43 ± 21.16 

Note: yrs, years; cm, centimeters; kg, kilograms; %, percent; VO2peak, peak oxygen consumption, ml·kg-1·min-1, 

milliliters per kilogram per minute; W, watts. Data presented as mean ± SD. 

 

Table 2. Environmental Conditions 

 CWU CNWU NEU 

Temperature (Cº) 0.84 ± 0.55* 

 

 

0.62 ± 1.14* 

 

17.01 ± 2.48 

 

 

Humidity (%) 35.12 ± 3.67 

 

 

32.2 ± 6.68 39.52 ± 9.13 

Note: CWU, cold with active warm-up; CNWU, cold with no warm-up; NEU, thermoneutral; Cº, degrees Celsius; %, 

percent. *denotes significantly different from NEU, p<0.05; Data presented as mean ± SD. 
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Table 3. Physiological Values Obtained at Baseline, Temperature Exposure, and Post-Warm up 

(N=7). 

  CWU CNWU NEU 

Baseline HR (bpm) 68.0 ± 7.0 64.0 ± 6.0 68.0 ± 12.0 

VO2 (ml·kg-1·min-1) 4.78 ± 0.57 4.75 ± 1.05 4.72 ± 0.74 

VE (L·min-1) - 10.12 ± 0.96 10.66 ± 1.59 

Lactate (mmol·L-1) 0.93 ± 0.22 0.76 ± 0.17 0.78 ± 0.28 

SKT (Cº) 30.75 ± 0.71 30.63 ±0.66 30.55 ± 1.30 

RER 0.82 ± 0.06 0.84 ± 0.07 0.82 ± 0.05 

Temperature 

Exposure 

 

HR (bpm) 83.0 ± 6.0* 79.0 ± 12.0 70.0 ± 7.0 

VO2 (ml·kg-1·min-1) 6.42 ± 1.50 6.32 ± 1.51 5.43 ± 0.63 

VE (L·min-1) - 14.19 ±4.76 12.53 ± 2.60 

Lactate (mmol·L-1) 0.92 ± 0.19 0.87 ± 0.14 0.91 ± 0.24 

SKT (Cº) 23.36 ± 1.26* 26.39 ± 2.26* 29.79 ± 1.40 

RER 0.90 ± 0.06* 0.81 ± 0.05 0.78 ± 0.06 

Post 

Warm-up 

HR (bpm) 121.0 ± 16.0 - - 

VO2 (ml·kg-1·min-1) - - - 

VE (L·min-1) - - - 

Lactate (mmol·L-1) 0.96 ± 0.30 - - 

SKT (Cº) 23.54 ± 1.43 - - 

RER    

Exhaustion HR (bpm) 170.0 ± 10.0 172.0 ± 11.0 175.0 ± 10.0 

VO2 (ml·kg-1·min-1) 48.84 ± 3.14 47.22 ± 3.39 49.21 ± 3.32 

VE (L·min-1) - - - 

Lactate (mmol·L-1) 2.87 ± 0.648* 3.86 ± 0.44 3.85 ± 0.90 

SKT (Cº) 23.35 ± 1.43* 23.92 ± 2.55* 29.65 ± 2.17 

RER 0.93 ± 0.02 0.98 ± 0.03 0.96 ± 0.04 
Note: CWU, cold with active warm-up; CNWU, cold with no warm-up; NEU, thermoneutral; Cº; HR, heart rate; bpm; 

beats per minute; VO2, oxygen consumption; ml·kg-1·min-1, milliliters per kilogram per minute; VE, ventilation; 

L·min-1, liters per minute; mmol·L-1, millimoles per liter; SKT, skin temperature; Cº, degrees Celsius; RER, 

respiratory exchange ratio. “-” represents that no data were collected at this time point and/or experimental 

condition;*denotes significantly different from NEU, p<0.05; Data presented as mean ± SD. 
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Table 4. Physiological and Perceptual Values at Lactate Threshold in Each Experimental 

Condition (N=7). 

 CWU CNWU NEU 

Power Output (W) 192.86 ± 30.11* 200.00 ± 22.54** 182.14 ± 26.44*** 

VO2 (ml·kg-1·min-1) 44.32 ± 5.11 42.67 ± 4.11 41.69 ± 3.21 

Lactate (mmol·L-1) 1.71 ± 0.58 2.35 ± 0.58 1.77 ± 0.65 

HR (bpm) 162.0 ± 11.0 164.0 ± 12.0 161.0± 10.0 

RER 0.90 ± 0.03 0.94 ± 0.03 0.90 ± 0.05 

Exercise Stage (#) 3.86 ± 0.89 4.14 ± 0.69 3.43 ± 0.53 

RPE (#) 16.14 ± 2.26 16.29 ± 1.80 15.14 ± 2.27 
Note: CWU, cold with active warm-up; CNWU, cold with no warm-up; NEU, thermoneutral; Cº; W, watts; VO2, 

oxygen consumption; ml·kg-1·min-1, milliliters per kilogram per minute; mmol·L-1, millimoles per liter; HR, heart 

rate; bpm; beats per minute; #, number; RPE, rating of perceived exertion. *denotes likely different with CWU vs. 

NEU; **denotes very likely different with NEU vs. CNWU; ***denotes likely trivial with CNWU vs. CWU differ 

Data presented as mean ± SD. 

4.8 Chapter 4 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 15. Schematic of Participant Recruitment and Inclusion/Exclusion 



59 

 

 

 

 

 

 

 

 

 

 

Figure 16. Power Output at Lactate Threshold. Note: CWU, cold with active warm-up; NEU, 

thermoneutral; CNWU, cold with no warm-up; W, watts; *denotes likely different with CWU vs. 

NEU; +denotes very likely different with NEU vs. CNWU; #denotes likely trivial with CNWU 

vs. CWU. Data presented as mean ± SD. 
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Figure 17. Heart Rate During Pre-Exercise Conditions, Exercise, and Immediate Post-Exercise 

in Cold with an Active Warm-up, Thermoneutral, and Cold Conditions. Note: CWU, cold with 

active warm-up; NEU, thermoneutral; CNWU, cold with no warm-up; bpm, beats per minute; 

BL, baseline; TE, 5-minute temperature exposure; IP, immediate post-exercise; shaded section of 

figure indicates exercise; ǂ denotes 4 participants reached volitional exhaustion at stage 5 (CWU: 

n=2, NEU: n=3, CNWU n=4); + denotes one participant during NEU reached exhaustion in stage 

6 (data were not analyzed). A significant time effect (p =0.034) was observed in all three 

conditions. Data are presented as mean ± SD. 

  



61 

  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 18. Oxygen Consumption During Pre-Exercise Conditions, Exercise, and Immediate 

Post-Exercise in Cold with an Active Warm-up, Thermoneutral, and Cold Conditions. Note: 

CWU, cold with active warm-up; NEU, thermoneutral; CNWU, cold with no warm-up; VO2, 

oxygen consumption; ml·kg-1·min-1, milters per kilogram per minute; BL, baseline; TE, 5-minute 

temperature exposure; IP, immediate post-exercise; shaded section of figure indicates exercise; ǂ 

denotes 4 participants reached volitional exhaustion at stage 5 (CWU: n=2, NEU: n=3, CNWU 

n=4); + denotes one participant during NEU reached exhaustion in stage 6 (data were not 

analyzed). A significant time effect (p <0.001) was observed in all three conditions. Data 

presented as mean ± SD. 
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Figure 19. Lactate Concentration During Pre-Exercise Conditions, Exercise, and Immediate 

Post-Exercise in Cold with an Active Warm-up, Thermoneutral, and Cold Conditions. Note: 

CWU, cold with active warm-up; NEU, thermoneutral; CNWU, cold with no warm-up; LA, 

blood lactate concentration; mmol·L-1, millimoles per liter; BL, baseline; TE, 5-minute 

temperature exposure; IP, immediate post-exercise: shaded section of figure indicates exercise; ǂ 

denotes 4 participants reached volitional exhaustion at stage 5 (CWU: n=2, NEU: n=3, CNWU 

n=4); + denotes one participant during NEU reached exhaustion in stage 6 (data were not 

analyzed). A significant time effect (p <0.001) was observed in all three conditions. Data 

presented as mean ± SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Rating of Perceived Exertion During Exercise in Cold with an Active Warm-up, 

Thermoneutral, and Cold Conditions. Note: CWU, cold with active warm-up; NEU, 

thermoneutral; CNWU, cold with no warm-up; ǂ denotes 4 participants reached volitional 

exhaustion at stage 5 (CWU: n=2, NEU: n=3, CNWU n=4); + denotes one participant during 

NEU reached exhaustion in stage 6 (data were not analyzed). A significant time effect (p <0.001) 

was observed in all three conditions. Data presented as mean ± SD. 
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Figure 21. Skin Temperature During Pre-Exercise Conditions, Execise, and Immediate Post-

Exercise in Cold with an Active Warm-up, Thermoneutral, and Cold Conditions. Note: CWU, 

cold with active warm-up; NEU, thermoneutral; CNWU, cold with no warm-up; LA, blood 

lactate concentration; Cº, degrees Celsius; BL, baseline; TE, 5-minute temperature exposure; IP, 

immediate post-exercise; shaded section of figure indicates exercise; ǂ denotes 4 participants 

reached volitional exhaustion at stage 5 (CWU: n=2, NEU: n=3, CNWU n=4); + denotes one 

participant during NEU reached exhaustion in stage 6 (data were not analyzed). A significant 

time effect (p <0.001) was observed in all three conditions. Ψ denotes significant group x time 

interaction (p<0.001);* denotes significant group effect at time point between CWU and NEU; # 

denotes significant group effect at time point between CNWU and NEU; ◊ denotes significant 

group effect at time point between CWU and CNWU. Data presented as mean ± SD 
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Figure 22. Time to Exhaustion at 120% of Peak Power Output in Cold with an Active-Warm up, 

Thermoneutral, and Cold Condition. Note: CWU, cold with active warm-up; NEU, 

thermoneutral; CNWU, cold with no warm-up; W, watts; *denotes likely different with CWU vs. 

CNWU; +denotes very possibly different with NEU vs. CWU; #denotes possibly trivial with 

CNWU vs. NEU. Data presented as mean ± SD. 
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CHAPTER 5 

DISCUSSION 

The present study examined the effect cold ambient temperature had on lactate threshold with or 

without a preceding active warm-up in female cyclists and triathletes. The primary findings of 

this investigation were as follows: 1) watts at measured lactate threshold were greater in the 

CNWU condition compared to NEU and CWU conditions; 2) time to exhaustion at 120% of 

peak power output in the CNWU condition was longer or no different than NEU; 3) an active 

warm-up prior to testing did not enhance lactate threshold or time to exhaustion; 4) there were no 

differences between experimental conditions in VO2, blood lactate concentration, RPE, or HR at 

lactate threshold or across time. Therefore, our hypotheses were accepted and exercise intensity 

at lactate threshold in CNWU was higher compared to NEU and CWU, time to exhaustion was 

longer in CNWU compared to NEU and CWU, and the active warm-up prior to both exercise 

tests did not enhance performance.  

 

Watts at lactate threshold were 10.2% and 4.2% greater in the CNWU condition compared to 

NEU and CWU conditions, respectively. Although differences between power output at lactate 

threshold were trivial between CNWU and CWU, power output was higher in the CNWU 

compared to NEU condition, which may result in a small performance enhancement. There are 

several studies that have examined lactate threshold in the cold vs. thermoneutral or hot ambient 

temperature (46, 141, 142).  Our findings are in agreement with Therminarias et al. (141) 

assessing lactate threshold and blood lactate accumulation during incremental exercise in the 

cold compared to thermoneutral in male soccer players. Therminarias et al. (141) demonstrated 

that workload at lactate threshold was 22% higher in the cold (-2ºC) compared to thermoneutral 

(24ºC) (180 ± 6 watts, 142 ± 7 watts, respectively). Researchers found that at lower intensities 

(30 watts to 120 watts), blood lactate concentrations were higher while performing in the cold 

compared to thermoneutral. Inversely, at exercise intensities >120 watts, blood lactate 

concentrations were lower in the cold compared to thermoneutral, which researchers speculated 

resulted in increased power output at lactate threshold (141).  In contrast, Flore et al. (53) 

examined lactate threshold in well-trained male cyclists during an incremental exercise test to 
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volitional exhaustion and found that exercise intensity at lactate threshold was no different in 

moderate cold  (10ºC) vs. heat (30 ºC) (mean effect; 1.6%; cold: 360 ± 15 watts; hot: 352 ± 9 

watts)(53). Differences in Flore et al. (53) and the current study, as well as, differences in the 

magnitude of mean effects between the current study and Therminarias et al. (141) may be due to 

the difference in temperature exposure. The current study exposed participants to 0ºC and 20 ºC 

(20 ºC difference) while Therminarias et al. (141) exposed male soccer players to -2 ºC and 24 

ºC (26 ºC difference). Although both Flore et al. (53) and the current study had a temperature 

difference of 20ºC, Flore et al. (53) examined power output at lactate threshold in moderate cold 

(10 ºC) vs. hot (30 ºC). Therefore, it is possible that temperatures over 10ºC are unable to elicit 

performance effects in the cold compared to thermoneutral or heated conditions. Of note, the 

current study is the first to examine well trained, female athletes rather than male athletes. 

McArdle et al. (100) found that when men and women were matched for body fat percentage, 

women had faster cooling rates than men, which is likely due to an increased body surface area 

to mass ratio. A greater body surface area to mass ratio causes women to have less thermal 

inertia, indicating that the same number of calories gained or lost will cause a greater change in 

body heat content than in men. This causes women to experience greater heat loss than men per 

unit of body mass (25). Therefore, differences observed in the current study vs. previous 

literature may be attributed to sex differences. More research is warranted to examine the effect 

of sex on lactate threshold in the cold. 

 

The current study also revealed that in time to exhaustion at 120% of peak power output, 

participants cycled longer in the cold without a warm-up compared to thermoneutral and cold 

with a warm-up. However, differences in CNWU vs. NEU were characterized as possibly trivial. 

Examining time to exhaustion strengthens the novelty of our study as it is first to examine time 

to exhaustion at 120% peak power output in the cold in female athletes. Therefore, we are unable 

to compare our findings to current literature. However, current literature exists examining blood 

lactate accumulation after time to exhaustion at 120% of VO2max after performing an active 

warm up. Gray & Nimmo (64) examined the effects of an active warm-up, passive warm-up and 

a control on high intensity cycling that consisted of a 30 s intense exercise at 120% of VO2max 

followed by cycling to exhaustion at 120% of VO2max one minute later. Blood lactate was 
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significantly higher after the warm-up in the active warm up condition (4.85 ± 0.65 mmol·l-1) 

compared to the passive warm-up (0.65 ± 0.04 mmol·l-1) and the control (0.68 ± 0.06 mmol·l-

1)(64). Immediately after the 30 s cycling trial, blood lactate was similar from pre-test to post-test 

for the active warm-up group (4.45 ± 0.65 mmol·l-1) (64). Both the passive warm-up and control 

groups had an approximately 2-fold increase in blood lactate (1.47 ± 0.14 mmol·l-1, 1.73 ± 0.26 

mmol·l-1, respectively). After cycling to exhaustion, the passive warm-up and control groups’ 

blood lactate increased by approximately 3-fold (pre-exhaustion, passive: 1.47 ± 0.14 mmol·l-1; 

pre-exhaustion, control: 1.73 ± 0.26 mmol·l-1; post-exhaustion, passive: 4.45 ± 0.33 mmol·l-1; 

post-exhaustion, control: 4.91 ± 0.65 mmol·l-1) and blood lactate in the active warm-up group 

increased by approximately 45% (6.46 ± 0.65 mmol·l-1) (64). Therefore, blood lactate 

accumulation was delayed in cycling tests performed after an active warm-up. Similarly, Gray et 

al. (2003) evaluated an active warm-up that consisted of participants cycling at 40% of their 

maximal power output for 5 min (cadence of 60 rev·min-1) followed by a 1 min rest period, then 

four 15 s sprints at 120% of their maximal power output against a control condition. A 30 s 

cycling trial at 120% of their maximal power output was performed for assessment. Before the 

30 s trial, blood lactate was significantly higher in the active warm-up condition (active warm-

up: 5.2 ± 0.4 mmol·l-1; control: 1.0 ± 0.2 mmol·l-1). There was no significant difference in blood 

lactate concentration between pre-and post-exercise within the active warm-up group (5.2 ± 0.4 

mmol·l-1, pre-exercise active warm-up; 5.4 ± 0.3 mmol·l-1, post-exercise active warm-up). 

Within the control group, blood lactate increased by approximately 4-fold from pre-exercise to 

post-exercise (1.0 ± 0.2 mmol·l-1, 3.8 ± 0.5 mmol·l-1). These researchers hypothesized that 

blunted lactate response induced by an active warm-up may occur due to the “conditioned” 

muscle providing a readily available supply of acetyl groups before the onset of high intensity 

exercise (64, 65). Conversely, increased rate of blood lactate removal during recovery could also 

have contributed to the blunted blood lactate response (64). Several studies have speculated that 

actively warming up prior to endurance exercise can improve performance by increasing muscle 

and/or core temperature; increasing core temperature has been shown to cause a greater 

dissociation of oxygen from hemoglobin and may enhance O2 delivery to the active muscles (16, 

17, 64, 65, 147, 156). However, whether these changes result in performance improvements 

remain controversial and require further investigation. 
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Lastly, although exercise intensity at lactate threshold and time to exhaustion performance in 

CNWU was higher compared to both CWU and NEU, the physiological data in the current study 

does not fully support this. First, despite achieving higher watts at lactate threshold in the cold, 

there were no group*time interaction in blood lactate concentration. In contrast to the current 

study, Claremont et al. (34) found that exercising in the cold (0ºC) compared to hot (35 ºC) for 1 

h at 52-59% of VO2max resulted in higher blood lactate concentrations in the heat (35.9 ± 6.5 

mg%) compared to cold (26.5 ± 4.4 mg%)(34) in men. Similarly, Therminarias et al. (141) found 

during workloads higher than lactate threshold, blood lactate concentration was significantly 

higher in the thermoneutral conditions compared to cold in male soccer players. Researchers in 

both investigations speculated the lower blood lactate concentration in the cold occurred due to 

increased liver lactate uptake (increased blood flow to the liver during exercise in cold) and 

therefore increased lactate clearance from the circulation (34, 141).  

 Interestingly, in the current study, there were no group*time interactions VO2 or HR. 

Alternatively, Hanna et al. (71) examined metabolic and cardiovascular parameters during cold 

vs. thermoneutral ambient temperature exposure and found that VO2, was 27% higher during the 

cold condition compared to thermoneutral (VO2 normal: 844 ± 101 ml/min; VO2 cold: 1152 ± 

119 ml/min) (71).  Similarly, Therminarias et al. (141) indicated that VO2 at lactate threshold in 

the cold (43.6 ml/kg/min) was approximately 48% higher compared to thermoneutral (29.4 

ml/kg/min). It is possible that the current study did not examine higher VO2 values in the cold 

conditions due to absence of shivering. Hanna et al. (71) exposed participants to 4-6ºC for 1 hr 

prior to performing moderate exercise and although Therminarias et al. (141) exposed their 

participants for only 5 mins, researchers indicated that shivering did occurs. Despite no 

physiological changes in the current study, this study is the first to examine that watts at lactate 

threshold were higher in the cold with no warm-up compared to cold with an active warm-up and 

thermoneutral in female athletes. Increased power output at lactate threshold will likely result in 

performance improvements.  

The potential improvement in watts at lactate threshold and time to exhaustion in the cold may 

have occurred due to several mechanisms. A performance improvement may have occurred due 

to an increase in fat utilization. When exposed to cold air, vasoconstriction of the periphery 
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occurs to maintain core temperature and reduce heat loss (46). The hypothalamus causes a 

downstream production of catecholamines and catecholamines bind to beta adrenergic receptors 

in the vasculature to reduce peripheral blood flow (46, 136). The binding of catecholamines to 

beta adrenergic receptors also stimulates lipolysis, gluconeogenesis and glycogenolysis (83, 

136). Despite a potential increase in fatty acids and glycerol within the blood during cold 

exposure (not measured in the current study), RER was not different between conditions at 

lactate threshold (CWU: 0.90 ± 0.03; CNWU: 0.94 ± 0.03; NEU: 0.90 ± 0.05) or exhaustion 

(CWU: 0.92 ± 0.02; CNWU: 0.98 ± 0.03; NEU: 0.96 ± 0.04). Therefore, it is unlikely that 

performance in the cold with no warm-up occurred via fat utilization to spare glycogen stores. 

Another possibility is increased lactate utilization and/or lactate clearance in the cold. Studies 

have shown that shivering muscles during acute cold exposure primarily utilize carbohydrates as 

fuel from muscle glycogen stores (69, 83, 145). For example, Vallerand et al. (145) exposed 

young men to 10ºC for 2 h, increasing energy expenditure 2.46-fold compared to the warm 

condition (29ºC). Energy expenditure via thermogenesis had a 588% increase in carbohydrate 

oxidation and 63% increase in fat oxidation (p<0.01, p<0.05, respectively)(145). Lactate is a 

product of carbohydrate metabolism and lactate is often utilized as fuel and shuttled throughout 

the body during exercise (57); lactate is released from one cell and can serve as a precursor for 

either oxidative phosphorylation or gluconeogenesis in other cells (20, 57). Lactate uptake 

reduces arterial lactate concentration and contributes to lactate removal from the circulation (21, 

57). Stanley et al. (1991) found that the heart becomes a major site for lactate uptake and 

oxidizes lactate to a much larger capacity than active skeletal muscle at higher intensities (131). 

Myocardial oxygen demand and blood flow increases as exercise intensity increases and at heavy 

exercise intensities (greater than 60-80% of VO2max), lactate becomes the major substrate for 

the heart and accounts for up to 60% of its substrate metabolism (131). Additionally, 

vasoconstriction of the periphery increases blood flow to the core, which increases blood flow to 

the liver; the liver is a major site for lactate removal and gluconeogenesis. Both increased lactate 

removal by the liver for gluconeogenesis and lactate uptake by the heart or other organs may 

explain a potential performance improvement in the cold without a warm-up. In the present 

study, for the time to exhaustion test, it is possible the length and high intensities achieved in the 

lactate threshold test in conjunction with cold air may have induced a cooling effect. A cooler 
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body prior to performance is thought to increase heat storage and allow individuals to perform 

more work prior to reaching a limiting core temperature, which may delay fatigue (116). 

However, the mechanisms, by which this affect may occur is not fully understood and the current 

study was unable to obtain core temperature values making it difficult to confirm these 

speculations. 

 

Despite the numerous strengths of the study, there are several limitations to be addressed. First, 

we were unable to assess core temperature using a tympanic ear thermometer (Thermoscan 

ExacTemp IRT 4520; Braun, Boston, MA; AUR). Therefore, we cannot confirm that 

physiological changes during exercise in the cold occurred due to a reduction in core 

temperature. We were able to assess skin temperature, which was lower in both cold conditions, 

suggesting that skin temperature in cold differs from skin temperature in thermoneutral 

conditions and likely indicate that thermoregulatory responses occurred to restore thermal 

hemostasis. Additionally, we assessed blood lactate concentration via a finger stick, which was 

made difficult in the cold due to vasoconstriction in the periphery. Using venous blood samples 

to examine blood lactate concentrations would have been advantageous. Lastly, we did not 

evaluate metabolic parameters during the active warm-up. It is possible that the length of the 

active warm-up and intensity reduced exercise capacity, which limited performance. A reduction 

in intensity and/or time of an active warm-up may have produced different results. 

Examining metabolic parameters during the active warm up would have been beneficial to 

determine the metabolic cost of the warm-up and allow us to determine if the intensity of the 

warm-up was too high. Perhaps using percentages of VO2peak would have allowed us to confirm 

that intensity was uniform throughout each participant’s CWU trial. 

 

In conclusion, watts at lactate threshold and time to exhaustion at 120% of peak power output 

appear to be greater and longer (respectively) in CNWU compared to NEU in female cyclists and 

triathletes and may result in a small change in performance. However, more research is necessary 

to evaluate the mechanisms by which performance improvements occurred in the cold and 

whether the performance effect induced by the cold occurs throughout phases of the menstrual 

cycle. For female cyclists/triathletes exercising in the cold, it appears avoiding a 25 min active 
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warm-up may improve performance in both lactate threshold and time to exhaustion at 120% 

VO2peak.  However, athletes must consider that avoiding warming up prior to performance may 

increase the risk of musculoskeletal injuries. Performing a warm-up of shorter duration and/or 

intensity may reduce the risk of injury while preserving the effect of cold on performance. 

Therefore, athletes must consider the effect temperature has on lactate kinetics, time to 

exhaustion, and warm-up procedures to determine appropriate training methods and optimize 

race performance.  
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APPENDIX A 

IRB APPROVAL LETTER 

The Florida State University 

Office of the Vice President For Research 

Human Subjects Committee 

Tallahassee, Florida 32306-2742 

(850) 644-8673, FAX (850) 644-4392 

 

APPROVAL MEMORANDUM 

 

Date: 7/13/2017 

 

To: Margaret Morrissey [mm16as@my.fsu.edu]  

 

Address: 1493 

Dept.: NUTRITION FOOD AND EXERCISE SCIENCES 

 

From: Thomas L. Jacobson, Chair 

 

Re: Use of Human Subjects in Research 

The Effect of Cold Ambient Temperature on Lactate Threshold With or Without an Active 

Warm-up in Female Cyclists and Triathletes 

 

The application that you submitted to this office in regard to the use of human subjects in the 

research proposal referenced above has been reviewed by the Human Subjects Committee at its 

meeting on 07/12/2017. Your project was approved by the Committee. 

 

The Human Subjects Committee has not evaluated your proposal for scientific merit, except to 

weigh the risk to the human participants and the aspects of the proposal related to potential risk 

and benefit. This approval does not replace any departmental or other approvals, which may be 

required. 

 

If you submitted a proposed consent form with your application, the approved stamped consent 

form is attached to this approval notice. Only the stamped version of the consent form may be 

used in recruiting research subjects. 

 

If the project has not been completed by 7/11/2018 you must request a renewal of approval for 

continuation of the project. As a courtesy, a renewal notice will be sent to you prior to your 

expiration date; however, it is your responsibility as the Principal Investigator to timely request 

renewal of your approval from the Committee. 

 

You are advised that any change in protocol for this project must be reviewed and approved by 

the Committee prior to implementation of the proposed change in the protocol. A protocol 
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change/amendment form is required to be submitted for approval by the Committee. In addition, 

federal regulations require that the Principal Investigator promptly report, in writing any 

unanticipated problems or adverse events involving risks to research subjects or others. 

 

By copy of this memorandum, the Chair of your department and/or your major professor is 

reminded that he/she is responsible for being informed concerning research projects involving 

human subjects in the department, and should review protocols as often as needed to insure that 

the project is being conducted in compliance with our institution and with DHHS regulations. 

 

This institution has an Assurance on file with the Office for Human Research Protection. The 

Assurance Number is FWA00000168/IRB number IRB00000446. 

 

Cc: Michael Ormsbee, Advisor 

HSC No. 2017.21392 

 

 
 

 

APPROVAL MEMORANDUM (for change in research protocol) 

 

Date: 11/16/2017 

 

To: Margaret Morrissey 

 

Address: 1493 

Dept.: NUTRITION FOOD AND EXERCISE SCIENCES 

 

From:   Thomas L. Jacobson, Chair 

 

Re:     Use of Human Subjects in Research (Approval for Change in Protocol) 

Project entitled: The Effect of Cold Ambient Temperature on Lactate Threshold With or Without 

an Active Warm-up in Female Cyclists and Triathletes 

 

The form that you submitted to this office in regard to the requested change/amendment to your 

research protocol for the above-referenced project has been reviewed and approved. 

 

If the project has not been completed by 7/11/2018, you must request a renewal of approval for 

continuation of the project. As a courtesy, a renewal notice will be sent to you prior to your 

expiration date; however, it is your responsibility as the Principal Investigator to timely request 

renewal of your approval from the Committee. 

 

By copy of this memorandum, the chairman of your department and/or your major professor is 

reminded that he/she is responsible for being informed concerning research projects involving 
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human subjects in the department, and should review protocols as often as needed to insure that 

the project is being conducted in compliance with our institution and with DHHS regulations. 

 

This institution has an Assurance on file with the Office for Human Research Protection. The 

Assurance Number is FWA00000168/IRB number IRB00000446. 

 

Cc: Michael Ormsbee, Advisor 

HSC No. 2017.21737 
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APPENDIX B 

INFORMED CONSENT FORM 

Title of Project: The Effect of Cold Ambient Temperature on Lactate Threshold With or Without 

an Active Warm-up in Female Cyclists and Triathletes. 

 

Principal Investigator: Margaret Morrissey 

Other Investigators: Dr. Michael Ormsbee (co-PI) 

Participant’s Printed Name: ________________________________________________ 

 

1. Voluntary Consent 

I voluntarily and without element of force or coercion, consent to be a participant in the research 

project entitled “The Effect of Cold Ambient Temperature on Lactate Threshold With or Without 

an Active Warm-up in Female Cyclists and Triathletes.” This study is being conducted by Ms. 

Margaret (Maggie) Morrissey and Dr. Michael Ormsbee of the Department of Nutrition, Food, & 

Exercise Sciences and the Institute of Sports Sciences and Medicine. 

 

2. Purpose of the Research 

The primary purpose of this research is to examine the effect of cold ambient temperature on lactate 

threshold with or without an active warm-up in female cyclists and triathletes. 

Twelve trained (> 2 years of cycling training) females (25-45 years of age) from Florida State 

University and surrounding areas will be recruited for this study.  

 

3. Procedures  

Participants in the study will be required to perform laboratory testing at the Institute of Sports 

Sciences and Medicine (ISSM) and the Department of Nutrition, Food, & Exercise Sciences at 

Florida State University. All measurements and assessments to be completed are described in 

detail below. 

 

I must meet the following criteria to be included in the study: 1) female between the ages of 25-

45 years old; 2) VO2peak of >45 mL·kg-1·min; 3) self-reported minimum of 2 years of cycling 

training at least 3 days/week), and 4) self-reported consumption of over 30 kcal∙kg-1 of lean body 

mass/day on a regular basis.  

 

 

 

 

 

 

I will be excluded from participating in the study if I meet the following criteria: 1) a 

musculoskeletal injury or disorder that would impair cycling performance; 2) taking medications 

that affect metabolism; 3) an existing metabolic disease, cardiovascular disease, or uncontrolled 

thyroid disorder 4) an irregular menstrual cycle 5) ergogenic and/or dietary supplements that 

affect performance. 
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Baseline Measurements – Visit 1. I will arrive at Institute of Sport Sciences and Medicine 

(ISSM) following a 4- hour fast. Upon arrival, the written informed consent will be signed. 

Baseline measurements will be conducted at the ISSM. This is to collect pre-treatment baseline 

values before the administration of interventions. Baseline measurements will include height, 

weight, body composition via air-displacement plethysmography (BOD POD). 

 

Description of Procedures:  

1) Weight and height will be measured and used for analysis via the use of a physician beam 

scale (Seca Corporation, Mexico) and stadiometer (Seca Corporation, Mexico), 

respectively. 

 

2) Body composition will then be assessed via air displacement plethysmography (BOD 

POD. I will be asked to change into clothing that is free of metal and/or hard plastic 

(buttons, zippers, snaps, etc.) and asked to remove all metal from the body (jewelry, 

eyeglasses, hair accessories, etc).  

 

 

Familiarization Visit- Visit 2. I will attend the familiarization visit at the time specified. At the 

familiarization visit, I will perform the lactate threshold test and active warm-up protocol (the 

lactate threshold test and warm-up protocols are described under “3 Laboratory Visits”). 

 

Three Laboratory Visits – Visits 3, 4, and 5. I will attend each of my scheduled laboratory 

visits at the time specified. I understand that the laboratory visits will be performed at the 

Department of Nutrition, Food, and Exercises Sciences (Sandals building) and Visits 3, 4, and 5 

will be performed during the onset of my menses (when my period starts) separated by 24-48 

hours. At each visit, I will perform a lactate threshold test (and warm-up when asked to) in an 

environmental chamber. Every visit I will turn in a 24 hour food and physical activity record. It 

is important to note that I will be asked to replicate eating patterns prior to all visits to the best of 

my ability. 

 

 

 

Intervention (on Visits 3, 4, 5): 

The laboratory visits will consist of the following conditions: 1) thermoneutral temperature 

(20°C) 2) cold temperature (0°C) without an active warm-up and 3) cold temperature (0°C) with 

an active warm-up. Each condition will be performed in the environmental chamber in the 

Department of Nutrition, Food and Exercise Sciences. Each condition will be performed on a 

different day. I will be randomly stratified to the order in which I will perform each experimental 

trial. 

 

Laboratory Testing Procedures: 
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For all lactate threshold tests, I will be fitted with a Hans Rudolph mask (Hans Rudolph Inc., 

Shawnee, KS, USA) attached to a breathing tube to measure the expired air that is delivered to 

the metabolic cart system (Parvo Medics Truemax 2400 Metabolic Measurement System, 

Consentius Technologies, Sandy, UT). The metabolic cart will measure ventilation (VE), oxygen 

uptake (VO2), and respiratory exchange ratio (RER) continuously. My blood will be collected 

and measured throughout the visit via a finger stick. Once my blood is collected, the blood will 

be analyzed immediately using the YSI lactate analyzer (YSI 2900, YSI, Inc., Yellow Springs, 

OH, USA).  

 

I will report to the Department of Food, Nutrition, and Exercise Sciences in the morning 

following an 8 hour fast with my completed 24 hour food and physical activity logs. I will have 

abstained from exercise, caffeine, and alcohol for 24 hours prior to each experimental trial.  

The night prior to each experimental visit, I will be given a CorTemp radio-frequency 

telemetered thermometer pill (HQ, Inc., Palmetto, FL, USA) to monitor my core temperature 

during exercise testing. I will be asked to ingest the CorTemp pill at least 8 hours prior to my 

arrival to the laboratory. My body weight will be measured on a physician beam scale and skin 

temperature patches (VitalSense, Phillips, Bend, OR, USA) will be placed on my forearms and 

legs to measure skin temperature during exercise testing. I will be instrumented with a Polar® 

heart rate monitor (Polar® FTM4, Polar, Inc., Kempele, Finland) prior to testing.  

I will then be asked to consume a standardized meal (CLIF BAR® Energy bar, chocolate chip, 

250 calories, 45 g carbohydrates, 5 g fat, 10 g protein) within 5 min. After consumption, I will 

remain seated for 30 min in room temperature.  

 

Next, I will enter the environmental chamber.   

 

If I am randomized to the thermoneutral temperature: I will remain seated in a chair for 5 

minutes.  

 

If I am randomized to the cold temperature without a warm-up: I will remain seated in a chair for 

5 minutes.  

 

 

 

If I am randomized to the cold temperature with a warm up, I will perform the active warm up 

protocol. The active warm-up will consist of 5 minutes of cycling at 1.5 W∙kg-1    followed by 20 

minutes of cycling at 2.5 W∙kg-1. At minute 15, 17 and 19, the participants will perform a 5 

W∙kg-1sprint for 10 seconds. After the warm up, I will sit in chair for 5 minutes (inside the 

chamber). 

After the 5-minute rest period in the chamber (after all conditions), the lactate threshold test will 

begin and I will start pedaling against 2.0 W·kg-1. Each stage of the trial will be 3 minutes in length 

and the resistance will be increased by 25 watts after I complete each stage. I will not be allowed 

to ingest fluids during the test. Rating of perceived exertion (RPE) using the Borg RPE scale, core 

temperature, skin temperature, and heart rate will be measured at the end of each stage and blood 

lactate will be obtained between the 2nd and 3rd min of each stage. When my blood lactate 
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increases by 1.0mmol or higher from the previous stage, each stage will be reduced to one minute 

in length (resistance increased by 25 watts at the end of each stage) and I will cycle until I feel like 

I can no longer cycle anymore.  

 

4. Discomforts and Risks 

I understand there is a minimal level of risk involved if I agree to participate in this study. The 

risk will be minimized by using qualified investigators to supervise testing and ensure proper 

procedures.  

The risks when enduring finger sticks for blood lactate assessment is small, however, I may 

experience discomfort, swelling, and bruising in the area. The risk of local infection is small.  

I will be exposed to cold ambient temperature (0°C) during the study and I may experience 

shivering and discomfort due to the cold. The risk of hypothermia is very small. The length of 

exposure will be short (20-40 minutes) and I will be performing exercise in the cold temperature. 

I will be exercising until volitional exhaustion (until I can no longer cycle anymore) and I may 

experience fatigue and muscle pain. In some cases, I may feel nauseous or dizzy. I will stop my 

exercise test if the symptoms of nausea and/or dizzy occur.  

Body composition will be evaluated by BOD POD. This system is an enclosed capsule which 

may be uncomfortable for some. However, the length of the test is very short. A single test can 

be accomplished in 4 ½ minutes. Once I enter the BOD POD and am seated comfortably I will 

remain still for two 50 second periods of brief measurements.  

 

 

5. Possible Benefits 

Benefits of participating in the study will include gaining knowledge of my body mass index, my 

body composition, my diet, lactate threshold, ventilatory parameters, heart rate, RPE in all three 

experimental conditions. The benefit to society relates to a better understanding of the effects of 

cold ambient temperature on lactate threshold in female cyclists and triathletes.   

 

 

 

6. Statement of Confidentiality 

The results of this study may be published but my name or identity will not be revealed. 

Information obtained during the study will remain confidential, to the extent allowed by law. My 

name will not appear on any of the results. No individual responses will be reported. Only group 

responses will be reported in the publications. Confidentiality will be maintained by assigning 

each subject a code number and recording all data by code number. The only record with my 

name and code number will be kept by the principal investigator, Margaret Morrissey, in a 

locked drawer in her office. Data will be kept for 10 years and then destroyed. Results of the 

study will be given to me upon request once the study is completed. My own individual results 

will also be given to me upon request in a hardcopy format and only I can receive my results 

from the principal investigator. 

 

7. Notice of Potential Injury 
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In case of an injury, first aid (free of charge) will be provided to me by the laboratory personnel 

working on the research project. However, any other treatment or care will be provided at my 

expense. 

 

8. Contact Information for Questions or Concerns 

Any questions I have concerning the research study or my participation in it, before or after my 

consent, will be answered by the investigators or they will refer me to a knowledgeable source. I 

understand that I may contact Margaret (Maggie) Morrissey at (978) 387-1811 

(mm16as@my.fsu.edu) or Dr. Michael Ormsbee at (850) 644-4793 (mormsbee@fsu.edu) for 

answers to questions about this research study or my rights. Group results will be sent to me 

upon my request. 

 

 

If I have questions about my rights as a subject/I in this research, or I feel I have been placed at 

risk, I can contact the chair of the Human Subjects Committee, Institutional Review Board, 

through the office of the Vice President of Research at (850) 644-8633 

(humansubjects@magnet.fsu.edu). 

 

10. Signature and Consent to Participate in Research 

The nature, demands, benefits and risks of the study have been explained to me. I knowingly 

assume any risk involved. I have read the above informed consent form. I understand that I may 

withdraw my consent and discontinue participation at any time without penalty or loss of the 

benefits to which I may otherwise be entitled. In signing this consent form, I am not waiving my 

legal claims, rights or remedies. A copy of this consent form will be given to me. 

 

__________________________________                                     __________________ 

Participant (Print Name)        Date 

 

 

__________________________________ 

 

Participant Signature 

  

mailto:humansubjects@magnet.fsu.edu
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APPENDIX C 

MEDICAL HISTORY QUESTIONNAIRE 

 

The following questions are designed to obtain a thorough preliminary medical history.  The 

information you provide will help us to make the best determination about your eligibility for a 

particular study or other studies.  Please answer all questions and provide as much information as 

you possibly can.  This questionnaire, as well as any other medical information you provide will 

be kept confidential and will not be shared with any unauthorized person or organization unless 

you specifically request us to do so. 

 

 

Name:  

Street Address: 

City, State, Zip code: 

Telephone Number:   H (      )                              W (      ) 

Email address: _________________________________________________ 

 

Date of Birth:                            Age: 

                              (mm/dd/yy) 

 

Personal Physician’s Name:                                             Phone: (     )  

           Address: 

 

Height                   in. ___________ cm 

Weight                   lb. __________  kg 

 

 

Signature: __________________________________________________ 

 

 

 

 

Occupation? 
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Race?   

 

 

_____________________________ 

 

 

Personal Health History: 

Have you ever been hospitalized or had surgery?  Yes____  No ____ 

Please list all hospitalizations and surgeries to the best of your recollection. 

Hospitalized for                                                                                                                 Age when 

Disease/Operation                                             Duration                                              hospitalized 

 

 

 

 

 

 

 

 

 

 

 

 

List any disease or illness you have had not listed above (e.g., pneumonia, broken bones, etc.) 

 

 

 

 

Food Allergies: 

Are you allergic, sensitive or intolerant of any foods or medications?  

Yes____   No ____ 

 

If yes, please describe: 

 Food: _______________________________________________________ 

 

 Medication: __________________________________________________ 

 

 Other: ______________________________________________________ 
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Birth Control: 

Are you currently taking any form of birth control? 

Yes ______   No ______ 

 

If yes, what kind?  

 

 

 

 

Do you still have a monthly menstrual period? 

Yes______   No______ 

 

Is your menstrual cycle regular? 

Yes______   No______ 

 

If no, please explain: 

 

 

 

What was the first day of your last menstrual cycle? 

 

 

 

Health Concerns: 

Are you currently seeing a doctor or other health care provider for any reason? 

Yes______   No______ 

If yes, please explain: 
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Medical History:  

1. Have you ever been diagnosed as having any of the following and if yes, how are you 

currently treating the condition? 

 

 Y  N High Blood Pressure 

   Please indicate last known reading: 

    Blood pressure: _____/_____ 

 

 Y  N High Cholesterol or High Triglycerides 

   Please indicate last known reading: 

    Cholesterol: _____ 

    Triglycerides: _____ 

 

 Y N Diabetes (Circle: Type 1 or Type 2)  

Note: Type 1 diabetes is insulin-dependent diabetes mellitus. It is typically 

diagnosed at an early age and requires insulin shots or an insulin pump 

immediately upon diagnosis.  Type 2 diabetes is often diagnosed at an 

older age (past age 20) and is usually initially treated with changes in diet 

and/or medication (pills). 

 

 Y N Hypoglycemia (low blood sugar) 

 

 Y N Asthma 

 

 

2. Have you ever had a glucose tolerance test? Y N 

If yes, what were the results? 

 

 

 

3. Have you ever had a fasting blood sugar test? Y N 

If yes, what were the results? 

 

 

 

4. Does anyone in your family (immediate family including your grandparents) have a history of 

cardiovascular disease (heart attacks, stroke, etc.)? Please explain: 

 

 

 

 

5. Do you have any neurological problems including fainting, dizziness, headaches or seizures? 
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6. Please list all past injuries that may affect your ability to perform exercise:  

 

 

 

 

 

7. Do you smoke or use smokeless tobacco?  Y       N            

 

     If yes, how many cigarettes per day? ______ 

 

 

8. Do you drink coffee or other caffeinated beverages?  Y  N  

What kind, how much and how often? 

 

 

 

 

9. Please list all vitamins, minerals and herbs and other ntritional (performance) supplements as 

well as medications you are currently taking. How long have you been taking them and how 

frequently?  

 

    

 

10. Are you willing to stop taking all nutritional supplements you are currently on for the 

duration of this research study?  (Y/N) ___________________ 

 

 

 

 

11. What changes have you made in your diet in the last 6 months? 

 

 

 

12. How many calories do you eat daily (approximately)? 
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APPENDIX D 

PHYSICAL FITNESS AND CYCLING QUESTIONNAIRE 

The following questions are designed to obtain a thorough preliminary physical fitness and 

cycling history.  The information you provide will help us to make the best determination about 

your eligibility for a particular study or other studies.  Please answer all questions and provide as 

much information as you possibly can.  This questionnaire, as well as any other medical 

information you provide will be kept confidential and will not be shared with any unauthorized 

person or organization unless you specifically request us to do so. 

 

 

1. Have you been cycling for at least 3 days/week for the last 2 years?    Y N 

 

 

2.. How often do you train for cycling? Please be detailed in a description of your average week 

of training.  

 

 

 

 

 

 

 

 

 

 

3. How often do you perform other forms of training? Please be detailed in a description of your 

average week of training (Include type of training: endurance, HIIT, resistance, crossfit, etc). 

 

 

 

 

 

 

 

 

 

 

 

 

4. How does your current exercise and physical activity compare to 6 months ago?  1 year ago? 
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5. Have you had a physical exam in the past 2 years?  Y N  

     Please describe your assessment of your overall health: 

 

 

 

 

 

 

 

 

 

 

6. Do you have any musculoskeletal injuries or disorders that would impair your cycling 

performance?      Y       N  

 

If yes, please describe: 

 

 

 

 

7. What type of cycling pedals do you own (if applicable)? 

 

 

 

 

 

8. What type of cycling kit do you typically wear (if applicable)? Please be as detailed as 

possible. 
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9. Do you wear gloves when you cycle ?       Y            N 

 

 

 

10. Do you typically warm up prior to cycling events?  Y    N 

 

If yes, please describe your warm up routine (please be as detailed as possible): 
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APPENDIX E 

FOOD AND PHYSICAL ACTIVITY LOG 

 

 

Directions for 24 Hour Food Record 

 

1. Try to make it a typical eating day. 

 

2. Please record each food you eat immediately after you eat it. 

 

3. Record only one food item per line. 

 

3.  Be as specific as possible when describing a food eaten:  How it  

          was cooked and the amount you ate.  Don’t forget to include all 

          beverages you drink.  For example:  Coffee with 1 tsp. Cream, 12 oz.  

          Regular Coke, or 8 oz. Sweetened Tea.   

 

4. Include brand names or labels from food items whenever possible. 

 

5. Record amounts eaten in household measures.  For example:   

    one  cup nonfat  milk, 3 ounces grilled chicken, 2 tablespoons   

    ranch dressing, 1 medium fruit, 2 slices cheese. 

 

6. Include the method used to prepare the food item.  For example: fresh, frozen, stewed, 

fried, baked, canned, broiled, raw, braised. 

 

7. For canned foods, include the liquid in which it was canned.  For example:  Sliced 

peaches in heavy syrup or Fruit cocktail in light syrup. 

 

8. If you eat at a restaurant, do your best to estimate portion size and list the restaurant you 

ate at.  List any visible fat, oil, or sauces added to your food. 

 

9. List amount and type of oil or butter you use in the preparation of your food. 

 

10.  Do not alter your diet while you are keeping a food record.  

 

11. Please indicate what activities you participated in during each of the days that you record 

your diet.  

 

 

 

ID #: ____________________ 

Visit #: _______________ 
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EXAMPLE OF HOW TO KEEP YOUR FOOD AND PHYSICAL ACTIVITY RECORD 

 

Time Food Items and Method of Preparation Amount Eaten 

7:00 am Banana, fresh 1 medium 

8:00 am Coffee, 8 ounces  

        With sugar 1 teaspoon 

        With half and half cream 1 teaspoon 

8:30 am Cornflakes cereal 1 cup 

         With 2% milk ½ cup  

12 noon Bread, whole wheat 2 slices 

         With mustard 2 teaspoons 

         With mozzarella cheese 1 slice 

         With Turkey 6 deli thin slices 

 Rold Gold Pretzels 12 pretzels 

3:00 pm Oreo cookies 3 cookies 

 Regular Dr. Pepper 12 ounces 

6:00 pm Chicken Breast, grilled 6 ounces 

 Baked Potato 1 medium 

 Broccoli, steamed ½ cup 

 Dinner Roll 2 small rolls 

         With margarine 1 tablespoon 

 Milk, 2% 8 ounces (1 cup) 

9:00pm Vanilla Ice Cream 1 cup 

         With strawberries, fresh ½ cup 

 

Was this a typical day’s intake? (Y/N, if No please explain). 

____ No, this was not a typical day’s intake because I had a doctor’s appointment and we went 

to McDonald’s afterwards for lunch. 
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Did you abstain from exercise 24 hours prior to your study visit?     Y        N 

 

 

 

 

 

 

Please describe your physical activity from your previous study visit to today. What type of 

training did you perform? For how long? How many repetitions or sets? Please be as 

specific as possible.  

 

I ran for 45 minutes 2 days prior to my study visit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID #: ____________________ 
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DIETARY FOOD AND PHYSICAL ACTIVITY RECORD 

Name:____________________________   Date:_________ 

 

Time Food Items and Method of Preparation Amount Eaten 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

 

Was this a typical day’s intake? (Y/N, if No please explain). 

______________________________________________________________________________

______________________________________________________ 

 

 

 

 

 

 

 

Did you abstain from exercise 24 hours prior to your study visit?     Y    N 
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Please describe your physical activity from your previous study visit to today. What type of 

training did you perform? For how long? How many repetitions or sets? Please be as 

specific as possible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID #: ____________________ 

 

DIETARY FOOD AND PHYSICAL ACTIVITY RECORD 

Name:____________________________   Date:_________ 
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Time Food Items and Method of Preparation Amount Eaten 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

 

Was this a typical day’s intake? (Y/N, if No please explain). 

______________________________________________________________________________

______________________________________________________ 

 

 

 

 

 

 

Did you abstain from exercise 24 hours prior to your study visit?     Y    N 

 

 

Please describe your physical activity from your previous study visit to today. What type of 

training did you perform? For how long? How many repetitions or sets? Please be as 

specific as possible.  
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ID #: _____________ 

 

DIETARY FOOD AND PHYSICAL ACTIVITY RECORD 

Name:____________________________   Date:_________ 
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Time Food Items and Method of Preparation Amount Eaten 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

 

Was this a typical day’s intake? (Y/N, if No please explain). 

______________________________________________________________________________

______________________________________________________ 

 

 

 

 

 

 

Did you abstain from exercise 24 hours prior to your study visit?      Y    N 

 

 

 

 

Please describe your physical activity from your previous study visit to today. What type of 

training did you perform? For how long? How many repetitions or sets? Please be as 

specific as possible.  
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submissions.  

● Assisted in preparing grant applications  

● Coordinated complex industry-sponsored and investigator-initiated protocols and maintained 
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source documents in accordance with GCP and FDA regulations. 

● Developed standard operating practices to ensure protocol and research objectives are maintained 

● Assisted principal investigator and research staff to identify potential problems and implement 

corrective actions for research studies  

● Assessed patient eligibility and introduced protocols to patients 

Research Coordinator, Pediatric Hematology/Oncology, Weill Cornell Medical College             

 May 2014-Jun. 2015 

● Coordinated industry-sponsored and investigator-initiated protocols involving pediatric and adult 

patients  

● Coordinated and participated in FDA audit of a previously completed trial. 

● Co-authored and implemented a corrective action plan for protocol issued a FDA 483. 

● Screened patients for eligibility, scheduled and conducted study visits, and attended research 

meetings. 

● Prepared and submitted all IRB submissions including but not limited to; protocol amendments, 

annual renewals, adverse events, protocol deviations and initial protocol submissions. 

Undergraduate Research Assistant, Health & Exercise Sciences Dept., Skidmore College               

Jan.-May 2014 

● Thesis Title: “The effect of Monster Energy drink consumption on arterial stiffness in college aged 

students” 

● Measured arterial stiffness ex vivo using an Arteriograph; responsible for recruitment of 24 

participants 

● Collected and analyzed data using ANOVAs and t-tests through SPSS, culminating in extensive 

thesis paper 

Undergraduate Research Assistant, Health & Exercise Sciences Dept., Skidmore College               

Oct.-Dec. 2013                                                                                          

● “The acute effect of beetroot juice and Monster Energy on arterial stiffness in male college-aged 

smokers and nonsmokers”  

● Wrote an Institutional Review Board (IRB) proposal, informed consent form, and research 

proposal 

● Recruited and worked with 8 study participants for pilot study; collected and analyzed data; ending 

with a written paper and poster presentation at Skidmore College 

 

Additional Research Experience

 
Research Analyst/Coder, Oppenheim Research, Tallahassee, FL                                                     Jun. 

2017-Jan 2018 

• Audit and review market research data prior to submission to Florida’s Department of Economic 

Opportunity 

• Code data collected by phone interviewers regarding job vacancies in various regions in Florida 

 

Teaching Experience

 
Teaching Assistant, Department of Nutrition, Food, and Exercise Sciences                                       

Jan. 2018-Present  

 PET3323C: Functional Anatomy and Physiology II 

• Instructs three laboratory sections of Anatomy and Physiology II 

• Creates and grades quizzes and examinations 
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Teaching Assistant, Department of Nutrition, Food, and Exercise Sciences                                

    Aug. 2017-Dec. 2017  

 PET3361: Nutrition & Sports 

• Aids the instruction of an Undergraduate Sports Nutrition and Performance course through online 

platform 

• Reviews and grades student discussion board assessments, quizzes, and examinations 

• Meets with students that require further instruction to review the course content          

Student Assistant, ISSM Outreach Program                                                                                      

 Apr. 2017-Jun. 2017 

• Performed exercise testing and body composition assessments for clients in the ISSM outreach 

program 

• Effectively communicated results of exercise and body composition testing to clients  

• Taught outreach clients basic concepts to optimize their health 

Peer Tutor, Skidmore College         

Feb. 2013- May 2014 

● Introduced study skill techniques and important concepts to students in order to succeed in 

Anatomy & Physiology, Biology, and Nutrition courses at Skidmore College 

● Assisted students with the Microsoft Excel program required to generate graphs and statistics 

 

Skills

 
 

Computer:    SPSS, Microsoft Office, Microsoft Excel, Microsoft Outlook, Microsoft PowerPoint, 

Various EDC databases, Zephyr OmniSenseTM software, GPower 3.0.10 

 

Laboratory: Microdialysis, proficiency with metabolic carts, blood lactate testing and analysis, body 

composition assessments (BodPod, skin folds, bioelectrical impedance, hydrostatic 

weighing), EKG testing and assessment, maximal and submaximal exercise testing, blood 

pressure assessment, pipetting, pH meter use, titrations, blood smear preparation, ethanol 

assay, VitalSense core temperature pills, Arteriograph (arterial stiffness), Sphygmocor 

(arterial stiffness), glucose and cholesterol monitoring (YSI, Cholestex), Environmental 

Chamber, 1 repetition max testing, Fatigue Science Readiband, Urine Specific Gravity, 

Thermochron iButtons 

 

 

Awards and Honors

 
Tuition Waiver Award, Florida State University                                                                                  

Aug. 2016-Present 

 

Member, Kappa Omicron Nu Honor Society                                                                                         

Feb. 2017-Present 

 

Nutrition, Food, Exercise Sciences Representative, Graduate Student Advisory Council                

May 2017-Present 
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Certifications 

 
Adult First Aid/AED/CPR                                                                                                                        

Oct. 2016-Present 

 

 

Manuscripts 

 
Refereed Journal Articles 

Daniel A. Baur, Brandon D. Willingham, Kyle M. Smith, Jacob N. Kisiolek, Margaret C. Morrissey, 

Patrick G. Saracino, Tristan J. Ragland, and Michael J. Ormsbee (2017). Glycemic Index Has No Impact 

on Subcutaneous Abdominal Lipolysis During Exercise. Med Sci Sports Exerc. Nov 20. doi: 

10.1249/MSS.0000000000001498. [Epub ahead of print] 

 

Refereed Journal Articles in Preparation 

Michael J. Ormsbee, Jacob N. Kisolek, Kyle A. Smith, Brandon D. Willingham, Margaret C. 

Morrissey, Samantha M. Leyh, Patrick G. Saracino, Daniel A. Baur. The Effects of Sleep Time on Ultra-

Endurance Triathlon Performance.  

 

Michael J. Ormsbee, Kyle A. Smith, Jacob N. Kisolek, Margaret C. Morrissey, Patrick G. Saracino, 

Brandon D. Willingham, Samantha M. Leyh, Daniel A. Baur. The Effect of Sleep on Systemic 

Inflammation During the Ultraman Triathlon. 

 

Brittany R. Allman, Margaret C. Morrissey, Michael J. Ormsbee. The Effect of Pre-Sleep Casein Protein 

Consumption on Next-Morning Resting Metabolic Rate in Resistance-Trained Women. 

 

 

Presentations

 
Margaret C. Morrissey, Jacob Kisolek, Tristan Ragland, Brandon Willingham, Rachael Hunt, Jason 

McArthur, Haley Mitchell, Michael Ormsbee. The Effect of Cold Ambient Temperature on Lactate 

Threshold in Female Cyclists and Triathletes. Florida State University Research Showcase, February 19th, 

2018 

 

Margaret C. Morrissey, Jaymie Donaldson, Andrew McKune, Michael J. Ormsbee. The Effect of Pre-

Sleep Protein Supplementation After Resistance Exercise on Next Day Performance and Recovery 

(submitted). ASCM Annual Meeting, May 29th -Jun. 2nd ,2018 

 

Kyle A. Smith, Jacob N. Kisolek, Margaret C. Morrissey, Patrick G. Saracino, Samantha M. Leyh, 

Brandon D. Willingham, Daniel A. Baur, Marc D. Cook, Michael J. Ormsbee (submitted). Ultra-

Endurance Triathlon Performance and Markers of Whole-body and Gut-specific Inflammation. ASCM 

Annual Meeting, May 29th -Jun. 2nd ,2018 
 

Jacob N. Kisolek, Kyle A. Smith, Brandon D. Willingham, Daniel A. Baur, Margaret C. Morrissey, 

Samantha M. Leyh, Patrick G. Saracino, Michael Ormsbee (submitted). The Effect of Total Sleep Time 

on Ultra-Endurance Triathlon Performance. ACSM Annual Meeting, May 29th -Jun. 2nd ,2018 
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Jacob N. Kisolek, Kyle A. Smith, Brandon D. Willingham, Daniel A. Baur, Margaret C. Morrissey, 

Samantha M. Leyh, Patrick G. Saracino, Michael Ormsbee (submitted). The Effects of Sleep Time on 

Ultra-Endurance Triathlon Performance. SEASCM Annual Meeting, Feb. 15th -17th ,2018 

 

 Kyle A. Smith, Jacob N. Kisolek, Margaret C. Morrissey, Patrick G. Saracino, Brandon D. 

Willingham, Daniel A. Baur, Michael J. Ormsbee (submitted). The Effect of Sleep on Systemic 

Inflammation During the Ultraman Triathlon. SEASCM Annual Meeting, Feb. 15th -17th ,2017 

 

 


