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ABSTRACT
AMY LANE: The Effect of Carbohydrate Consumption during Intensive Exercise Training
on the Free Testosterone to Cortisol Ratio
(Under the direction of Anthony C. Hackney, Ph.D., D.Sc.)

This study examined the effect of dietary carbohydrate (CHO) consunaptithre
free testosterone to cortisol (fTC) ratio during an intense microcycbeeofise training.
The ratio is a proposed biomarker for overreaching-overtraining in athletesgrowps,
control-CHO (~60% of daily intake, n=12) and low-CHO (~30% of daily intake,,5f8)
male subjects performed three consecutive days of intensive training (~70w&&%0al
capacity) with a dietary intervention (day before and days of training). Tkheaftio
decreased (p<0.01) from pre-study resting measurement to the finalyzystesting
measurement in the low-CHO group. No significant change occurred in the gpatrp!
Findings suggest if the fTC ratio is utilized as a marker of trainingsser@liet of ~60% CHO

needs to be consumed to maintain validity of the ratio value.
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CHAPTER I
BASIS OF STUDY
Introduction
Athletes must continually challenge themselves in their training er éodmaintain
the high level of physical fithess necessary to be competitive and optimizepieing
performance. The typical training approach consists of repeated exposuresuous
activities. In order to maximize the adaptive response these activiiEgserome
increasingly more strenuous over time; i.e., progress to more difficuls lamdlcontinue to
overload the body. However, there is a fine, unidentified line where benefiamhdyai
becomes detrimental. Pushing too hard without proper recovery time can result iofa loss
performance (Rowbottom, 2000). Kuipers (1998) has depicted this as an inverse U-shaped

relationship between performance and training overload (Figure 1).

Over-reaching Overtraining

Overload

Compensation Adaptation [HAdaptation

_________ Performanc

Figure 1. Inverse U-shaped relationship betweefopeance and training overload (Kuipers, 1998).



Continued training overload without proper rest and recovery time leads to overreaghing
this point positive adaptations cease and continued efforts could lead to development of the
Overtraining Syndrome (OTS) which decreases performance capacity.tt&agrence

OTS is reached it can take weeks or months for athletes to recover (Hackngy, 2006
Because declining performance is undesirable for athletes, a method afringriraining
progress to prevent or avoid the OTS is desirable. Since many factors avednudhe
progression, and individuals respond differently to stress, there is no standard rfegasure
known point) that identifies negative progress at this time (Angeli, Minetto oD&wacotti
2004).

A suggested measure is to compare the recovery, or building up (anabolicy &xtivit
the breaking down (catabolic) activity of proteins, which is regulated thrawdgcene
factors. Protein status dramatically controls the plasticity of skehetscle adaptation.
Therefore, by comparing the anabolic and catabolic hormonal activityeao$tadsitive or
negative protein activity may be (Brooks, Fahey, & Baldwin, 2005). For these rethsons
analysis of the resting levels of blood free testosterone to cortisol (&fiGhas been
proposed as a potential endocrine marker to measure training adaptation @titeztal.,
1986; Hoogeven & Zonderland, 1996; Urhausen, Gabriel, & Kindermann, 1995). A
measured decrease of 30% or an absolute ratio value below 0%3%xE8t (as measured
over several days) is said to suggest an overtraining effect (Lehmann, Fdsear, &993).
This marker has been used with varying degrees of success, some very pratisagh
many researchers continue to investigate its usefulness.

Testosterone, an anabolic steroid, has been shown to increase protein synthesis as

well as red blood cell formation. Conversely, cortisol stimulates muscle ysgand



gluconeogenesis. Exercise of a specific intensity and or duration is known togroduc
significant changes in testosterone and cortisol (McMurray & Hackn@®) 20 estosterone
tends to increase with short-term bouts of exercise relative to intensigge Thcreases can
mainly be attributed to a decrease in metabolic clearance rate, aséner@aoduction and
secretion, or the result of hemoconcentration from the exercise. A minimursiinief 50-
60% of VOQmax must be met for cortisol to show a significant increase (McMurray &
Hackney, 2000). The increase results in the breakdown of triglycerides, hepatic
gluconeogenesis, and an increase in muscle proteolysis in an effort tamiaowa glucose
homeostasis (Brooks et al., 2005).

Hormones are also affected by energy substrate availability in the hquhyticular
the amount of carbohydrate (CHO). For example, diminished glucose conceniratluns
blood will stimulate an exaggerated response by fuel mobilizing hormones such as
epinephrine, glucagon, growth hormone and cortisol. Specifically, Galbo, Holst, and
Christensen, (1979) found that subjects on a low CHO diet (daily caloric intake = 11.5%
CHO) for several days had elevated levels of these fuel mobilizing hormonpareointo
subjects on a high CHO diet (daily caloric intake = 77% CHO). A consequemgesfing
a low CHO diet is the effect that it will have on cortisol and testosterone lewathout
abundant CHO to replenish both glycogen stores and maintain sufficient blood glucose
levels, cortisol will be secreted in an effort to maintain blood glucose througtiemus
proteolysis and amino acid oxidation (Brooks et al., 2005). Testosterone also experience
alterations in bioavailability with differing diets. Anderson et al. (1987) fobat t
testosterone levels decreased in a high protein diet, compared to a high CHO Het, whi

cortisol showed the opposite response. The binding globulins of both hormones experienced



parallel changes. The increase in sex hormone binding globulin provided moferdites
testosterone to bind, therefore decreasing the free testosterone coioceinttae blood for
anabolic purposes. Cortisol binding protein levels were increased with the high pretein di
and suppressed in the high CHO, comparatively.

The recommended intake of CHO for athletes is approximately 60-70% of their diet
especially for endurance-based activities (Snyder, Kuipers, Cheng,sSé&raansen,

1995). By consuming the appropriate macronutrient balance, the body is able to replenish
glycogen stores and maintain the intense level of training necessary. Dairitgtr

schedules, personal habits, and inappropriate nutritional education, most athletes
overestimate their CHO intake by 10-25% (Snyder et al., 1995). This suggestatiya
athletes are not consuming an adequate amount of CHO. Therefore, in mamnsittiess
possible that athletes are not physiologically prepared to handle thersti@stheir intense
training programs.

The above evidence suggest that to consider the fTC ratio as a trainingiadaptat
marker without taking into account the influence of prior daily diet may invalithet
measurement. That is, variations in daily CHO consumption potentially hindetitielity
of the markers results, leaving the conclusions suspect and inconsistent (Jeukendrup, 2003;
Evans & Hughes, 1985; Galbo et al., 1979; Tsai et al., 1993; Kavouras, Troup, & Berning,
2004). The influence of daily CHO intake on cortisol and free testosterone levels in
combination with acute exercise have been examined in the research literatuegeH the
influence CHO intake on the fTC ratio over repeated days of training has not.

Therefore, the purpose of this study was to investigate the effect of CHO

consumption on the fTC ratio over repeated days of intense exercise. The sufxects w



randomly assigned to a control (normal) or low carbohydrate group, and ed€ogiskng)
for three consecutive days. Blood was drawn at 24 hr intervals and analyzed for free
testosterone and cortisol levels. The research question was: Does the qli&tHi€y
consumed affect the fTC response to intensive training? It was hypothesizadbthaCHO
consumption diet would produce a greater reduction in the fTC ratio than a control CHO diet
Delimitations
1. The subjects consisted of males ages 18 to 45 who were recruited from The
University of North Carolina at Chapel Hill and surrounding areas.
2. The subjects were healthy, moderately to highly trained individuals involved in
competitive endurance sport.
3. The subjects began each trial after a minimum 8 hour fast and refrained from
physical activity in addition to the training protocol during each trial.
Limitations
1. The results can only be generalized across the population studied: males 18 to 45
who were moderately to highly trained in endurance sports.
2. Although subjects were asked to refrain from normal physical activitydhan
training sessions and follow a control or low CHO diet, it is possible an occasional
deviation occurred.

Definition of Terms

1. Overreaching:An increase in training meant to provide positive adaptations with
appropriate rest. This can result in overtraining and/or OTS (Halson &

Jeukendrup, 2003).



2. Qvertraining: A condition identified through decreased performance due to an
imbalance of exercise intensity and volume to recovery time (Angeli 0814).

3. Overtraining Syndrome (OTS)A stress related condition resulting from too little

rest and recovery, a primary symptom is decreased performance (Araleli e
2004).

4. Cortisol: A glucocorticoid hormone produced in the zona fasciculata layer of the
adrenal cortex and is stimulated by the adrenocorticotropic hormone (ACTH) of
the anterior pituitary (Neal, 2000).

5. TestosteroneA hormone synthesized and secreted from the Leydig cells of the
testis, it is stimulated by the luteinizing hormone (LH) of the anterior piyugtad

has both androgenic and anabolic effects (Neal, 2000).

6. Free Testosterone to Cortisol Ratio (fTA)e molar ratio of free testosterone to
cortisol.
Significance
In the ever increasingly competitive world of athletics, the need to push aneself
training is greater than ever. The training load athletes endure imektriatense.
Currently, there is no identifier to warn coaches or athletes that they neetlite the
training load or increase resting periods to prevent maladaptations fromimg.curne
suggestion of a hormonal marker to identify such a situation, the fTC ratio, has beed studi
for the last 20 years. Research has been conducted in an effort to validate the ul§eCof the
ratio as a marker of potential overtraining. Results have been positive, excepuimber
of inconsistencies. However, the diets of the subjects in these studies haveaanely

controlled for. The results of this study may be able to contribute to the vafithig o



measure by providing guidelines concerning the influence of CHO duringhgainithe fTC
ratio. The results could direct future studies about dietary needs to beampiete and
accurate. It could also be utilized as an educational tool for coaches and @litetevho
may not know the extent to which a low CHO affects one’s performance. Perhaps thes

results can help individuals avoid unnecessary setbacks.



CHAPTER I
REVIEW OF LITERATURE

l. Introduction

This study examines how the amount of CHO one consumes may impact the free
testosterone to cortisol (fTC) ratio. This ratio has been suggestedaakea for identifying
individuals with overtraining. However, it may be that the lack of proper nutritidreis t
driving force behind shifts in the ratio rather than only the intense exé@iismg. This
literature review will examine the information available regardingsmrand free
testosterone and the potential dietary impact on them. In addition, it will re\ngwhe fTC
ratio is considered a potential marker for overtraining. The researchricmgcthe effect of
exercise on the fTC ratio and the work that has been done in both short-term and long-term
training studies will be evaluated, and whether dietary influences wernelects
[I. Hormones
A. Cortisol

1. Function

The hormone cortisol is classified as a glucocorticoid, produced in the zona
fasciculata of the adrenal cortex. Cortisol is the most abundant of the glimmdsrtand is
controlled by negative feedback loop. The release of cortisol is initiatecafchsturbance
in homeostasis (Tortora & Derrickson, 2006). An increase in stress or decreasslin bl

glucose levels will cause the hypothalamus to release corticotrophisimgléactor (CRF),



which results in the release of adrenocorticotropin hormone (ACTH) from theanter
pituitary. ACTH will stimulate the adrenal cortex to release cor(Baoks et al., 2005).

The release of cortisol will stimulate lipolysis, breakdown proteins, arseaducose
formation. Cortisol will specifically cause a breakdown of triglycesjdeleasing free fatty
acids into the blood from adipose tissue. In the muscle, cortisol increases tligrateio
breakdown resulting in more amino acids in the blood available for remodelingrgy ene
production. In the liver, amino acids, or lactate can be converted into glucose. €his latt
process, gluconeogenesis, increases the blood glucose levels (Tortonak&dde 2006).

2. Dietary Impact

The nutritional status of an individual will have an impact on how cortisol responds.
Galbo (1983) explains that with a decrease in CHO consumption, there is an increased
response in sympathoadrenal activity. This will lead to elevated stimulatammtisol in an
effort to enhance lipolysis and maintain blood glucose homeostasis. He ildisioate
following a ~ 60 hour fast, cortisol (nmol/l) levels were elevated fromtangelsasal state
prior to the fast. Additionally, glucose (mmol/l) levels were decreasemvioll the ~ 60
hour fast.

Tegelman, Lindeskog, Carlstrom, Pousette, and Blomstrand (1986) had ten women
and six men eat a decreased caloric intake for 3 days, then 7 days with only 50g CHO
(fasting), followed by 3 days back at their normal diet. Venous blood was drawn
immediately before and after the fasting period, as well as one weefaafteg. They
found that a decrease in consumption of CHO could result in changes in peripheral hormones

levels due to decreased metabolic clearance of some steroids (i.e., giccos).



Anderson et al. (1987) found that low-CHO diet influenced cortisol and its binding
globulins. They looked at two isocaloric diets, high-protein (44%, 35% CHO) and high-
CHO (70% CHO, 10% protein) over a 10 day period each in seven healthy 22-43 year old
men. Cortisol and cortisol binding globulin (CBG) decreased during the high-CHO diet.
During the high-protein diet 6% to 43% less CBG were available for bindindingsinl
more cortisol in the blood. Cortisol binding globulin is synthesized in the liver. Aogptali
Anderson et al. (1987) this suggests that synthesis and degradation may be inflyenced b
changes in dietary composition, however, they could not identify a specific m&ohani

3. Exercise Response

Intensity and duration are two important factors in how cortisol will respond to
exercise. With low intensity exercise 40% of VQay, cortisol tends to show a decrease in
concentration in the blood. This can be misleading. Cortisol is still being released i
response to the exercise, but the metabolic clearance rate (MCR) & traatthe
secretion/production rate, therefore the concentration appears to be deqi@ating1983).
There seems to be a threshold at which cortisol is produced and secreted at satgehtan
clearance. As exercise continues to an extended duration, cortisol will continaestise in
response to the stress (Brooks et al., 2005).

Hill et al. (2008) confirmed that a workload of at least 60% of an individual’s
maximal oxygen consumption will induce an increased cortisol response. Theyehas tw
moderately trained males exercise at 40%, 60%, and 80% Hf VIO determine what
intensity would elicit a significant increase in circulating cortisol. hBbe 60 and 80%
sessions were significantly greater than the resting and 40% session. Atdé¥gase in

cortisol was found, which agrees with Galbo (1983).
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The main role of cortisol during exercise is maintaining blood glucose ldveds
effort to do so, cortisol stimulates lipolysis in adipose tissue, accald¢hatdreakdown of
protein in the muscle, and increases gluconeogenesis in the liver. ThesmBiactur
during both the actual exercise and continue on for up to 2 hours after completion (Brooks et

al., 2005) (see Figure 2).

Cortisol
A 4
Muscle Tissue Liver Adipose Tissue
A 4 ¢ A 4
Protein Amino Acids Triglycerides
+
l Glycerol Fatty Acids
Amino Acids (to the blood,
(to the blood and l increase FFA
liver) Glucose Oxidation)
(gluconeogenesis) +
Blocks glucose Glycerol
uptake in inactive (to the liver)
tissue

Figure 2. The effect of cortisol on muscle tissues, liver, and adipose tissug exercise
and recovery.

The lipolysis stimulation is done in an effort to decrease the use of gtyaade
make lipids a greater source of energy for the muscles. At the sameatnsethppening,
cortisol blocks the muscles uptake of glucose, at inactive tissues, to keep rherblood.
This all occurs as exercise is being performed, and is the main function sblcattihat
time (Brooks et al., 2005). Gluconeogenesis also takes place during exercssgludbse
being put into the blood is more for maintaining glucose delivery to the brain and centra

nervous system than the working muscles. Once exercise has ended, cortisolstmtinue
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operate by increasing the breakdown of muscle tissue. This frees amino acitds libod
which can then be used in the liver for gluconeogenesis, or for rebuilding of proteins, and
muscle remodeling. The protein breakdown in the muscle is occurring at damaigéaaspr

It does not destroy strong proteins, only clears away those that are les$angefiscular
function, so newer stronger muscle can be built. This function is what supposedly keeps
cortisol levels elevated for up to 2 hours into recovery (Viru & Viru, 2004).

Cortisol levels in trained individuals are typically lower than those in theiained
counterparts. Trained individuals will also experience a more attenugpetsedy cortisol
as intensity and duration of exercise increase when compared with an untrainetiaidivi
There are an increased number of receptors and a heightened sensitihigyformone
(Brooks et al., 2005) meaning there is a need for less of the hormone. Furthermore, the
exercise itself will be less of a stressor to the body.

B. Free Testosterone
1. Function

Testosterone is a steroid, produced primarily in the Leydig cells of tes.teSmall
amounts are also secreted by the zona reticularis and zona fascisulatdirettad gland.

Like cortisol, testosterone is regulated by a negative feedback loop. @iomudegins in the
hypothalamus to the anterior pituitary to the testicles to eventual releasehilood.
Testosterone follows a circadian rhythm, and has its highest concentmatibaslood

overnight (McArdle, Katch, & Katch, 2001). Once in the blood, testosterone is carried by
binding proteins, primarily sex hormone binding globulin (SHBG), any that is not bound to a
carrier is qualified as free testosterone. This is the biologicallyeaicim that interacts with

target tissues (Hackney, 1996).
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The functions of testosterone can be qualified as either androgenic or arfaigalie (
3). Androgenic functions include the development of secondary masculine sex
characteristics and reproductive function. Anabolic activity is primazlpted to the growth

and development of tissue (Tortora & Derrickson, 2006).

Testosterone
Androgenic Functions Anabolic Functions
A 4 A\ 4
Promotes male secondary Protein Synthesis
sex characteristics
(increased body hair, Increased Red Blood Cells
initiates libido, and deeper
voice) Decrease Body Fat
Spermatogenesis Increase glycogen store
(facilitates in Sertoli Cells) replenishment

Figure 3. Anabolic and androgenic functions of testosterone (McArdle et al. 2001).

2. Dietary Impact

Anderson et al. (1986), analyzed the effects of two different diets on sevdyheal
men (age 22-43) with highly controlled isocaloric diets, of high-CHO (70% CHO, 10%
protein), and high-protein (35% CHO, 44% protein) both for 10 days. They found that total
testosterone concentrations (ng/dl) increased significantly (28%) dbertggh-CHO diet in
comparison to the high-protein diet. Sex hormone binding globulin also increased and was
39% higher, on average, during the high-CHO diet. This later change would impeex on f

testosterone level (i.e., likely decreases).
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Tegelman et al. (1986) had ten women and six men eat a decreased calfwrc3die
days, then 7 days with only 50g CHO (fasting), followed by 3 days back at their nortmal die
Venous blood was drawn immediately before and after the fasting period| as weé
week after fasting. During the fast, they found a significant increasg& hos@one binding
globulin (SHBG), which could explain the decrease in the free testosteronetpgecund.
The total testosterone levels remained unchanged; leading the authorsve thelre was a
reduction in gonadal production. They were, however, unable to identify a mechanism for
the increased levels of SHBG.

3. Exercise Response

The testosterone response to exercise is dependant on intensity and duration of the
exercise. During short term maximal exercise, there will be an igcireésstosterone, due
probably to changes in hemoconcentration, or a decreased metabolic cleasa(MER)
with increased production. With submaximal exercise at low intensities,\iliébe a very
minor response; however, at worklo&d80% of one’s maximal oxygen consumption,
testosterone will respond more robustly (Brooks et al., 2005). At a moderatetyntesisig
45-90 minutes testosterone levels will progressively increase. When thisexer
continued beyond 90 minutes research has shown no change or very small decreases.
Finally, with moderate exercise to exhaustion or for longer than 2 hours, testesiei
initially rise, but decreased circulating levels are found upon completion attivey
(Hackney, 1996). The mechanisms for the various responses with submaximakdwperc
extended durations are not clearly understood, it is assumed that no individual factor is
responsible. Multiple factors that could be involved include: hemoconcentration, a decrease

in production and secretion, which could be due to decreased testicular blood flow, a

14



decrease in hepatic blood flow which could lead to diminished hepatic clearancef Any
these may contribute to increased testosterone levels. These elevdsecddeldebe reduced
by uptake of testosterone by skeletal muscle (Hackney, 1996). Galbo (1983) sudpgested t
decrease in serum testosterone following prolonged exercise could be due &aaeatkecr
secretion rate because of a diminished testicular blood flow, elevated bodyatmgse or

an increased concentration of prolactin in the blood (prolactin suppress gonadahjunct

Testosterone is used in the muscle, as it aids in protein synthesis. Ity prima
anabolic effect is enhancing protein synthesis. Testosterone also may iticeeaisidity of
the muscle to refill its glycogen stores after reduction or depletion dutergise. This is
done through the increased activity of the muscle glycogen synthetase @ireaas,

1995).

The levels of testosterone are generally found to be lower at a reatmgndrained
individuals in comparison to untrained individuals. Hackney (1996) found through serial
blood sampling that trained subjects had only 40-80% of the levels of their matched
untrained counterparts. Also, as one becomes more trained, the response to ellercise w
decrease (Brooks et al., 2005). The mechanisms responsible for the decreaseimigh t
could include alterations in the hormonal production rates, MCRs, and binding protein
concentration (Hackney, 1996).

C. Free Testosterone to Cortisol (fTC) Ratio

1. Function/Purpose

In 1986, Adlercreutz et al. executed and analyzed four biochemical (biomasker) te
plasma testosterone to cortisol ratio, plasma free testosterone tolcatics (fTC ratio),

serum sex hormone binding globulin (SHBG) and growth hormone, and saliva testosterone to
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cortisol ratio. The protocol consisted of two subject groups, no size given, and 2 weeks of
training. One week of normal training, a second week of “very intense” traimong
additional details. Upon completion the subjects were categorized into thugs ghon-
overstrain, overstrain (defined by a decrease in the fTC ratio of >30% or <0}3%xitD
uncertain. The fTC ratio was negative for all of the subjects with no signerstrain,
positive in all but one classified as overstrain, and all uncertain. All of the ethter t
provided false positives, especially the saliva testosterone to cortisol Fabm this, they
suggested using plasma fTC ratio as a training biomarker; they alss®eygsing SHBG
for interpretation, because diet may considerably influence values of theloato a

Daly, Seegers, Rubin, Dobridge, and Hackney (2005) researched the ppssihaili
negative relationship between testosterone and stress hormones. They had®@thaigse
perform a max test, return to the laboratory at a later date in a restedtaoldstate, rest for
30 minutes in a supine position, placed a catheter in an antecubital vein, and dravg a rest
blood sample. The subjects then completed a run to volitional fatigue at 100% of their
ventilatory threshold (x3%). Another blood sample was taken at volitional faaguweell as
at 30, 60, and 90 minutes into recovery. Finally, the subjects returned for a restitg 24m
hours after the initial sample. They found that cortisol can lead to a physibkagigation
of circulating testosterone. The potential mechanism was consideredtartdineition of
steroidogenesis at the Leydig Cell, and/or a central or peripheral disruptian of t
hypothalamic-pituitary-gonadal axis.

Brownlee, Moore, and Hackney (2005) followed up Daly’'s research by looking at the
relationship between cortisol and testosterone (total and free) in mehaitdes recovery.

They had 45 healthy, active males, 10 hours fasted, give a resting blood sample

16



(venipuncture technique), then exercise (run, row, or cycle) at 65-75% gfMar 60-90
minutes, and another blood sample was taken 1 hour into recovery. After 48-96 hours, the
subjects would return to the laboratory and repeat the process. They found a negative
relationship between cortisol and total testosterone in recovery, but not at resstisgog
cortisol threshold must be met before it can influence testosterone. Theaks@vagositive
relationship between cortisol and free testosterone in the recovery saifipdasiechanism
for this relationship is also unclear. They suggest it could be severatfatttoould be the
result of increased production from the adrenals. The affinity of binding hormogessna
have been reduced, leaving a greater amount unbound, or free. Finally, cortisol and
testosterone are structurally similar and can bind to the same carriengrdféith an
elevated level of cortisol, it is possible that the competition for cargéira reater amount
of testosterone in a free state.

Hormones are a valuable tool in assessing how the body is responding to various
activities; due to the responsibility they have in mobilizing systems to anaimbmeostasis.
The hormones of cortisol and testosterone both respond to training, and their individual
functions, and relationship to each other have been previously identified. The T Dagti
be able to inform through analysis how the body is responding to training levels, andypossibl
identify the beginnings of maladaptations (Viru & Viru, 1999).

2. Implications in Training

Athletes train at high intensities for great volumes in an effort to induce an
adaptation. Kuipers et al. (1998), suggested an inverted U-shaped relationshgnbetwe
training volume and performance. A balance is necessary for positive amleptatoccur,

and the identification of a hormonal marker indicating when enough recovery hakemot ta
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place would be exceedingly beneficial, since a decrement in performaocky 826 can be
the difference between winning and finishing last.

The free testosterone to cortisol (fTC) ratio, in theory, provides a snapshet of t
anabolic, or catabolic state of an individual, because of the anabolic properti¢sstétene
and the catabolic tendencies of cortisol. This ratio has been suggested as ar oidicat
training adaptation, or when training has exceeded the amount to effectively induc
adaptation (Urhausen et al., 1995). His research revealed a multitude of studiesltha
not agree on a consistent analysis as to the efficacy of the fTC ratiwosa$ul biomarker for
training.

Lehmann’s model (Figure 4) represents potential mechanisms for the desetagm
overtraining. Some research has shown that the fTC ratio may be a relthtdear of an
imbalance between training/load and recovery time (Hug, Mullins, Vogt, Veura
Hoppeler, 2003; Banfi & Dolci, 2006; Flynn et al., 1994; Lac & Maso, 2004; Vervoorn et al.,
1991). The ability to identify a training imbalance with a biomarker like fT© uld be
beneficial in preventing progression of a catabolic state to a detrimernigl gl athletic
performance decline.

Specifcally, in 2004, Lac and Maso, analyzed various possible biomarkers for
monitoring an individual’s training progress. Hormonal levels were considere
measurements, since they are metabolic regulators. One biomarker thelydbokesely
was the fTC ratio. As noted earlier, cortisol stimulates numerous effetite body
including gluconeogenesis. This can result in a catabolic effect becausdigirsyiamino

acids for activities other than protein synthesis. Cortisol increases with évearcise and
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Selected Mechanisms Underlying Genesis of Overtraining Syndrome
in Endurance Sporf
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Figure 4. Selected potential mechanisms in the development of the overtraining €/imdrom
endurance athletes (adapted from Lehmann et al., 1993).
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can be chronically elevated with heavy training loads. This can lead to paesifip&tions,
but eventually the negative impacts can override the positive with excessiem pr
catabolism. Testosterone levels are also affected with training. (Bestesexerts a
positive effect on restocking glycogen stores and on muscle protein sgrithkesving long
exercise. Intense endurance training has been shown to cause a decesassténdne (see
earlier discussion). Therefore, these researchers suggested morti@mnatyt between free
testosterone and cortisol may be beneficial for monitoring a training eagim

In 1994, Flynn et al., examined the hormonal responses to changes in training loads.
They looked at eight cross country runners, and five swimmers throughout @atelleg
season. Venous blood samples were taken at four times, at the beginning of therseason, t
middle, then pre-taper and post-taper, based around the conference championships. The
samples were collected after fixed exercise at intensities of 75% andfgfi#season
VO,maxfor the swimmers, respectively. The training did not alter cortisol, tesbost, or
free testosterone significantly from the beginning to the end of the season.wékae
significant decrease in testosterone during the increased trainingrésgm&wvimmers.
Even with a significant increase in the training workload, there was no signiditaration
in this ratio. The researchers questioned the usefulness of the fTC ratio ifititscabi
monitor training programs.
lll. Exercise
A. Dietary Influence

Costa, Jones, Lamb, Coleman, and Williams (2005), tested the effects of a high-CHO
diet (12 g/kg bw/day) compared to a self-selected diet on 32 healthy miletess Each

subject was randomly assigned to one of the diet groups and instructed to maintain normal
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training throughout the study. In addition, they each ran for 1 hour at 70%.gf¥@he
subjects followed this training for 6 days, only coming into the laboratory on daysnt @, a
to provide a saliva sample before and after their 1 hour run. At the end of the studyhthe hig
CHO group had significantly lower cortisol levels, and higher glucoseslévah the self-
selected group. They concluded that with sufficient consumption of CHO, the body ca
maintain adequate blood glucose levels and prevent substantially elevated leweis
during exercise.

In 1988, Costill et al., examined the effect of increased training volume orgglyco
content and how it affected performance with self-selected diets. Subjeattembo§12
male collegiate swimmers who had completed six months of intense trainingpgher t
study. The training volume was ultimately doubled form normal training (4,266 to 8,970 m)
for 10 days at 94% of V., With subjects maintaining diet records on the first and last 2
days of training (days 1, 2, 9, and 10). Muscle biopsies were also taken from the deltoids of
each subject to determine glycogen content. Four of the subjects were unable &ectimapl
exercise at the appropriate intensity. These subjects were found to have iatiakecof
total calories as well as a decreased CHO component in their diet. Theyidetethat
inadequate CHO consumption (5.3 g/kg/day) in the diet can result in decreasegglyco
content during intense training, and may ultimately inhibit performance. The @her e
swimmers had sufficient calories and CHO (8.2 g/kg/day) and were abkarntam the
desired intensity throughout all 10 days.

Galbo et al. (1979) studied the effect of high versus low-CHO diets on hormonal
response to prolonged exercise. Seven healthy males ran on a treadmill at 09%.0f V

for 30 minute bouts with 10 minutes of rest between until exhaustion, after 4 days of high
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(77% CHO) and low (10.5% CHO) CHO liquid diets. Blood samples were taken at the end
of each session, and muscle biopsies of the vastus lateralis were obtained ietynaehiate
exercise, and after the first and second run and at exhaustion for each dietycdgery|
content was significantly lower in the low-CHO subjects, and they reachedstion 40
minutes sooner than those subjects in the high-CHO group. Cortisol was also sigyificant
higher in the low-CHO group at exhaustion. They concluded that the hormonal response to
exercise can be controlled to some degree by the diet preceding exEraiger, Galbo
concluded when insufficient CHO is consumed blood glucose levels will decline more
rapidly, leading to a faster response from the stress hormones to restore asisieost

At rest, in the post absorptive state, fat oxidation is the primary source of émergy
an individual. Even at low intensity exercise fat oxidation supplies the nyapbenergy;
however, around 65% of \iQaxthe rate of fat oxidation will decline, and carbohydrate
oxidation will accelerate. In the later stages of prolonged exertyseggn stores will
decrease and CHO oxidation may not be able to maintain the rate of energy production
necessary. This is why Jeukendrup (2003) examined how a high-CHO diet would affect
muscle glycogen content during prolonged, intense exercise. He had 8 well-trailnsd, cy
follow an 88% CHO diet and cycle for 2 hours per day at 70%\@or 7 days. He found
that fat oxidation had been reduced by 27%, and the muscle glycogen concentration of the
subjects increased to twice the normal resting level (824 mmol/kg of dry.nTdss
suggested that even with intense exercise, glycogen stores can bénediwith
appropriate amounts of CHO in the diet.

In an effort to see CHO consumption affected the occurrence of overtraining in

subjects during increased training, Snyder et al. (1995) had eight compeétteseyalists
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execute three training periods in an effort to induce overtraining. The trancinded 7
days of normal training (12.5 hr/wk), 15 days of overtraining (18 hr/wk), and 6 days of
recovery training (7.5 hr/wk). Diets were assessed once at the end of both theamakmal
overtraining periods, where the subjects consumed 64.0 and 67.4% CHO. Also, each subject
had been given 160 g of liquid CHO to ingest within 2 hours of exercise. All subjects
indicated a state of overtraining had been reached, based on five psycho-plogiolog
criteria used. However, none of the subjects had significantly differesis lezmuscle
glycogen. Snyder concluded that low glycogen levels may be responsibledgoe fatut
another mechanism must be responsible for overtraining state (i.e., Owegti@yndrome).
Tsai et al. (1993) implemented a crossover design to see if short-termshradop
would affect basal anabolic and catabolic hormone levels. They had six heditiguals
(two women, four men), complete three tests after three dietary condifibesfirst was the
control diet, what they normally ate (45% CHO), another was a low-CHO1&i¢&t CHO),
and finally high-CHO (55% CHO). After three days of diet intervention, eackdutgame
in and performed a cycle test at 80% Mg for 20 minutes, or until perceived exhaustion
(RPE of 19 or 20). They found no changes in the circulating concentrations of the hormones.
There was, however, a performance effect. After the control and low-CHOQatist$our
and two subjects, respectively, completed the cycle test. While the dieéniten may not
have been enough to affect the hormones, they suggested the decrease in CHO consumption

was enough to limit the exercise capacity of the subjects.
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B. fTC Ratio Response

1. Short-Term Studies

Filaire et al. (2002) looked at the effect of intensive training on certaioréac
including cortisol and testosterone, and how long any changes in these factimedema
during recovery. They had 12 national level road cyclists participate in a dagagg camp
that consisted of exercise for 4 hours a day. Salivary samples were obta&r#tlaam.
each morning of the training camp, and for the three mornings after. Theaesvgasficant
increase in cortisol during the most intense training day, coupled with a sighdeaease
in testosterone, and a significant decrease in the fTC ratio. They noted that qiignaedri
neuro-endocrine markers were affected, and that performance was unilsauggesting
that it is important with individuals who already have high workloads to monitor hormonal
parameters during recovery to monitor training adaptations.

Kokalas, Tsalis, Tsigilis, and Mougios (2004) examined the effect of thfeeedi
training programs on anabolic and catabolic hormones in rowers. They had six hmedéhy
rowers, participate in a counterbalanced study; in which they perform etiwk®types of
training on successive days. The training included endurance, intervals, amathcesigbrk.
Blood samples were taken at 8:00 a.m., 9:00 a.m., and 1:00 p.m. the day before training
began to serve as baseline, resting levels. Blood samples were drawn aethiensagach
day of training, which corresponded with immediately before, after and 4 Htamrs)ercise
training. Cortisol and testosterone were only significantly altered dtirengndurance
training; both increased, and testosterone had returned to below resting Iévalg \Wwours,
while cortisol had not. They suggested monitoring hormones as a means of tracking tra

to confirm the desired adaptations are occurring with endurance training.
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Vaananen, Vasankari, Mantysaari, and Vihko (2004) chose to examine the effect of
consecutive days of cross-country skiing on hormonal responses within nine heddthy ma
Each subject skiied 50 km on consecutive days beginning at 11:00 a.m. Antecubital vein
blood samples were obtained prior to the exercise (9:45-10:30 a.m.), after exXeBisg& @0
p.m.) and 2 weeks after day 2 (2:00 p.m.). Testosterone and cortisol both showed significant
changes, with testosterone decreasing by 20% after day 2, and cortisdingcB2 and 2.6
fold, day 1 and 2, respectively. Both hormones had returned to resting levels 2 weeks later
The researchers concluded that with consecutive days of intense exeraskyidual
should be aware of the potential for hormonal overreaching.

2. Long-Term Studies

Soccer is not an endurance sport, but Banfi and Dolci (2006) used it to track the
training of 32 professional soccer players over two seasons. They collectedaniquelssat
four times during the first season, and 5 times in the second. The samples leetedct)
at the start of training, following 2 months of no competition, 2) at the start of initial
competitions, 3) at the start of the second competitive portion of the season, and 4) at the end
of the second competition portion. The additional measure ((5) the second season) included
the start of the training the next season. No significant changes in the id @es¢ found,
however, there were trends in the data with the ratio decreasing during theiteenpe
portions. The researchers concluded that the fTC ratio is a viable marker, anchpahduk
in soccer even though it has a generally lower risk of overtraining than andwsorts.

The ratio was still thought to be helpful in identifying an imbalance betweemtiand

recovery.
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Hug et al. (2003) tested 11 endurance-trained cyclists at the end of their tempeti
season in a 6 week program to evaluate the role of hormones in training and ovgrtrainin
These subjects, in addition to 80% of their normal training habits, three timekacyeled
for 30 minutes under normoxic (560 m elevation) or simulated hypoxic (3200 m elevation)
conditions. Blood samples were taken from an antecubital vein before the trainoag per
and at the end of each training week before breakfast. No significant changésundria
cortisol, testosterone, or the fTC ratio. Nonetheless, the authors still sdgdfestatio may
be beneficial in monitoring the balance between anabolic and catabolic actiumy dur
training.

In 2006, Purge, Jurimae, & Jurimae, tested 11 elite male rowers seven tima4ver
week preparatory period prior to competition. A blood sample was obtained through an
antecubital vein at the beginning of the preparatory period, and every 4 weeks drifidg th
week period. Weekly training consisted of 90% prolonged low-intensity exesaisa,(
bike, run, row) with some strength at about 50% of 1-RM doing 50-100 repetitions. The
other 10% was resistance training at approximately 75% of 1-RM of 8-12ti@efor four
sets. Both basal cortisol and testosterone were significantly relatednedmetraining
volume, and testosterone was significantly higher during weeks 4, 8, and 20. Thisesliggest
a high level of anabolism was occurring, with elevated levels of contmgdying that
sufficient proteolysis was providing the amino acids necessary for musalthgrd he
researchers also concluded that cortisol and testosterone were more senditareges in
training volume than growth hormone, making them the more specific hormone to monitor

for training adaptations.
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Vervoorn et al. (1991) used six national level rowers to observe the fTC ratio over a
span of 9 months (December to August). Blood samples were collected fromaubiale
vein between 8:00 and 10:00 a.m. at rest every 5 weeks. In addition to those samples, 2
weeks of training camp exposure resulted in three more samples every 4 dagswéree
no significant changes in the fTC ratio, nor was there even a trend towanage cidere
was, however, a great deal of variation they attributed to seasonal hormonasch@hg
researchers suggested that at a decrease greater than 30% the fTC ischcatmmi of
overtraining, but an identification that there is an imbalance between traoaitig) &nd
recovery time. Such an imbalance can lead to an increased risk of overtragurgjreg to
Lehmann et al. (1993).

V. Summary

It has been established that cortisol and testosterone are both affeetetdise,
exercise training, and diet. Cortisol has catabolic characteristia$ l#faunbalanced could
be detrimental to performance. Testosterone promotes anabolic properties thiicaf to
the stability of the muscular system as well as other tissues. Anijamebebetween these
two hormones could be a sign of negative progress, or potential danger with a training
program relative to the balance between training load and recovery time.

The fTC ratio appears to be a legitimate measure of that balance. Hobenaise
both hormones are affected by diet, that component must be considered when utilizing this
ratio. The dietary studies discussed above suggest that the components of oriéésidiet a
glycogen availability, alters stress hormones, and ultimately couldaterthe ability to

maintain performance.
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The exercise studies examined here-in, showed elevated cortisol and diecrease
testosterone levels with high intensity training. The majority of theskestwere long-term
with no dietary component manipulation. Even the few short-term studies identifieddshow
similar trends. However, the limited number of short-term training stuckesoh conclusive
suggesting further work is warranted. Identifying a tool that can remeallzlance in
training and recovery would be very beneficial, but that tool can only be propelyyethd
the changes are actually due to the training volume, and not an unbalanced diet. Evidence
shows that research needs to be done to determine if the CHO consumption in one’s diet is

affecting the ratio, or if it is indeed a response to the exercise alone.

28



CHAPTER 11
METHODOLOGY

Methods

The subjects in this study visited the laboratory on five separate occa®iniise
initial or orientation visit, the subjects signed the informed consent, underwesdieal and
physical exam to confirm they were able participate, and executed a peghaptake
(VOgzpeay test. The next three visits were the actual testing sessions whererfoeygé 60
minutes of cycling at approximately 75% of their 36« Blood samples (3 ml) were taken
immediately before and after each training session. On the final visit, redssextok place.
The subject returned 24 hours after the completion of the previous day’s traidiag a
resting blood sample was taken. All blood samples were analyzed for freestest®sind
cortisol. Those measures were used to determine the fTC ratio.
Subjects

The subjects consisted of 20 males between the ages of 18 and 45. Each was
moderately to highly trained in endurance sports. Each potential subject wasthfdvout
the possible risks and experimental protocol. An informed consent for each individual wa
signed before participation began. To be included in this study, the individuals red & tr
least 5 days per week for a minimum of 60 minutes. They were also involved in ¢wapeti
endurance sporting events. History of an infection in the six week period prior to bgginnin

the study, or a history of current or chronic medical condition or musculoskejetsl i



would have prevented inclusion in this study. The use of any medication, including non-
steroidal anti-inflammatory drugs (NSAIDs) would also have resufted¢lusion from the
study.

Physical restrictions during the study were as follows: 1) refrain $toemuous
activity 24 hours before the V\Radest, 2) minimal physical activity (defined as a low
intensity or easy workout) two days before the training sessions began, 3yity thet day
before training sessions, and 4) during the training sessions subjects wéaridrem any
additional activity outside of the study. The subjects also agreed to retnareéting,
smoking, and drinking alcohol and/or caffeine in the eight hours before the traissngnse
The subjects followed a randomly assigned diet of low CHO or control CHO. The control
CHO group consumed a carbohydrate supplement, Pofjjomse¢he day before the first
training session and each subsequent day of training. The low CHO group was give
instruction regarding maintenance of approximately 40% CHO consumption. Eney w
given three 237 ml bottles of Boost High Profaim drink each day of the low-CHO diet.
The control-CHO group data were archived from collection in a previous resaaigh s
(Duke, 2008). Both groups maintained daily records of all foods consumed eachtuay of t
study from the day prior to the first training session through the final @ittietlaboratory.
Compliance was checked by monitoring resting RER and blood glucose levels.

Instrumentation

The subject’s characteristics were measured using a portable st@diome
(Perspectives Enterprises, Portage, Ml) for height and a mechamilea(3etecto, Webb
City, MO) for body mass. Body fat was measured by one technician throughskeiéalds

with Lange skinfold calipers (Beta Technology, Inc., Santa Cruz, CA). Theatspigases
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obtained during the V&eakwere measured with the Parvo Medics TrueMax 2400 Metabolic
System (Parvo Medics, Salt Lake City, UT). The incremental test towde&¥ QypeacWas
performed on a Lode electronically braked cycle ergometer (Lode, Gronifige
Netherlands). Heart rate and ratings of perceived exertion werendetdrusing a Polar
telemetry system (Polar Electro, Inc., Lake Success, NY) and Boigisal 6-20 rate of
perceived exercise scale (RPE). Nutritional analysis was detefunsingg Nutritionist Pro
(Version 3.2.0, Stafford, TX) software.

Hematocrit and hemoglobin were both measured from whole blood. The Adams
MHCT Il microhematocrit centrifuge (Becton Dickinson, Franklin Lake3) Was used to
separate cells from plasma, and an International Microcapillary Rdatenétional
Equipment Company, Needham Heights, MA) was used to determine the hematocrit
measures. A STATS{teM"% Hemoglobin Meter (Stanbio Laboratory, Boerne, TX) was
used to determine hemoglobin. The plasma was used in radioimmunoassay hormonal
analysis once all subjects completed the protocol to determine free testestad cortisol
levels. Once the whole blood parameters were obtained, the whole blood was placed in an
IEC Centra-8R refrigerated centrifuge (International Equipment Compkeggham
Heights, MA). The centrifuge was spun at 3,000 rpm to separate the plasma. The plasma
was then transferred to micro-storage tubes where it was stored in actiteeeer at -78

degrees Celsius until the experimental protocol was completed.
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Protocol

Orientation Training: Training: Training: Rest
Session Day 1 Day 2 Day 3 Session
> 5 days ‘ 24 hours ‘ 24 hours‘ 24 hours

Figure 5. Overview of experimental training protocol (adapted from, R2€lQY7).

Orientation Sessiofmhe initial session took place at the Applied Physiology

Laboratory where the subject arrived a minimum of two hours post-prandial. The subjec
was informed about all potential risks involved with the study and the protocol was
thoroughly explained. Once all questions were answered, the subject signed thednfor
consent and underwent a medical and physical screening to confirm the subjeetitias
and could participate. The medical screening included a 12-lead electrocardiogr
identify cardiac abnormalities. After clearance, the subject’s heighy,rhads, age, and
body fat percent, were determined.

The subject was then prepared for the peak oxygen uptakgeLy@st. The test
was an incremental cycle ergometer test to volitional fatigue. The wgs set for the
comfort of the subject at both the seat and handlebars, and the marks were rfecdati=d
use. The subject then had a ten minute warm-up. The first 5 minutes consistethgfatycl
a workload of 50 watts (W), and the second 5 minutes were for the subject to stretah wit
focus on his lower body. Following the warm-up, the subject was seated on thantd/cle
oxygen uptake (V& was measured for four minutes to ensure the subject had followed the
dietary guidelines. To confirm the subject had complied, RER could not be greatér@8a

at rest.

32



Once the resting V&measure had been completed the actual protocol of the test
began. The incremental stages were 3 minutes in duration for the first fos: Stége
subject began pedaling at 50W and that workload increased by another 50W with each
additional stage. After the fourth stage, incremental increases weeasked to 25W and
the duration became 1 minute per stage. This continued until the subject reached volitional
fatigue, and could no longer continue (MacDougall, Wenger, & Green, 1991). Oxygen
uptake was monitored the entire time, while HR and RPE were collected at the eold of e
stage. The subject chose an active or passive recovery, but was not geonhdee the
laboratory until his HR had returned below 100 beats per minute (bpm). Determination of
whether the test was a true peak was based on several criteria. The tEstsidered
legitimate if the subject’s respiratory exchange ratio (RER) weetey than or equal to 1.1,
HR was within 5% of age-predicted maximal heart rate, and RPE was 18 or higher
(MacDougall et al., 1991). If a subject was unable to complete a true peadkegstere re-
tested a week later. This session was used in determining the workload for ¢oé curting
the training sessions.

Before the subject left, he was randomly assigned to either the corntyal GHO
group. He then received instruction dependent on grouping. The control CHO group
participants received a canister of Poly€ogkicose polymer (Ross Laboratory, Columbus,
OH). They were instructed to consume 25% of the canister on the day before their firs
training session as well as 25% each day of training. They returned thecamigter at the
final session. The low CHO group participants were given direction on how tdHmmit
carbohydrate consumption to 40% of their caloric intake. They were also given-Bglost

Proteirf as a supplement, and consumed three 237 ml bottles beginning the day before the
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training sessions and each day of training. Both groups were instructed taimaidaily
record of all foods and beverages consumed from the day before their firsigtissession
through their final training session, and brought the log to the final sessman&:n et al.,
2000). During this period, the subjects were contacted and reminded of the importance of
keeping accurate and complete logs.

Training Sessiond he training sessions consisted of three consecutive visits to the

Applied Physiology Laboratory where the subject cycled for 60 minutes at 75% of his
VOazpeak A linear regression equation was obtained by plotting the oxygen consumption
versus each corresponding workload from the)égtest. This equation was used to
calculate the workload for these training sessions (MacDougall et al). 1991

The subject returned to the laboratory a minimum of 5 days and a maximum of 4
weeks, after the orientation session, after at least an 8 hour overnighttfagtaiming
sessions were made at the same time, between 6 a.m. and 10 a.m. for eath Bhgsical
activity practices were to be altered according to the following gaeelitwo days before
training session I, an easy day of training was to be completed, and thefoieythe
training session was a day of rest, no training. Each subject also nmedrasfimod record for
everything consumed on the day before and each day of the training sessions.

Once the subject arrived at the laboratory, he laid in a supine position fonui@sn
after which a 3 mL blood sample was drawn using the standard venipuncture technique. The
blood went directly from the syringe into a sterilBEOTA Vaccutainet tube, and was put
on ice. The subject then began a 10 minute warm-up on the cycle ergometer. The first 5
minutes consisted of the subject pedaling at a workload of 50W. The second 5 minaetes wer

reserved for the subject to stretch with a focus on the lower body. Followingrneupa
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the subject sat on the cycle ergometer, while M@s measured for 4 minutes. The subject
then cycled for 60 minutes at a workload eliciting approximately 75% of hijgeMOThe
intensity and duration of the training sessions were designed in an effort &erd@e
training session executed by an endurance athlete.

During the training sessions the subject was encouraged to drink watatuad. li
Heart rate and RPE were monitored continuously and recorded every 10 minutag, start
from minute 0. Oxygen uptake was also monitored periodically. It was recorded for 4
minutes at the end of every 15 minute interval (i.e. minutes 16-20, 36-40, 56-60).

Once the 60 minutes had been completed the subject remained seated on the cycle
ergometer where another 3 mL blood sample was drawn following the same pre@dure
the resting draw. The subject selected a passive or active recaodemas not permitted to
leave until his HR had returned below 100 bpm.

Rest SessionThe subject’s final visit to the Applied Physiology Laboratory occurred
24 hours after the completion of the third training session. After arriving &tlththe
subject laid in a supine position for 10 minutes. The final 3 mL resting blood draw was
collected with the standard venipuncture technique, transferred directly frayrithge to a
sterile KEDTA Vaccutainet tube and put on ice. The subject returned the food record that
had been maintained during the study, and the empty PoRycasister, if in the control
group.

Blood Procedures

Hematocrit.Resting and post-training hematocrit were determined in triplicane fr
whole blood samples. The samples from the whole blood were used in 75mm

microhematocrit capillary tubes (Fisher Scientific Internatiomal,, lAlbany, NY), sealed
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with Critoseal (Krakeler Scientific, Inc., Albany, NY) and were spur8farinutes in a
microhematocrit centrifuge to separate the plasma from the separdtel@paThe tube was
then placed on an International Microcapillary Reader to determine hemkoels.

Hemoglobin Resting and post-training hemoglobin were determined in duplicate
from whole blood samples usingsdATSite® M9 hemoglobin meterTwenty microliters
(uL) of whole blood was placed into meter, which is a reflectance photometrsesithe
azide-methemoglobin chemical reaction for color development on the teshdriéeea
wavelength of the illuminating light to determine the reading. This miet=s a Light
Emitting Diode (LED) as its light source. All calculations are perforengdmatically as the
STATSIte® MM hemoglobin meter is a microprocessor-controlled device.

Plasma Volume Shiftt is expected that exercise resulted in a plasma volume shift.

Dill and Costill's (1974) equation to determine the change in plasma volume withdeeitnat
and hemoglobin was used. Hormonal concentrations were examined to the degree of fluid
shift effects seen within the plasma volume.

Hormonal AnalysisThe plasma samples were analyzed with hormone specific

radioimmunoassay procedures for both free testosterone and cortisol (Siendésed Me
Diagnostics, Los Angeles, CA). The sensitivity for cortisol and free tesboe assays were
0.2 pg/dL and 0.15 pg/mL, respectively. The coefficient of variation waslatdd for each
and is reported in the results.
Data Analysis

All analysis were conducted with a statistical software packageS(8&Sion 15.0,
Chicago, IL) and presented in mean * standard deviation (SD). A 2x4 mixed modekanalys

of variance (ANOVA) was done to determine the effect of the training protocbkedi €
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ratio at rest. Between groups ANOVA was executed in analyzing tlaydpbtocols, and
their effectiveness. Additional ANOVAs were executed to determine trexetites

between groups within VOHR, RPE, and Vgeaktest results, with differing levels for these
repeated measures variables. Any significant findings were investigateTukey post hoc

tests to determine where the significance existed. The significareteMas set ad < 0.05.
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CHAPTER IV
RESULTS

Subject Characteristics

Table 1 displays the physical characteristics for both groups, valueparted as

mean +* standard deviation (SD). No significant differences were detetieztbehe

groups.
Age Height Mass Body Fat N
(yr) (cm) (kg) (%)
Control- A
CHO 27.0845.84| 179.43+6.79 75.00+7.29 12.07£3{33 12
Iéol_\;vo- 24.00+£3.38( 179.981#5.62 74.73x7.90 9.83+3.p1 8

Table 1. Physical characteristics (mean+SD) of control-CHO and lo®-@idups.

Peak Test Data

There were no significant differences found between the two groups in peak oxyge
consumption (VGQyeay, absolute or relative, maximal respiratory exchange ratio (RER), heart
rate (HR), rating of perceived exertion (RPE), test duration, or maximis \Weput. The

complete data set for the peak testing for both groups is found in Table 2.



D

Control-CHO Low-CHO
VOzpeax 4.52+0.76 4.58+0.41
(L/min)
VOzpeak 60.10+6.56 61.94+8.57
(ml/kg/min)
Max RER 1.19 + 0.07 1.16 + 0.06
Max HR 188.4148.84 | 191.008.9;
(bpm)
Max RPE 19.29+0.72 19.25+0.7(
Test Duration 18.91+2.50 17.68+1.62
(Minutes)
Max Workload
(Watts) 350.00+47.67 | 315.62+37.6

4

Table 2. VQpeaktest data (meanSD) for the control-CHO and low-CHO groups.

Dietary Analysis

The analysis of the diets indicated there was a significant differerc@.Q®01) in

the percentage of carbohydrate consumption between the groups. The control anddow-CH

groups consumed 58.45 *+ 4.91 and 31.92 + 2.46 percent of their daily dietary intake in CHO,

respectively. The low-CHO group consumed a lesser amount of CHO than wadpdescri

providing a greater effect. The total mean calories (kcal) per day consiumieg the study

(4 days) by the control group was 3226.67 + 389.78, and in the low-CHO group was 2804.12

+ 604.91. There was no significant difference found in the caloric intake betwegotips.

Training Analysis

Oxygen Consumption (VO)

Training Session 1The initial training session elicited a slightly greater,vVO

response from the control-CHO group at the 20, 40, and 60 minute points. However, these

were not significantly greater than those of the low-CHO group. The cori®l{toup’s

mean VQ decreased as the training session progressed. Conversely, the low-CHO group

experienced an increase in the level of oxygen consumption from the beginning to the end of
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the session; however, neither of these changes were significant. The-Got@r@roup
worked at 73.44% of their V&kak With the low-CHO group at 69.79% \4ga.x these
intensities were not significantly different. Table 3 identifies alL f@@asures as mean +

SD for all training session values at the 20, 40, and 60 minute time point.

Training 1 Training 2 Training 3
Control- Control- Control-
Minute| CHO Low-CHO CHO Low-CHO CHO Low-CHO

20 3.36£0.59 3.19+0.61| 3.36+0.55 3.19+0.5( 3.28+0.56 3.13+0.56

40 3.32+0.51 3.16+0.46| 3.36+0.46 3.15+0.32 3.28+0.51 3.16+0.36

60 3.28+0.46 3.24+0.41| 3.28+0.48 3.39+0.36 3.23+0.50 3.26+0.32
Table 3. Mean{SD) VO, data for subjects at 20 minute intervals during 3 training sessions.

Training Session 2Training session 2 followed the same pattern as session 1, with

no significant differences in Vneasures. The control-CHO group showed consecutive
decreasing measures of ¥@hile the low-CHO group had a 40 minute measure lower than
the 20, but at 60 minutes being greater than both previous measures (Table 3). The control-
CHO and low-CHO groups worked at 73.74% and 70.81% of theipM@alues,

respectively. These differences were not significantly different.

Training Session 3The overall trend of the first two sessions continued through

training session 3 within and between the groups. The control-CHO group had a decrease
VO, with each measurement time, and the low-CHO group showed increased measures wit
each time point (Table 2). The groups also trained at similar intensitieshevitontrol-

CHO group at 72.17%, and the low-CHO group at 69.50% of theipMi®alues. There

were no significant differences between the two groups in any of these measures
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Heart Rate (HR)

Training Session 1Figure 6 illustrates the changes in the heart rates of each group

during the session. All HR responses were substantially elevated by theexautithere
were no significant differences in HR between the two groups during this session.

Training Session 2Training session 2 resulted in higher heart rates for the low-CHO

group in comparison to the control-CHO group, at each time point, however the dégferenc
were not significant. The control-CHO group experienced increasing ldRgthout the

exercise, but maintained an overall lower rate than the low-CHO group.

175 +

170 - — e LCHOT1
s —®m L-CHOT2
o
S 165 —A — A L-CHOT3
§ ~.6--C-CHOT1
= 160 ~-H--C-CHOT2
©
£ —-A-—-C-CHOT3

155

150

Minute 20 Minute 40 Minute 60

Figure 6. Mean HR values at 20, 40, 60 minutes of Training Sessions 1-3 for both groups.

Training Session 3The same trend as in training sessions 1 and 2 was found in

training session 3. The control-CHO group had lower HR (Figure 1) than the low-CHO
group at each time point. These differences were not statisticallficagihj however, at the
60 minute point, this trend approached significance between the groups (p=0.099).
Rate of Perceived Exertion (RPE)

Training Session 1Table 4 displays the differences in RPE responses between the

training sessions and groups. Both groups had substantial elevations in RPE in response to
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the exercise, and displayed gradual increases over time. The low-CHO groupegap6@s
minutes, was significantly greater than the control-CHO group response (p=0.036). INo othe
significant between group differences were found.

Training Session 2There were no significant differences between the RPE levels of

the groups during training session 2. The low-CHO group, however, tended to have higher
measures at each time point, than the control group similar to session 1.

Training Session 3The final training session elicited the same general responses as

the previous sessions. The low-CHO group had slightly higher RPE values than the control
CHO group. There only significant difference between the groups was& thaute

response (p= 0.010).

Training 1 Training 2 Training 3
Control- Control- Control-

Minute CHO Low-CHO CHO Low-CHO CHO Low-CHO
20 14.4+1.4 14.7+1.1 14.6+1.4 15.3+1.3 14.4+1)6 15.0+Q0.9
40 16.1+1.8 16.6+1.5 15.7+1.4 15.8+0.9 15.0£15 16.3+1.3
60 16.0£1.7*| 17.6+1.1* 16.0+1.4 17.0+0.5 15.0+£1.7* 17.0+1)1*

Table 4. RPE measures for control-CHO and low-CHO groups at 20, 40, 60 minutes for
training sessions 1-3. * significant difference within respective group$9 (3.

Hormonal Analysis

Cortisol

Training Session 1During the initial training session, the cortisol (ug/dL) levels

rose significantly in response to exercise in both of the group®@01). However, there

was no significant difference between the groups in the magnitude of the respaihsiata,

in mean * SD, can be found in Table 5.

Training Session 2A similar exercise induced effect was observed in session 2.

Likewise, training session 2 also had no significant differences betwegrotiferesponses.
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Training Session 3A significant difference (p=0.030) between the two groups was
found at the resting level (Pre 3) in this session, with low-CHO having highsottetels
than the control-CHO group. The low-CHO group also had a significantly high@&0g3
levels than at training session 1 Pre measurements (i.e., Pre 1 vs. Pre 3). Aggioupst
increased slightly during the exercise session, however, this time thesespasprimarily
seen in the control-CHO group.

Rest: The Rest session cortisol level was significantly greater in the lo@-@Hup
than the control-CHO group. Also, the Rest in the low-CHO group was significagatter
(p=0.035) than the resting value in session 1 (Pre 1) for that group. Finally, thed-Coh@
group displayed no significant change in the Pre 1 to 3 versus the Rest cortisol values.

It should be noted that the coefficient variation for between and within assay
replicates for the radioimmunoassay analysis was less than 10%. This sthppoatisdity of

these hormonal findings.

Control-CHO Low-CHO
Training 1 Pre 19.69 +6.11 24.07 £ 9.13
Post 27.64 +5.79 29.16 £+ 9.84
Training 2 Pre 19.59 +4.00 24.43 +7.09
Post 25.51 +7.66 30.22 +7.0%
Training 3 Pre 19.26 £ 5.09 27.62 + 7.42ic
Post 22.47 +8.25 27.89+6.7%
Rest Rest 19.40 + 4.4( 27.64 +7.91*

Table 5. . Mean{SD) cortisol (Lg/dL) data for each training session. * significant

difference from Pre 1 (p < 0.05).

Free Testosterone

Training Session1The complete testosterone data for the training sessions can be

found in Table 6. There were no significant differences between the groups fdetesi®s
during training session 1. Both the control and low-CHO groups had increases in regponse t

exercise during the session, but these changes were non-significant.
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Training Session 2The responses to exercise in this session were similar to session

1. Also as in session 1, there were no significant differences between the gronggdsiri

training session.

Training Session 3The resting (Pre 3) testosterone levels for training session 3 were

lower for both the control-CHO (-5.66 pg/ml) and low-CHO (-2.75 pg/ml) groups tinose
observed in training session 1 Pre levels (p > 0.05). Slight increases wareregqukefor
both groups during the training session due to the exercise. There were naasignific
differences, however, between the groups in the magnitude of the responses.

Rest SessionThere were no significant differences between the two groups at the
final resting measurement. The control-CHO experienced a final méessitban their own
training session 1 Pre-level (-3.58 pg/ml), while the low-CHO group was stibBtalower
than their session 1 Pre measure (-7.93 pg/ml) (Table 6). These reductiortsomtbeal
levels did not reach statistical significance.

It should be noted that the coefficient variation for between and within assay
replicates for the radioimmunoassay analysis was less than 10%. This sthppoatisdity of

these hormonal findings.

Control-CHO Low-CHO

Training 1 Pre 24.66 +£15.20 21.96 £5.40
Post 32.71 £10.49 25.11 + 8.86

Training 2 Pre 22.75 +£10.00 20.33 +3.83
Post 34.40 £ 13.70 23.23+9.26

Training 3 Pre 19.00 + 8.52 19.21 £+5.62
Post 29.65+11.30 22.08 +9.11

Rest Rest 21.08 + 7.86 14.03 +4.85

Table 6. Free testosterone (pg/ml) data for each training session.
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Free Testosterone to Cortisol Ratio (fTC ratio)

Training Session 1During training session 1, both the control-CHO group and the

low-CHO group showed a significant decrease in the fTC ratio (p=0.020) folldaeng
exercise. There were, however, no significant between groups differencesaspbese.
The complete data is presented as mean + SD in Table 7.

Training Session 2The control-CHO group experienced a small increase in the ratio

(0.27 nm/L), while the low-CHO group experienced a minor decrease (0.10 nméhyifal
the exercise in this session. These changes in response to the exeeisat Weywever,
significant. Also, there were no significant differences between the groups.

Training Session 3increases in the ratio were experienced in both groups during the

final training session. These increases were not significant and did not diffeebehe
groups. However, the resting (Pre 3) levels for both groups was significandy (pw014)
from their same respective measure at training session 1 (Pre 1).

Rest SessionAt the final experimental session, the fTC ratio of the control-CHO
group rose slightly from the previous days resting (Pre 3) value, while theH&veffoup
experienced a slight decrease, these changes were not significant.

When examining all the resting measurements alone (Pre 1-3, Reghlifiaasit
main effect for time was observed (p=0.008) with the values decreasing fechidRest.
However, close examination of the individual group responses revealed that in the @w-CH
group the resting measures substantially decreased over time (Pre 1 vetsustile those

of the control-CHO group only decreased slightly.
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Control-CHO | Low-CHO

. Pre 1.90+1.98 1.53+1.30
Training 1

Post 1.54 +0.58 1.27 +0.89

. Pre 1.54 +0.93 1.21 + 0.67
Training 2

Post 1.81+0.84 1.11+£0.78

. Pre 1.44 +1.20 1.04 +£0.72
Training 3

Post 1.79 £ 0.69 1.16 £ 0.80

Rest Rest 1.49+0.91 0.82+0.71

Table 7. Mean SD) free Testosterone to Cortisol ratio data for each session.

Due to the variance and differences observed between the groups ahthg trai
session 1 Pre measure and the tendency noted above for the low-CHO to displayidubsta
reductions over time, an analysis of covariance (ANCOVA) was also conductetiaifiney
session 1 Pre resting values of the respective groups were used in the ANSOV
covariates. Figure 7 illustrates the results of the analysis. Téieatiive analysis revealed a
significant interaction effect for the resting ratio changes betweagradbps (p=0.022). The
low-CHO group experienced a decrease at every measurement, and tRedinaleasure
was significantly lower than their own training session Pre 1 value (p<0.0001). ditgech
over time for the control-CHO was not significant. Furthermore, at therfirakure
comparison (Rest) the low-CHO values were significantly less thaofttia control-CHO
groups (p=0.021).

The effect size of the fTC ratio was calculated with the Cohen’s d stétisthe
significant difference in the low-CHO group (d = 0.678) from Pre 1 to Rest, and between
the groups at Rest (d = 0.821). Any d value for effect size greater than 0.600 isredrside

large effect size, confirming the significant differences found in the fTi€ (@bhen, 1988).
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Figure 7. Plot of ANCOVA results for Pre measures of fTC ratio (naeif) of both groups.
* significant difference from Pre 1 within low-CHO group and between both groups

(p < 0.05).
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CHAPTER YV

DISCUSSION

The purpose of this study was to examine the effect that CHO consumption has on the
free testosterone to cortisol (fTC) ratio during an intense microcycbeeofise training.

The research question being investigated was: Does the quantity of CHO consectetieaff
amount of decrease in the fTC ratio response to such intensive training? The posed
hypothesis was that the low-CHO diet would produce a greater reduction irCthatid

than a control-CHO diet.

This chapter will be organized into four sections. | will begin by discussing the
treatments applied. Secondly, | will review the effect of the treatmenkteardting fTC
ratio. Followed by an explanation of why | believe these responses were seanalind f
what kind of practical application the information from this study provides to teetsici
community as well as individuals involved in endurance training activities.

Section I: Treatments

The dietary CHO content of the two groups were significantly different roe
another, which was the dietary treatment desired. The low-CHO group cahaudiet
significantly lower (31.92%) in carbohydrates than the control-CHO (58.45%) grdwgre T
was no significant difference in the total number of daily calories consun&ddrethe

groups, only the composition of the calories.



The low-CHO group consumed 23% less CHO during the study period, than in their
normal diets which was significantly different. The total daily caloric aompgion,
however, was not significantly different within the subjects in each group for fibie be
study and study periods. Therefore the differences between groups wergnificastly
different dietary composition only and strongly indicating that the dietaayrntrent was
effectively achieved.

The other treatment effect being pursued in this study was an intense gigafcy
exercise training. The groups both worked near 70% of their peak oxygen consumption,
specifically, the control-CHO and low-CHO groups were at 73.1% and 70.0%§NO
over the three training sessions, respectively. The individual intensitieteddier each
subject was based upon their ventilatory threshold from thgd@est results, which is why
there was a slight variance between the groups in intensity. Both groups datedrsggh
RPE values suggesting these intensities were highly demanding workldsgEls HR also
demonstrated that both groups were working at strenuous levels; specific daitatdein
Figure 6 in Chapter 4. The measures every 20 minutes of each of these varialdés indic
that the subjects were performing a high intensity exercise bout, but aterstatidy state
responses (see Table 3, 4, Figure 6). There were no significant diffebetwesn the
groups during the training sessions, except for RPE values at the 60 minute masiams ses
1 and 3, when the control-CHO group was lower, suggesting perhaps those subjects were
becoming more accustomed to the exercise. Overall it appears both groups wenkdrat
levels for each of their individual days of training, and experienced nearlyrieelezel of

physiological responses. It is interesting to note that following the ediomplof the study,
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many of the subjects commented that the training intensity was very degandi not
something they would do on multiple days of their own personal training regimes.

Section ll: Resting Free Testosterone to Cortisol (fTC) Ratipdtee

The resting fTC ratio significantly decreased from the training@edsPre to the
Rest session within the low-CHO group. There was no significant diffenenice control-
CHO group ratio throughout the training. This suggests that a 3-day mie@a@¢yabh
intensity exercise can induce a decrease in this ratio if sufficiglslef CHO (~30% daily
intake) consumption in the diet are not maintained. The control-CHO group demonstrated
that by maintaining adequate levels of CHO (~60%) in their diet that evlermficult
training on consecutive days, the fTC ratio can be maintained within a normal rang
Lehmann et al. (1993) suggest maintaining the ratio is indicative of a heakimg®al
between training load and recovery which is critical to optimal training @agkation in
athletes. The reduced ratio response of the low-CHO group matches trends found by other
researchers investigating this ratio in response to exercise traifaige(Et al., 2002;
Vaananen et al., 2004; Banfi & Dolci, 2006; Costa et al., 2005). These studies include both
short- and long-term training studies. However, these studies did not control fortteet t
same extent as in the current study. The similarity of ratio response beftwemrent and
other studies provides confidence that these present responses were not random chance, but
were a result of the experimental treatments.

Section lll: Why the Decrease in the fTC Ratio at Rest

It has been suggested that in men, changes in the fTC ratio are driven byothefacti
free testosterone, and in women, cortisol is the more dominant hormone (Urhausen et al.,

1995). This present study appears to follow suit as most of the change was obseeeed in fr
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testosterone. Specifically, in the low-CHO group, both hormones changed fromgtrai
session Pre 1 measure to the Rest measure 3 days later, but cortisoldr(d4886) while
free testosterone decreased (36.1%).
Why was resting cortisol elevated over the course of the study? Upow mdvie
Figure 8, it appears the increases in cortisol in response to exercrsgtterfirst two
training sessions were so great there was not enough time to recover bedvwasn t
sessions and the resting levels (Pre 3, Rest) were not able to return to a aogaal r
Metabolically, the low-CHO diet in combination with the exercise would have
prevented glycogen stores from being completely resynthesized betvebenag@ng
session. This has been shown in the classic work by Costill in the 1970s 1970s (reviewed in,
Brooks et al., 2005). This potentially drove a faster and more robust response froat the fu
mobilizing hormones, including cortisol (Galbo et al., 1983). Experimentally Galdo et
(1979) found that with several days of a low-CHO diet, during exercise, the resulting
compromised glycemia levels induced a much more rapid and robust response frewh corti
than with a high-CHO diet. This cortisol effect is known to persist for some timéhmt
recovery from exercise as much as 24 hours (Hackney, 2006).
It is important to know that cortisol is also known to have a suppressive effect on the
testosterone steroidogenesis process. Therefore, with perpetuallgelevais of cortisol
in response to exercise, and in the recovery from exercise, there would be aldotenti
inhibition on testosterone production (Cumming, Quigley, & Yen, 1983; Brownlee et al.,

2005).
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Figure 8. Mean cortisol and free testosterone response during the trassimns and rest in
the low-CHO group.

In Figure 8 you see, the exercise during the training sessions causdenasom
increase slightly relative to the resting (Pre) levels before eahiss session in the low-
CHO group. These effects became mitigated over time and by the finaldragssion; the
exercise induced elevation barely brought the hormone levels back to the oegiimay r
value (Pre 1). This reduction in free testosterone was influential in the reigp be
significantly suppressed. Cortisol, as a previously stated, inhibits testesfgoduction,
and with the increase witnessed in that hormone (Figure 8), it was likely rddppimspart,
for the depressed levels of testosterone in the low-CHO group. This is supporteddny th
that the change in cortisol levels during the study (Pre 1 vs. Rest) and theoredbstrved
in the fTC ratio (from Pre 1 to Rest) show a highly negative correlation (763,
p=0.0277), even though there are only 8 subjects in the low-CHO group ¢ogtisol— |
fTC ratio).

Additionally, factors beside cortisol may have influenced the testosterotetieve
With the low-CHO diet, increased levels in the sex hormone binding globulins may have

occurred (Anderson et al., 1987) reducing the bioavailability of free testostesince more
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of it may have been in the bound form. With less of the hormone in the blood helping with

protein synthesis and resynthesizing glycogen stores (Hackney, 1996), wrasedxegan,

the stress response would potentially have been accelerated insteacuattedtteproducing

even more cortisol (Hackney, 2006). Thus, perpetuating the cycle of suppresssdrimse

with elevated cortisol, and adding to a growing disparity with each trainisgses
Testosterone may also have been decreased as a result of a reductionunahe pit

gonadotropes (LH, FSH) as a result of the training sessions, which stinestatgdérone

production. These hormones were not measured in this study. In men, longer trair@sg cycl

are typically needed to cause reductions in these hormones, which has beehedtablis

previous published research (Hackney, 1996). Finally, testosterone may also have been

suppressed by prolactin, another stress related hormone. In men, prolactin is known, (when

at hyperprolactinemic levels) to effect of the gonadotropes at the tasibiting

testosterone production. These hyperprolactemic men have been shown to display

significantly suppressed testosterone levels (Hackney, Dobridge, &NWVR00). In an

ancillary project in this current study, prolactin levels were examined ie sbthe subjects

(data not reported here). While the levels of this hormone did increase, they watre not

levels indicative of a hyperprolactinemic state. Therefore, prolactirhanaybeen

responsible for some of the decrease in testosterone levels, but was likekepdaetor in

the overall suppression.

Section IV: Practical Application

This study has shown that endurance athletes need to be aware of the effatiebne’s
can have on their ability to maintain normal endocrine status during high level afdraini

With the high volume of training required to be competitive, it is imperative aagen
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stores be replenished between each training bout. With more sufficient diet@r{~660)
intake, the subjects illustrated more of an adaptation hormonally rather thrabaance, as
has been seen in the literature previously (Jeukendrup, 2003). The current findings suggest
when appropriately fueled, the body is capable of performing high intensityisexéor at
least several consecutive days (i.e., three) without a negative hormqualses

The fTC ratio has also been suggested as a biomarker for overreaching and
overtraining in endurance activities. Adlercreutz et al. (1986) suggesteddinatase in
the ratio greater than 30% indicates a state of overreaching-overtrdimithgs study, with
the low-CHO diet there was a decrease of 43% in the ratio, while the cont@g€idp
only experienced a 3% decrease, suggesting the low-CHO subjects maydrave be
experiencing at least overreaching. Lehmann et al., suggest this népesenbalance
between training load and recovery. Such an imbalance places the athlete atkjfor
developing the Overtraining Syndrome and ending their competitive seasorafirekiral.,
1993). Itis not possible from the current data to determine if the low-CHO subgrets
truly overreaching or overtraining as this diagnosis requires more medatahtion than
this study intended. But, if the fTC ratio is a valid biomarker for such traitiegss
indications, then the current data suggest as little as 3 days of hard training adbguate
carbohydrate can be potentially detrimental-risky to an athlete. The climdings strongly
support that it is critical therefore, to control for diet if this ratio is gambe utilized for
diagnostic or informative measures of overreaching or training balanags, sititerwise the

results could be misleading.
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