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Abstract 
Background and aims: To succeed in competition, elite team and individual athletes 

often seek the development of both, high levels of muscle strength and power as well 

as cardiorespiratory endurance. In this context, concurrent training (CT) is a commonly 

applied and effective training approach. While being exposed to high training loads, 

youth athletes (≤ 18 years) are yet underrepresented in the scientific literature. Besides, 

immunological responses to CT have received little attention. Therefore, the aims of 

this work were to examine the acute (< 15min) and delayed (≥ 6 hours) effects of dif-

ferent exercise order in CT on immunological stress responses, muscular fitness, met-

abolic response, and rating of perceived exertion (RPE) in highly trained youth male 

and female judo athletes. 
 

Methods: A total of twenty male and thirteen female participants, with an average age 

of 16 ± 1.8 years and 14.4 ± 2.1 years, respectively, were included in the study. They 

were randomly assigned to two CT sessions; power-endurance versus endurance-

power (i.e., study 1), or strength-endurance versus endurance-strength (i.e., study 2). 

Markers of immune response (i.e., white-blood-cells, granulocytes, lymphocytes, mon-

ocytes, and lymphocytes, granulocyte-lymphocyte-ratio, and systemic-inflammation-in-

dex), muscular fitness (i.e., counter-movement jump [CMJ]), metabolic responses (i.e., 

blood lactate, glucose), and RPE were collected at different time points (i.e., PRE12H, 

PRE, MID, POST, POST6H, POST22H). 
 

Results (study 1): There were significant time*order interactions for white-blood-cells, 

lymphocytes, granulocytes, monocytes, granulocyte-lymphocyte-ratio, and systemic-

inflammation-index. The power-endurance order resulted in significantly larger PRE-

to-POST increases in white-blood-cells, monocytes, and lymphocytes while the endur-

ance-power order resulted in significantly larger PRE-to-POST increases in the granu-

locyte-lymphocyte-ratio and systemic-inflammation-index. Likewise, significantly larger 

increases from PRE-to-POST6H in white-blood-cells and granulocytes were observed 

following the power-endurance order compared to endurance-power. All markers of 

immune response returned toward baseline values at POST22H. Moreover, there was 
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a significant time*order interaction for blood glucose and lactate. Following the endur-

ance-power order, blood lactate and glucose increased from PRE-to-MID but not from 

PRE-to-POST. Meanwhile, in the power-endurance order blood lactate and glucose 

increased from PRE-to-POST but not from PRE-to-MID. A significant time*order inter-

action was observed for CMJ-force with larger PRE-to-POST decreases in the endur-

ance-power order compared to power-endurance order. Further, CMJ-power showed 

larger PRE-to-MID performance decreases following the power-endurance order, com-

pared to the endurance-power order. Regarding RPE, significant time*order interac-

tions were noted with larger PRE-to-MID values following the endurance-power order 

and larger PRE-to-POST values following the power-endurance order. 
 

Results (study 2): There were significant time*order interactions for lymphocytes, mon-

ocytes, granulocyte-lymphocyte-ratio, and systemic-inflammation-index. The strength-

endurance order resulted in significantly larger PRE-to-POST increases in lymphocytes 

while the endurance-strength order resulted in significantly larger PRE-to-POST in-

creases in the granulocyte-lymphocyte-ratio and systemic-inflammation-index. All 

markers of the immune system returned toward baseline values at POST22H. Moreo-

ver, there was a significant time*order interaction for blood glucose and lactate. From 

PRE-to-MID, there was a significantly greater increase in blood lactate and glucose 

following the endurance-strength order compared to strength-endurance order. Mean-

while, from PRE-to-POST there was a significantly higher increase in blood glucose 

following the strength-endurance order compared to endurance-strength order. Re-

garding physical fitness, a significant time*order interaction was observed for CMJ-

force and CMJ-power with larger PRE-to-MID increases following the endurance-

strength order compared to the strength-endurance order. For RPE, significant time*or-

der interactions were noted with larger PRE-to-MID values following the endurance-

power order and larger PRE-to-POST values following the power-endurance order. 
 

Conclusions: The primary findings from both studies revealed order-dependent effects 

on immune responses. In male youth judo athletes, the results demonstrated greater 

immunological stress responses, both immediately (≤ 15 min) and delayed (≥ 6 hours), 
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following the power-endurance order compared to the endurance-power order. For fe-

male youth judo athletes, the results indicated higher acute, but not delayed, order-

dependent changes in immune responses following the strength-endurance order com-

pared to the endurance-strength order. It is worth noting that in both studies, all markers 

of immune system response returned to baseline levels within 22 hours. This suggests 

that successful recovery from the exercise-induced immune stress response was 

achieved within 22 hours. Regarding metabolic responses, physical fitness, and per-

ceived exertion, the findings from both studies indicated acute (≤ 15 minutes) altera-

tions that were dependent on the exercise order. These alterations were primarily in-

fluenced by the endurance exercise component. Moreover, study 1 provided substan-

tial evidence suggesting that internal load measures, such as immune markers, may 

differ from external load measures. This indicates a disparity between immunological, 

perceived, and physical responses following both concurrent training orders. There-

fore, it is crucial for practitioners to acknowledge these differences and take them into 

consideration when designing training programs. 
 

Keywords: Combined strength and endurance, Risk of infection, White blood cells, 

Leukocytosis, Adolescents, Combat sports 
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Zusammenfassung 
Hintergrund und Ziele: Um im Wettkampf erfolgreich zu sein, streben Elitesportler oft 

die Entwicklung einer hohen Muskelkraft und -leistung als auch der kardiorespiratori-

schen Ausdauer an. In diesem Zusammenhang ist das gleichzeitige Training von Kraft- 

und Ausdauer (CT) ein häufig angewandter und effektiver Trainingsansatz. Während 

Jugendliche (≤ 18 Jahre) hohen Trainingsbelastungen ausgesetzt sind, sind sie in der 

wissenschaftlichen Literatur noch unterrepräsentiert. Außerdem haben immunologi-

sche Reaktionen auf CT bisher wenig Aufmerksamkeit erhalten. Daher waren die Ziele 

dieser Arbeit, die akuten (< 15min) und verzögerten (≥ 6 Stunden) Auswirkungen un-

terschiedlicher Übungsreihenfolgen im CT auf immunologische Stressreaktionen, mus-

kuläre Fitness, Stoffwechselreaktionen und empfundene Anstrengung (RPE) bei hoch-

trainierten jugendlichen männlichen und weiblichen Judosportlern zu untersuchen. 
 

Methoden: In die Studie wurden insgesamt zwanzig männliche und dreizehn weibliche 

Teilnehmer im Alter von durchschnittlich 16 ± 1,8 Jahren bzw. 14,4 ± 2,1 Jahren auf-

genommen. Sie wurden zufällig zwei CT-Einheiten zugewiesen: Muskelpower-Aus-

dauer im Vergleich zu Ausdauer-Muskelpower (d. h. Studie 1) oder Kraft-Ausdauer im 

Vergleich zu Ausdauer-Kraft (d. h. Studie 2). Marker der Immunantwort (d. h. weiße 

Blutkörperchen, Granulozyten, Lymphozyten, Monozyten und Lymphozyten, Gra-

nulozyten-Lymphozyten-Verhältnis, und systemischer Entzündungsindex), muskuläre 

Fitness (d. h. counter-movement jump [CMJ]), Stoffwechselreaktionen (d. h. Blutlaktat, 

Blutglukose) und RPE wurden zu verschiedenen Zeitpunkten (d. h. PRE12H, PRE, 

MID, POST, POST6H, POST22H) erhoben. 
 

Ergebnisse (Studie 1): Es gab signifikante Zeit*Reihenfolge-Interaktionen für weiße 

Blutkörperchen, Lymphozyten, Granulozyten, Monozyten, das Granulozyten-Lympho-

zyten-Verhältnis und den systemischen Entzündungs-index. Die Reihenfolge Muskel-

power-Ausdauer führte zu signifikant größeren PRE-bis-POST-Anstiegen bei weißen 

Blutkörperchen, Monozyten und Lymphozyten, während die Reihenfolge Ausdauer-

Muskelpower zu signifikant größeren PRE-bis-POST-Anstiegen im Granulozyten-Lym-

phozyten-Verhältnis und dem systemischen Entzündungsindex führte. Ebenso wurden  
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nach der Reihenfolge Muskelpower-Ausdauer signifikant größere Anstiege von PRE-

bis-POST6H bei weißen Blutkörperchen und Granulozyten im Vergleich zur Reihen-

folge Ausdauer-Muskelpower beobachtet. Alle Marker des Immunsystems kehrten bis 

POST22H wieder auf das Ausgangsniveau zurück. Darüber hinaus wurde eine signifi-

kante Zeit*Reihenfolge-Interaktion für Blutglukose und Blutlaktat beobachtet. Nach der 

Reihenfolge Ausdauer-Kraft stiegen Blutlaktat und Blutglukose von PRE-bis-MID, aber 

nicht von PRE-bis-POST. Außerdem wurde eine signifikante Zeit*Reihenfolge-Interak-

tion für CMJ-Kraft beobachtet. Entsprechend zeigten sich größere PRE-bis-POST Ver-

minderungen in der Ausdauer-Muskelpower Reihenfolge im Vergleich zu Muskel-

power-Ausdauer. Außerdem zeigte die CMJ-Leistung einen größeren Leistungsverlust 

von PRE-bis-MID in der Muskelpower-Ausdauer Reihenfolge, im Vergleich zu Aus-

dauer-Muskelpower. Mit Blick auf RPE gab es ebenfalls signifikante Zeit*Reihenfolge-

Interaktionen. Entsprechend waren die RPE-Werte höher von PRE-bis-MID nach der 

Ausdauer-Muskelpower Reihenfolge und von PRE-bis-POST nach der Muskelpower-

Ausdauer Reihenfolge. 
 

Ergebnisse Studie 2: Beobachtet wurde eine signifikante Zeit*Reihenfolge-Interaktion 

für Lymphozyten, Monozyten, das Granulozyten-Lymphozyten-Verhältnis und den sys-

temischen Entzündungsindex. Die Reihenfolge Kraft-Ausdauer hat zu signifikanten 

Steigerungen der Lymphozyten von PRE-bis-POST geführt, während die Ausdauer-

Kraft Reihenfolge signifikante Anstiege des Granulozyten-Lymphozyten-Verhältnis und 

des systemischen Entzündungsindex zur Folge hatte. Alle Marker des Immunsystems 

kehrten bis POST22H wieder auf das Ausgangsniveau zurück. Darüber hinaus wurde 

eine signifikante Zeit*Reihenfolge-Interaktion für Blutglukose und Blutlaktat beobach-

tet. Von PRE-bis-MID gab es nach der Reihenfolge Ausdauer-Kraft im Vergleich zur 

Reihenfolge Kraft-Ausdauer einen signifikant größeren Anstieg von Blutlaktat und Blut-

glukose. Darüber hinaus gab es von PRE-bis-POST einen signifikant höheren Anstieg 

der Blutglukose nach der Reihenfolge Kraft-Ausdauer im Vergleich zur Reihenfolge 

Ausdauer-Kraft. In Bezug auf die körperliche Fitness wurde eine signifikante Zeit*Rei-

henfolge-Interaktion für CMJ-Kraft und CMJ-Leistung beobachtet, wobei größere PRE- 
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bis-MID-Anstiege nach der Reihenfolge Ausdauer-Kraft im Vergleich zur Reihenfolge 

Kraft-Ausdauer zu verzeichnen waren. In Bezug auf die empfundene Anstrengung wur-

den signifikante Zeit*Reihenfolge-Interaktionen festgestellt. Hier kam es zu größeren 

PRE-bis-MID-Werten in Folge von Ausdauer-Kraft und größere PRE-bis-POST-Werte 

nach Kraft-Ausdauer. 
 

Schlussfolgerungen: Die Hauptergebnisse beider Studien zeigten reihenfolgeabhän-

gige Auswirkungen auf Immunreaktionen. Bei männlichen jugendlichen Judosportlern 

zeigten die Ergebnisse größere immunologische Stressreaktionen, sowohl unmittelbar 

(≤ 15 min) als auch verzögert (≥ 6 Stunden), nach der Reihenfolge Muskelpower-Aus-

dauer im Vergleich zur Reihenfolge Ausdauer-Muskelpower. Bei weiblichen jugendli-

chen Judosportlern deuteten die Ergebnisse auf höhere akute, aber nicht verzögerte, 

reihenfolgeabhängige Immunreaktionen nach der Reihenfolge Kraft-Ausdauer im Ver-

gleich zur Reihenfolge Ausdauer-Kraft hin. Es ist erwähnenswert, dass in beiden Stu-

dien alle Marker der Immunreaktion innerhalb von 22 Stunden auf das Ausgangsniveau 

zurückkehrten. Dies deutet darauf hin, dass eine erfolgreiche Erholung von der durch 

Bewegung verursachten Immunstressreaktion innerhalb von 22 Stunden erreicht 

wurde. In Bezug auf Stoffwechselreaktionen, körperliche Fitness und empfundene An-

strengung zeigten die Ergebnisse beider Studien akute (≤ 15 Minuten) Veränderungen, 

die von der Übungsreihenfolge abhängig waren. Diese Veränderungen wurden haupt-

sächlich durch die Ausdauerübungskomponente beeinflusst. Darüber hinaus lieferte 

Studie 1 Hinweise darauf, dass interne Belastungsmessungen, wie Immunmarker, von 

externen Belastungsmessungen wie beispielsweise RPE abweichen können. Dies 

deutet auf eine Diskrepanz zwischen immunologischen Reaktionen, körperlichen Leis-

tungsfähigkeiten und empfundener Ermüdung nach beiden Trainingsreihenfolgen hin. 

Daher ist es für Praktiker wichtig, sich dieser Unterschiede bewusst zu sein und bei der 

Gestaltung von Trainingsprogrammen zu berücksichtigen. 
 

Schlüsselwörter: Kombination aus Kraft und Ausdauer, Infektionsrisiko, weiße Blut-

körperchen, Leukozytose, Jugendliche, Kampfsport, Profisportler 
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1 Introduction 
Acute immunological responses to exercise are complex and involve systemic altera-

tions in hormone and innate immune cell concentrations [1, 2]. Compelling evidence 

suggests that chronic exposure to exercise has anti-inflammatory effects [3-7]. How-

ever, the acute immunological responses to exercise have not been extensively dis-

cussed [8]. Nonetheless, it is well-established that exercise can cause acute leukocy-

tosis in healthy individuals [5]. Leukocytosis is a clinically accepted marker of inflam-

mation and is often associated with infection [9] and exercise-induced stresses [5]. Re-

cent literature suggests that the acute inflammatory response to exercise is primarily 

mediated by the magnitude of muscle damage (i.e., disruption of the myofibrillar struc-

ture) and the required time for tissue repair [10, 11]. This would make the extent of 

leukocytosis dependent on several training variables such as the applied exercise in-

tensity, frequency, duration, order, as well as type of exercise [5, 12-14]. 
 

To succeed in competition, elite team and individual elite athletes often seek the de-

velopment of high levels of muscle strength and power as well as cardiorespiratory 

endurance [15-19]. In this context, concurrent training (CT) which combines 

strength/power and endurance exercises, is a commonly applied and effective training 

approach to improve measures of muscle strength, muscle power, and cardiorespira-

tory endurance (e.g., maximal oxygen consumption or aerobic capacity) [19-21]. Im-

munological responses to CT have received little attention in the literature, with most 

studies focused on either strength training or endurance training alone. For example, 

a recent study by Senna and colleagues [22] showed that a single resistance training 

session induced significant increases in white-blood-cells (WBC) along with other 

prominent markers of muscle tissue damage (e.g., creatine kinase, interleukin-6, tu-

mour-necrosis-factor-a) in healthy trained men aged 26 years. Interestingly, the same 

authors reported an increased inflammatory response when the rest period between 

sets was reduced from 3 to 1 min. Similar findings have been reported for endurance-

based exercises [23, 24], although a very recent study comparing the effects of strength 

versus endurance exercises on cellular immune responses (i.e., WBC) in healthy men  
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aged 24 years found higher immune cell mobilization following endurance exercises 

compared to strength exercises [13]. 
 

Unlike adult athletes, youth athletes (≤ 18 years) are underrepresented in the scientific 

literature. Generally, youth experience growth and maturation processes, which are 

associated with changes within tissues, organs, body systems, body composition, and 

physical fitness [25]. Additionally, youth athletes are commonly exposed to high training 

loads, making them vulnerable to an increased risk of infection [6, 26] and dropout due 

to training-related acute or chronic injuries [27, 28]. Of note, very few studies have 

investigated the acute immunological responses to exercise in youth [29-31], leading 

to a relatively deficient understanding of the matter. Furthermore, none of the few avail-

able studies have specifically addressed the acute immunological responses to CT in 

youth athletes. Moreover, compared to males, female athletes are largely underrepre-

sented in the scientific literature [32-34]. It is important to note that evidence gained 

from studies on males cannot be directly generalized to females due to their distinct 

biology [35]. Therefore, future studies that include female athletes are urgently needed. 
 

Several factors, including the type of exercise, exercise order, intensity, and duration 

are likely to influence the effects of CT on markers of immunological stress responses 

[36-38]. There are indications that the applied exercise order during CT can affect the 

underlying physiological events [39-41]. However, there is a lack of studies that have 

examined the acute effects of CT exercise order on markers of immunological stress 

responses (i.e., WBC, lymphocytes [LYM], granulocytes [GRAN], monocytes [MONO], 

granulocyte-lymphocyte-ratio [GLR] and the systemic inflammation index [SII]), in 

youth athletes.  
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1.1 Aims of the thesis 
The primary objective of this thesis was to investigate the effects of CT exercise order 

(i.e., power/strength-endurance versus endurance-power/strength) on acute (< 15min) 

and delayed (≥ 6 hours) immunological stress responses (i.e., WBC, LYM, GRAN, 

GLR, and SII) in male and female youth judo athletes. The secondary goal was to 

evaluate the effects of CT exercise order on measures of muscular fitness (i.e., jump 

height, force, power), metabolic response (i.e., blood glucose, blood lactate), and rating 

of perceived exertion (RPE) in the same group. 
 

1.2 Hypothesis 
Hypothesis 1: The order of CT exercises (i.e., power/strength-endurance versus en-

durance-power/strength) will result in different acute (< 15 min) and delayed (≥ 6 hours) 

changes in peripheral immune cell counts (e.g., WBC) in youth male and female judo 

athletes [40, 41]. 
 

Hypothesis 2: CT exercise order will differently affect measures of muscular fitness 

(i.e., jump height, force, power), metabolic response (i.e., blood glucose, blood lactate), 

and RPE in youth male and female judo athletes [40, 41]. 
 

1.3 Contribution of the thesis 
The findings of this thesis will be beneficial for practitioners working with youth athletes 

by assisting them in selecting the most suitable CT exercise order that minimizes dis-

ruptions to the immune function. Furthermore, this study provides additional insights 

into the lack of consensus between immunological, perceived, and physical fitness re-

sponses following both CT exercise orders, indicating the need for concurrent meas-

urement of internal and external training load to gain a comprehensive understanding 

of the athlete’s physical and physiological state. In general, these results will aid prac-

titioners optimizing their CT interventions for youth athletes. 
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2 Literature Review 

2.1 Concurrent Training 

2.1.1 Historical background 

The development of muscle strength and endurance capacity is crucial from a perfor-

mance optimisation and health perspective [21, 42, 43]. In this sense, the combination 

of strength- and endurance training is known as CT. In 1980, Robert C. Hickson [20] 

investigated for the first time the effects of 10 weeks of CT compared to single-mode 

strength and single-mode endurance training on measures of muscle strength and car-

diorespiratory endurance in recreationally active adults. Hickson reported that the level 

of muscle strength gains within the CT group was comparable to the strength group 

during the first seven weeks of training. However, during the 9th and 10th weeks, the 

same author noted that the gain in muscle strength within the CT group levelled off and 

even decreased. Meanwhile, cardiorespiratory endurance (i.e., maximal oxygen con-

sumption) did not differ between the CT group and endurance training group [20]. 

These findings demonstrated that CT does not affect cardiorespiratory endurance but 

does compromise muscle strength adaptations. Hickson’s study constitutes the first 

proof of evidence of the existence of an “interference effect”. In fact, the term interfer-

ence refers to an attenuated adaptive potential of CT to improve muscle strength com-

pared to single-mode strength training. Then, nearly a decade later it was hypothesised 

that residual fatigue resulting from endurance training may compromise the ability to 

produce high levels of muscle tension during the subsequent strength training when 

both exercises are performed within the same session and in close proximity [44]. The 

reduced ability to generate a high level of muscle tension would limit the potential for 

strength adaptations. In fact, this was partly confirmed within a very recent systematic 

review with meta-analysis by Markov et al. [42] in which the authors reported that en-

durance-based exercises acutely reduce measures of muscle strength. Based on ad-

vanced methods within the molecular exercise physiology domain, another important 

milestone within the CT domain was originally set by Atherton and colleagues in the 

early 21st century [45] and further developed by Coffey and Hawley [39, 46] alongside  
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others [47, 48]. These studies highlighted the importance of the adenosine monophos-

phate-activated kinase (i.e., AMPK) and the mechanistic target of rapamycin 

(i.e., mTOR or mTORC1 [complex1]). These two key enzymes are directly involved in 

exercise-induced signalling pathways that regulate muscle protein synthesis and mito-

chondrial biogenesis. However, there is evidence showing that in response to CT, 

AMPK and mTORC1 tend to interfere with each other, which in turn may cause altera-

tions within the pattern of skeletal muscle adaptations. In fact, since Robert C. Hick-

son’s original work in the early 80s, CT has been one of the most studied topics in the 

sports and exercise science literature with an ever-growing number of publications. 

Thereby, the current literature generally suggests that CT can be an effective and time-

efficient method to improve both, muscle strength and aerobic capacity [48, 49]. How-

ever, the question of how to appropriately combine strength and endurance exercises 

and/or training to avoid or at least minimise the level of interference remains the major 

challenge [36, 50, 51]. 
 

2.1.2 Methodological considerations: Modifiable Factors 

The occurrence and magnitude of the interference effect are influenced by the interac-

tion between numerous factors [37]. These factors should be considered by practition-

ers for the appropriate planning and prescription of CT. Among the most prominent 

training variables, we can denote training intensity, volume, mode of exercise, exercise 

order, and recovery time between endurance and strength exercises [36, 52] (Fig-

ure 1). Also, characteristics inherent to the training individual, mainly training status, 

constitutes another important factor that moderates the effects of CT-inducing strength 

and aerobic performance changes [37]. 
 

The intensity of exercise is a crucial variable that moderates the effects of CT [36]. This 

applies to endurance training (i.e., high- vs low-intensity continuous exercise or high-

intensity intermittent exercise (HIIE) vs moderate-/high-intensity continuous exercise) 

and strength training (i.e., high- vs moderate-/low-intensity strength exercises). Partic-

ularly, there is compelling evidence that HIIE is a time-efficient method for improving  
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mitochondrial biogenesis and oxidative capacity [36]. However, little is known about 

the effects of HIIE on aerobic performance as well as the interference phenomena in 

the context of long-term CT programs. Earlier studies addressing the molecular as-

pects demonstrated that HIIE may exacerbate acute molecular interference compared 

with lower-intensity continuous endurance exercise [36, 53-55].  
 

Training volume is another factor that could have an impact on the interference effect. 

In this sense, previous studies indicated that the total volume of endurance exercise, 

rather than the intensity per se, is probably a more prominent mediator of the interfer-

ence effect [56, 57]. In fact, a volume-dependent interference was supported by studies 

revealing no interference with lower endurance training frequencies (≤ 2 sessions per 

week) [58-60] while others reported decreased maximal strength with increasing train-

ing volume (≥ 2 sessions per week) [57, 61, 62]. In another study, authors [63] reported 

an association between increasing daily endurance training duration and attenuated 

resistance training-induced strength improvements. Overall, it seems that increasing 

training volume, either by increasing the frequency or the duration of training negatively 

impacts long-term strength training adaptations. 
 

Regarding the mode of exercise, there is evidence that the type of endurance exercise 

could modulate the interference effect following long-term CT [63, 64]. Of note, most of 

the existing CT studies that reported an interference effect have used running-type 

exercises [63, 64]. In this context, Gergley [65] investigated the effects of two different 

endurance exercise modes (i.e., running vs cycling) combined with strength training 

compared to strength training alone on measures of lower body muscle strength in 

healthy untrained adults aged between 18 to 24 years. Following nine weeks of train-

ing, the author reported that strength gains were significantly lower in the strength with 

running group but not in the strength with cycling group when compared to strength 

training alone. Meanwhile, other studies found no effect of exercise mode on measures 

of muscle strength [66]. 
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The recovery time between the strength and endurance exercises is another key factor 

given that residual fatigue and/or substrate depletion (i.e. muscle glycogen) caused by 

endurance exercise may negatively influence subsequent force/power production [44, 

64]. In this context, earlier studies showed reduced force production for at least six 

hours of the involved muscles following a bout of endurance exercise [67-69]. The de-

creased ability of the muscle to produce a high amount of force/power during strength 

exercise would limit the capacity to activate higher-threshold motor units and fibres 

[69], which are the most sensitive to muscle hypertrophy [70]. Additionally, there is 

evidence that the anabolic signalling response to subsequent resistance exercise is 

impaired [71]. This appears to be due to the residual fatigue from prior endurance ex-

ercise which reduces the total volume and quality of the subsequent resistance exer-

cise [69], compromising the anabolic response. On the other hand, it is well-established 

that endurance exercise particularly stimulates AMPK that tend to inhibit mTORC1 

pathway activation and therefore the rate of muscle protein synthesis [36]. In summary, 

there is strong evidence to suggest that performing strength exercises in closer prox-

imity to endurance exercises may hinder the anabolic response to strength exercises 

[36]. 
 

Another important aspect is the applied exercise order (i.e., endurance prior to strength 

vs strength prior to endurance). In fact, combining strength and endurance exercises 

within the same session is a common practice. While this topic was addressed in sev-

eral studies [36, 43, 72-76], it is yet very difficult to draw a comprehensive conclusion. 

From a performance perspective, it was previously suggested to favour the strength-

endurance order to minimize interference [43, 72, 73]. This is primarily based on the 

assumption that substrate depletion and/or neuromuscular fatigue may compromise 

strength exercises if these are performed after the endurance exercises [64, 77, 78]. In 

fact, several studies showed reduced measures of muscle strength after several weeks 

of CT when strength was applied after endurance exercises [43, 72, 73]. Nonetheless, 

current CT studies related to the underlying molecular mechanisms suggest applying 

strength after endurance exercises  [39, 48, 74, 79, 80]. This is due to the inhibiting 
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potential of AMPK on the mTORC1 signalling pathway. Accordingly, there is evidence 

showing reduced mTORC1 activity when endurance exercises were applied immedi-

ately after strength exercises [80, 81]. This highlights a discrepancy between perfor-

mance- and molecular-related CT investigations. 
 

Training status is an additional moderating factor that should be considered. In this 

regard, Petre et al. [21] recently meta-analysed the effects of CT on lower-body maxi-

mal dynamic strength in healthy untrained, moderately trained, and trained individuals 

(18 to 40 years) and reported a significant effect of training status. More specifically, 

the same authors reported that trained individuals experienced an interference effect 

while moderately trained as well as untrained did not. Concerning the underlying phys-

iological mechanisms, studies considering athletes are yet limited. In fact, some studies 

indicate that CT stimulates both muscle protein synthesis and mitochondrial biogenesis 

[82-86]. Fyfe et al. [36] highlighted that most of the available studies investigating the 

acute molecular responses to CT generally used non-athlete populations (i.e., seden-

tary, recreationally active, untrained). Meanwhile, there is evidence showing that in un-

trained individuals, the mTORC1 pathway -which is critical for muscle hypertrophy- is 

activated due to strength and/or endurance-based exercises while in trained athletes 

mTORC1 is primarily stimulated by strength but not endurance-based exercises [87-

89]. This would strengthen the assumption that trained individuals differ in their molec-

ular responses to CT when compared to their untrained counterparts. However, this 

needs to be investigated in future studies. 
 

2.1.3 Methodological considerations: Non-modifiable Factors 

In addition to the modifiable factors, there are several non-modifiable factors that must 

be considered (Figure 1). The most prominent ones are age, sex, genetics, and epige-

netics. In fact, studies investigating the effects of these factors on CT-related outcomes 

are yet lacking. Nonetheless, there is evidence from recent meta-analyses [19, 43, 90] 

indicating that the magnitude of the effects of CT is moderated by sex and age to a 

certain extent. For instance, Seipp and colleagues [19] systematically reviewed the  
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effects of CT on measures of muscular fitness in team sports athletes and reported 

improvements in measures of muscle strength (e.g., one-repetition maximum, muscle 

power) and endurance performance (e.g., maximum oxygen consumption). However, 

the same authors stressed that training status and recovery time modulate the magni-

tude of interference and that this in turn, is determined by maturity level [19], highlight-

ing the interdependency between modifiable and non-modifiable factors. In support, 

Markov et al. [43] recently meta-analysed the effects of CT in older adults and found 

higher effects of CT on measures of muscle strength in adults aged > 65 compared to 

those ≤ 65 years. The same authors reported higher effects of CT on measures of 

muscle strength and endurance in female older adults compared to males. In this con-

text, it is generally accepted that physiological responses to exercise in males cannot 

be generalized to females due to their distinct biology [35]. In fact, the available litera-

ture [91-93] indicates that strength exercise-induced anabolic responses, satellite cell 

activity, and/or the rate of muscle protein synthesis and breakdown are strongly af-

fected by female sex hormones (e.g., oestrogen). Another critical factor seems to be 

the genetic profile of an individual. Accordingly, there is cumulative evidence showing 

the importance of genetic variability in the context of sport and exercise [94-96]. For 

instance, a recent systematic review identified common genes associated with cardio-

vascular fitness, muscle strength, and anaerobic power and reported that the inter-

individual differences in responses to strength and/or endurance-based exercises are 

explained by genetic variations by up to 72% [97]. 
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Figure 1. A simplified illustration of the holistic concept of concurrent training. AMPK = AMP-activated protein 
kinase, mTOR = mammalian target of rapamycin, p70S6K = ribosomal protein S6 kinase, PGC-1a = Peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha. Strength and endurance exercises acutely stimulate 
molecular mechanisms of adaptation such as the mTOR and/or AMPK pathway. This increases the rate of muscle 
protein synthesis and mitochondrial biogenesis which in turn leads to increased levels of strength and endurance. 
Based on the available literature, AMPK and mTOR interfere with each other. The interference effect in turn, is 
moderated by several non-modifiable (e.g., age, sex, genetics) and/or modifiable (e.g., volume, intensity, recov-
ery time, exercise mode, training status, exercise order) factors. The graph was generated by use of Pixabay 
[98].  
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2.1.4 The effects of Concurrent Training on measures of physical fitness 

2.1.4.1 Chronic effects 
 

Generally, the literature suggests that CT is an effective method to improve muscle 

strength, muscle power, and cardiorespiratory endurance in healthy individuals, re-

gardless of age and sex [19, 43, 90]. For instance, Schumann et al. [99] conducted a 

systematic review with meta-analysis on the effects of CT on measures of muscle 

strength/power and muscle hypertrophy in healthy adults of any age or sex. The au-

thors reported that, irrespectively of age (i.e., < 40 years vs. > 40 years), training history 

(i.e., trained vs untrained), type of endurance exercise (i.e., cycling vs running), training 

frequency (i.e., < 5 sessions/week vs. > 5 sessions/week) and training modality 

(i.e., same session vs separate days), CT does not compromise the development of 

muscle strength and muscle hypertrophy [99]. However, the authors found a negative 

effect on muscle power, indicating that CT may attenuate the capacity to develop a 

high level of explosive strength, particularly when strength and endurance exercises 

were combined within the same session [99]. Murlasits and colleagues [73] meta-ana-

lysed the literature related to the long-term effects of two different intra-session exer-

cise orders (i.e., strength-endurance vs endurance-strength) during CT on lower-body 

muscle strength and maximal aerobic capacity in healthy individuals aged 14 to 66 

years. These authors reported that strength before endurance exercises is more effec-

tive to improve muscle strength than endurance exercise before strength. However, 

the development of aerobic capacity (i.e., maximum oxygen consumption) remained 

unaffected by the applied exercise order. Using a similar meta-analytical approach, 

Eddens and colleagues [72] confirmed the findings of Murlasits et al. [73] for lower 

limbs maximal strength in healthy individuals aged 18 to 65 years. It should be men-

tioned though, that the inclusion criteria of the forenamed studies were marked by a 

high heterogeneity related to the age, sex, and training status of the included partici-

pants.  
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2.1.4.2 Acute effects 
 
Little is known about the acute effects of CT on measures of physical fitness. In this 

context, the term ‘acute’ refers to the short-term or immediate effect of one exercise on 

the subsequent when strength and endurance exercises are combined within the same 

session. The findings on the acute effects of endurance exercises on measures of 

muscle strength and power have shown inconsistent results. More specifically, while 

some studies reported attenuated strength and power outcomes [41, 100, 101], others 

showed post-activation performance enhancement most likely triggered by the previ-

ous endurance exercises [102-104]. Besides the complexity of the underpinning mech-

anisms of training and adaptation in general, the observed discrepancy in the literature 

is most likely due to several factors such as the rest between endurance and strength 

exercises as well as the type of exercises (e.g., cycling vs running) applied [36, 39, 48]. 

Other key aspects, seem to be the applied exercise order [36, 39] and participants’ 

training status [36, 105]. In this regard, Markov et al. [42] meta-analysed the literature 

on the acute effects of endurance exercises on measures of muscle strength and power 

in trained individuals. The main findings of this meta-analysis showed that endurance 

exercise applied right before a strength exercise results in acute significant declines in 

muscle strength but not power of the involved muscles in trained male individuals. The 

findings further indicated that not only higher compared with lower intensity endurance 

exercises but also extended durations (i.e., > 30 minutes) exacerbate declines in mus-

cle strength. Moreover, the authors reported that cycling compared with running exer-

cise causes larger decrements in lower limb muscle strength. Based on their findings, 

Markov et al. [42] speculated endurance exercise-related neuromuscular fatigue [106, 

107] to be the main driver of the observed results. From a performance perspective, 

that would be an explanation for the previously reported negative long-time effects of 

CT on muscle strength when endurance exercises are performed prior to strength ex-

ercises [72, 73]. However, Markov and colleagues [42] also indicated that performance 

measures do not necessarily reflect the underlying physiological mechanisms. 
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2.1.5 Molecular mechanisms of concurrent Training 

The underlying physiological mechanisms of exercise and training, including CT, are 

highly complex. Therefore, an in-depth analysis of all molecular players (e.g., proteins, 

enzymes, kinases, hormones), involved in the process of adaptation to exercise is be-

yond the scope of this work. In this context, it is crucial to stress that several factors 

are likely to alter the molecular training response [36, 108]. Comprehensive systematic 

reviews and/or meta-analyses concerning the molecular responses to CT are yet miss-

ing. Nonetheless, there are several narrative review articles describing/summarizing 

the current state of the knowledge [36, 39, 47, 48, 50]. In general, exercise-induced 

adaptation is subjected to the principle of signal transduction (Figure 1, [109]). In the 

context of skeletal muscle, there are several studies including human [110, 111] and 

animal models [45, 80, 112] which highlight the importance of the AMPK and the 

mTOR/mTORC1 signalling pathways. These pathways are directly involved in the ex-

ercise-induced regulation of muscle protein synthesis (mTOR) and mitochondrial bio-

genesis (AMPK) [47]. For instance, in a rodent study, Bolster and colleagues [113] 

found that strength training acutely increases the rate of phosphorylation of several 

proteins (e.g., protein kinase B; mTOR; Eukaryotic translation initiation factor 4E-bind-

ing protein 1; Ribosomal protein S6 kinase beta-1 [p70S6K]) which are directly linked 

to the mTOR pathway and thus, the regulation of muscle protein synthesis. Meanwhile, 

there is evidence showing that a rapamycin-induced inhibition of the mTOR pathway 

directly blocks the phosphorylation of its downstream targets (i.e., p70S6k) which in 

turn attenuates muscle hypertrophy [114]. This was reported by data collected between 

two [111, 115] to 24 hours [110] following strength training in human subjects. 
 

On the other hand, endurance exercise changes the ratio of adenosine-diphos-

phate/adenosine-triphosphate (ADP/ATP) and calcium levels within skeletal muscle. In 

turn, this stimulates the phosphorylation of AMPK [116, 117]. AMPK regulates im-

portant downstream targets such as the peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1a) or nuclear respiratory factor 1 and 2 (NRF1/2)  
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[118]. PGC-1a is an important transcription regulator that regulates mitochondrial bio-

genesis by stimulating NRF-1/2 and mitochondrial transcription factor A, which in turn 

increases mitochondrial DNA replication and thus, gene transcription [119]. In this con-

text, evidence from animal studies shows that the expression of PGC-1a correlates 

with muscle fiber-type formation [120, 121] and mitochondrial biogenesis [83, 112]. 

Taken together, both the mTOR as well as the AMPK networks are directly involved in 

skeletal muscle phenotype alteration. 
 

With respect to the CT literature, it is critical to note that the AMPK and mTOR path-

ways tend to interfere with each other which in turn may cause alterations within the 

magnitude of skeletal muscle growth and other tissue [47]. For instance, an animal 

model by Bolster and colleagues showed that, when the activity of the AMPK pathway 

increased due to an injection of 5-aminoimidazole-4-carboxamide 1-β-d-ribonucleo-

side, phosphorylation levels of mTOR, p70S6K and other regulator proteins of muscle 

protein synthesis were significantly decreased [80]. In fact, other animal studies sup-

port the assumption that endurance exercise attenuates mTOR pathway activity [81]. 

In this context, it should be mentioned that there are studies that showed no interfer-

ence between the mTOR/AMPK network. For instance, de Souza and colleagues [122] 

reported that 8 weeks of CT, compared to strength training alone, did not hamper the 

development of muscle strength and hypertrophy in healthy men aged 24 years. Gen-

erally, several factors determine the underlying physiological process of adaptation 

(compare to section 2.1.2 and 2.1.3). Regarding human skeletal muscle, frequently 

discussed factors are exercise volume and intensity [36]. Accordingly, Jones et al. [57] 

reported that the rate of muscle growth decreased with increased endurance exercise 

frequency. Meanwhile, Fyfe and colleagues [123] showed increased phosphorylation 

of mTOR and p70S6K when the endurance exercise intensity was increased. Interest-

ingly, other studies did not find attenuated effects on muscle strength, regardless of 

endurance exercise type and/or intensity [66, 124]. Another important factor, most likely 

altering the molecular response to CT is the applied exercise order. Accordingly, there 

is evidence showing significant increases in the phosphorylation of mTOR and p70S6K  
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as well as mRNA expression of PGC-1a when strength exercises were performed im-

mediately after endurance exercises [83]. This is in line with other studies investigating 

either the acute (i.e., ≤ 24 hours [125-127]) or chronic (≥ 7 weeks) effects of endurance 

before strength exercises (i.e., endurance-strength order) on measures of muscle hy-

pertrophy [82, 128, 129]. Meanwhile, the strength-endurance order resulted in attenu-

ated mTOR pathway activity [74, 79]. Unfortunately, the literature lacks studies repre-

senting high-performance athletes, which makes it difficult to draw causal conclusions 

for this group. Generally, it should be mentioned that many of the regulating mecha-

nisms were studied in animal models while conclusive evidence from human models is 

yet rare. However, from a current molecular perspective, it seems reasonable to per-

form endurance before strength exercises to avoid or at least minimize the level of 

interference [39, 48, 74, 79, 80]. Of note, this is contrary to what is recommended in 

the studies that focus on the effects of CT on performance measures [72, 73], high-

lighting the need for future studies considering measures of physical fitness and the 

respective underlying physiological mechanisms. 
 

2.1.6 Concurrent training and youth athletes 

The body of literature regarding youth athletes is yet limited. This accounts particularly 

for studies investigating the effects of CT on the underlying physiological mechanisms 

together with measures of physical fitness. Generally, it is well-evidenced that matura-

tion difference in youth is a key aspect affecting not only growth but also physical fitness 

performance, regardless of sex [25, 130]. Also, there is evidence that growth and mat-

uration affect not only performance measures but also the capacity to adapt to training 

(i.e., trainability) [131]. Alves and colleagues investigated the effects of the applied ex-

ercise order and frequency (i.e., same session vs different sessions) on muscle power 

and maximal oxygen consumption, following 8 weeks of CT, in prepubertal children 

aged 10 to 11 years [132, 133]. Generally, the authors reported that CT is an effective 

method to improve both muscle power and maximal oxygen consumption. However, 

these effects were higher when strength and endurance exercises were performed on 

different days [132]. Also, when sessions were combined, the authors found beneficial  
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effects of the strength-endurance order for the development of muscle power while the 

endurance-strength order seems to be advantageous to induce increases in aerobic 

capacity [133]. Currently, there is only one meta-analysis available [90] that covers the 

effects of CT on cardiorespiratory endurance, muscular fitness, and athletic perfor-

mance (i.e., time-trial, kicking/throwing velocity) in trained and untrained youth individ-

uals. The main findings of the meta-analysis indicated [90] that CT is more effective to 

increase athletic performance (e.g., time-trial performance) in endurance-trained youth 

when compared to endurance exercise alone. Further, for untrained individuals, the 

authors reported higher increases in lower-body muscle power in the CT group com-

pared to the strength training group. However, it must be mentioned that the main re-

sults of the study of Gäbler and colleagues [90] should be interpreted with caution due 

to the limited number of studies included, their low methodological quality, and the het-

erogeneous data they displayed. More recently, Seipp et al. [19] systematically re-

viewed the effects of CT on measures of muscular fitness in team sports athletes. Gen-

erally, the authors reported that CT improves both strength and endurance perfor-

mance in team sport athletes. More specifically, results indicated superior effects in 

youth soccer players (≤ 18 years) when combining strength- and endurance exercises 

within a single session compared to separated sessions while no effect was observed 

regarding the applied exercise order [19]. Meanwhile, for highly trained youth soccer 

athletes (≤ 18 years) there was an order-effect, showing larger improvements in mus-

cular fitness when plyometric jump training preceded sport-specific soccer training. 

Controversially, the authors reported attenuated muscle strength and endurance per-

formance capacity in adolescent trained handball players (≤ 15 years) when strength 

exercises preceded endurance exercises within a single session [19]. 
 

2.1.7 Concurrent training and combat sports 

Most combat sports demand both high levels of muscle strength/power and cardi-

orespiratory endurance [15-18]. Therefore, CT appears to be an appropriate approach 

to develop muscle strength/power and cardiorespiratory endurance in combat sports, 

including judo. Yet, there are very few original studies investigating the effects of CT in  
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combat sports [15]. For instance, Radovanovic et al [134] examined the effects of CT 

on measures of physical fitness and oxidative stress in trained male judo players aged 

23 years. Following 12 weeks of training, authors reported significant increases in an-

aerobic power, maximal oxygen consumption, and markers of oxidative stress 

(i.e., erythrocyte malondialdehyde and plasma catalase). Another study by Ghah-

ramani and colleagues [16] investigated the effects of the applied exercise order and 

the duration of rest between strength and endurance exercises following 8 weeks of 

CT in young male wrestling athletes aged 18 to 25 years. The study included five dif-

ferent groups, that is strength-endurance, endurance-strength, strength-8h rest- endur-

ance, endurance-8h rest-strength, and control. The main findings indicated that upper-

body muscle strength significantly increased in all groups apart from the endurance-

strength group. Further, the authors revealed significant lower-body muscle strength 

increases when strength and endurance exercises were separated by 8 hours in be-

tween. Meanwhile, cortisol levels solely decreased significantly within the strength-8h 

rest-endurance group. In fact, it is generally accepted that breaks ≥ 3 hours reduce 

potential interference effects when applying strength and endurance exercises concur-

rently [19, 36, 48]. 
 

2.2 The Immune System 
The immune system is a complex network spreading throughout the entire body, serv-

ing as both an external and internal shield against every potential source of threat such 

as viruses, bacteria, and damaged cells. Its primary function is to maintain the biologi-

cal integrity of the organism. Of note, immune responses are crucial not only in the 

context of disease but also in response to physical exercise [135, 136]. In this sense, 

one notable mechanism involves the infiltration of WBC into the skeletal muscle to 

counteract exercise-induced muscle damage. Briefly, exercise stimulates inflammatory 

processes which enable certain immune cells (e.g., monocytes, lymphocytes, and com-

plementary proteins) to infiltrate skeletal muscle, activating mechanisms of tissue re-

pair [135-137]. Generally, the immune system comprises two distinct subsystems: the 

innate (non-specific) and the adaptive (specific) immune systems. It is fundamental to  
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understand that the two subsystems act together in harmony whenever an immune 

response is needed. Various cells, including macrophages and dendritic cells, which 

are part of the innate immune system, play a crucial role by presenting foreign sub-

stances (e.g., antigens) to the respective cells from the adaptive immune system 

(e.g., T-lymphocytes). This interaction subsequently triggers specific immune re-

sponses [138]. 
 

2.2.1 The innate immune system 

The main function of the innate (non-specific) immune system is to fight harmful sub-

stances and germs that get access to the body through the skin or digestive system. 

As such, the innate immune system provides a general defense against harmful germs 

or substances. It mostly acts using defense cells such as natural killer cells and phag-

ocytes. The innate immune system operates via two major lines of defense. The first 

line includes the skin and the mucous membrane [139] and the second line pertains to 

the inflammatory processes which are regulated due to the activity of certain cells (e.g., 

mast cells) and hormones (e.g., histamine) [138]. Briefly, inflammation causes blood 

vessels to dilate to increase permeability which in turn drives WBC subsets (i.e., GRAN, 

MONO), and other complementary proteins (e.g., complement component 3) to migrate 

to the area concerned. Simultaneously activated, the complement system (i.e., serum 

proteins, cell membrane receptors) co-regulates the entire process of inflammation 

[138]. For instance, it attracts other phagocytes (i.e., GRAN, macrophages) – a process 

which is known as chemotaxis – and/or induces the release of further histamine from 

mast cells, which in turn stimulates the entire inflammatory process [140]. 
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2.2.2 The adaptive immune system 

The adaptive (specific) immune response reflects the third line of defense. Adaptive 

immune responses are either cell- (i.e., cytotoxic T-lymphocytes) and/or humoral- 

(i.e., B-lymphocytes) mediated. When being activated, mainly due to pathogenic sig-

nals, T-lymphocytes destroy pathogens due to the release of several signals (e.g., per-

forin) which in turn, drive the pathogenic cell to undergo apoptosis [141]. Meanwhile, 

B-lymphocytes primarily serve the function of producing specific antibodies (known as 

immunoglobins) that bind to antigens presented on the pathogen’s membrane. This 

interaction subsequently leads to the disruption of the pathogen’s cellular integrity 

[142]. Importantly, T- and B-lymphocytes possess the ability to build memory cells 

when exposed to non-self-substances. This remarkable mechanism enables the adap-

tive immune system to launch specific responses to any source of threat, providing the 

body with a heightened level of protection. 
 

2.2.3 Exercise and upper-respiratory-tract-infection 

Exercise immunology is an ever-growing discipline within the sports science domain 

[143]. However, due to the general complexity of biology, it is often difficult to draw 

causal conclusions from original studies and transfer the respective findings to the field. 

Current exercise immunology studies could be separated into two different subareas, 

where one would cover upper-respiratory-tract-infections (URTI) and their occurrence 

following different endurance exercise frequencies and/or intensities [144] while the 

other focus on cellular immune responses to exercise [145]. With respect to URTI, the 

most recognized concept may be the open window theory [5, 144]. This theory is based 

on the assumption that the immune system is suppressed as a consequence of (en-

durance) exercise, which in turn causes an increased likelihood of URTI [146, 147]. In 

this context, the J-curve proposed by David Niemann [146], one of the pioneers within 

the scientific domain of exercise immunology, indicates a correlation between the risk 

of URTI and the applied exercise intensity and frequency. Accordingly, Niemann sug-

gested that exercise at moderate frequencies and intensities may reduce the risk for 

URTI while exercising more frequently at higher intensities increases the risk for  
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URTI [146]. Consequently, that would mean that particularly athletes, who perform up 

to 4 training sessions per day [148], may be at higher risk for URTI than for instance 

recreationally active individuals. In fact, the open window theory is currently under de-

bate [149] with recent literature suggesting other causes than viral or respiratory path-

ogens for URTI in athletes [150-152]. 
 

2.2.4 Cellular immune responses to exercise 

A second area would cover cellular immune responses to exercise, for instance, 

changes within the number of circulating WBC (i.e., GRAN, LYM, MONO). Nonethe-

less, the literature indicates that the magnitude and the time course of the acute im-

mune response and thus, any alteration within circulating immune cell counts is de-

pendent on several factors such as the type of exercise applied, intensity and duration 

as well as training status [5, 13, 23, 153] while chronic exercise training at higher in-

tensities may even reduce the number as well as the function of several immune cells 

(e.g., GRAN, LYM) [154]. Within this holistic concept, an exercise that involves repeti-

tive muscle contraction acutely stimulates the activity of the central nervous system 

and causes systemic substrate metabolism [145]. This would alter immune cell activ-

ity/function and further, stimulate the release of glucocorticoid hormones (e.g., cortisol), 

catecholamine (e.g., adrenaline, cytokines such as Interleukin-6), and WBC into pe-

ripheral circulation [145, 155]. Thereby, the increase in WBC (i.e., leukocytosis) seems 

to be due to demarginating from the vessel walls and to cell releases from organic 

storage (e.g., liver, lung), as well as the thymus gland, bone marrow, lymph nodes, and 

skeletal muscle [156]. Previous studies reported acute leukocytosis after strength [157, 

158] and endurance exercises [24, 159-161] in trained [24, 160, 161] and recreationally 

active [157-159] adults. 
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2.2.5 Cellular immune responses to Concurrent Training 

Compared to strength or endurance-based exercises alone, studies investigating the 

effects of CT on immune system responses are yet scarce, highlighting a critical gap 

in the present literature. 
 

2.2.5.1 Acute effects 
 

From an acute perspective, Donges and colleagues [162] contrasted the level of cyto-

kine mRNA expression following either strength-, endurance-, or concurrent exercises 

in sedentary middle-aged men and reported a significant increase, one-hour post-ex-

ercise, in the expression of Interleukin-6 and tumour-necrosis-factor-a, irrespective of 

the training method applied. Further, the same authors reported a significant difference 

between groups four hours post-exercise, showing that both Interleukin-6 and tumour-

necrosis-factor-a went back toward baseline following CT while staying elevated fol-

lowing strength or endurance exercises alone. Supporting literature that contrasts the 

acute effects of CT on immune responses to strength and/or endurance exercises 

alone is yet missing. However, Bessa et al. [14] examined the acute effects of CT on 

markers of muscle damage and inflammation in elite cyclists aged 28 years And re-

ported significant increases in WBC, neutrophils, LYM, MONO, and creatine kinase 

from ≤ 3 to ≤ 12 hours post-exercise. Meanwhile, the neutrophil-lymphocyte-ratio 

peaked 3 hours after the CT protocol and dropped significantly below baseline 12 hours 

post-exercise. The observed results were accompanied by significant decreases in up-

per-body muscle strength lasting from ≤ 3 to ≤ 12 hours post-exercise. In another study, 

Inoue et al. [163] investigated the effects of the applied CT order on acute immune 

responses in recreational male weightlifters and found similar acute alterations for in-

terleukin-6, interleukin-10 and tumour-necrosis-factor-alpha immediately post-exer-

cise, regardless of the applied exercise order.  
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2.2.5.2 Chronic effects 
 

Concerning the chronic effects of CT, the available literature is yet inconclusive [164-

167]. Nonetheless, Ihalainen et al. [165] recently reported that 24 weeks of CT reduces 

markers of inflammation in healthy men aged 31 years. In support, Stuart and col-

leagues stated that 12 weeks of CT reduce the risk of cardiovascular disease develop-

ment due to a reduction in inflammatory cytokines and the C-reactive-protein in healthy 

adults, irrespective of age. Yet, there are no studies reflecting the effects of CT on 

chronic immune responses in athletes. In general, the number of studies in this area is 

limited but the available ones indicate that the immune responses to CT may differ from 

those known after single-mode strength- or endurance training [162], yet supportive 

evidence is missing. 
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3 Methods 
3.1 Participants 
A total of thirty-nine youth judo athletes participated in this study. Details of the recruited 

sample are provided in Table 1. To be included, participants had to be free from injuries 

or any signs of infectious diseases before and throughout the entire experimental pe-

riod. All participants were members of the federal and/or national judo squad and can 

therefore be classified as highly trained athletes [168]. Additionally, they were all ac-

tively engaged in national and/or international judo competitions. Their general training 

routine consisted of two sessions per day, lasting one to two hours each on ≥ 5 days a 

week. The maturity status of participants was determined using the maturity offset 

method, which was estimated using the respective predictive equation of Mirwald et al. 

[169] for males and females. During the wash-out period, four male- and two female 

individuals dropped out. Thus, twenty males completed the entire protocol of study 1 

(i.e., power-endurance versus endurance-power) while thirteen females completed the 

entire protocol of study 2 (strength-endurance versus endurance-strength). All partici-

pants as well as their legal guardians gave written informed consent to participate in 

the study. The Human Ethics Committee at Potsdam University approved the experi-

mental procedures (No. 45/2020). 
 

Table 1: Characteristics of the included participants across both studies.  

  

Study 2Study 1Characteristics
1320Number of participants

FemaleMaleSex
14.4 ± 2.116 ± 1.8Age (years)
2.0 ± 1.21.8 ± 1.4Maturity offset (years)

85.9 ± 3.689.2 ± 3.8Sitting height (cm)
162.9 ± 6.3171.2 ± 8Standing height (cm)
57.1 ± 10.764.7 ± 11.6Body mass (kg)

7.5 ± 1.49.1 ± 1.5Training age (years)
17 ± 417 ± 4Training volume (hours/week)
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3.2 Experimental Procedures 
Both study 1 and study 2 were designed after consultation with the head coaches of 

the male and female judo teams. In fact, within this period of the year, one of the main 

goals for the male head coach was to optimize muscle power performance and sport-

specific aerobic performance while the female head coach aimed for the development 

of muscle strength and sport-specific aerobic performance. In this sense, we opted for 

a concurrent training intervention that combines a sport-specific aerobic task (i.e., re-

peated special judo fitness test) and power or strength-related exercise to be consistent 

with the objectives of the training schedule of participants. A schematic overview of 

studies 1 and 2 is shown in Figure 2. The experiments took place between May and 

June 2021. All participants visited the training/testing area on four different occasions. 

During the first visit, all participants were familiarised with all exercises and the exper-

imental protocol while during the second visit, the 1-repetition maximum protocol using 

the leg-press machine was carried out. Thirty-six hours before the third and fourth vis-

its, participants were instructed to avoid any kind of physical activity. Further, all partic-

ipants were advised to have breakfast on the day of the experiment but to follow their 

normal filling routine. Due to COVID-19 restrictions, participants were assigned to three 

groups. For all experimental procedures (i.e., visit three and four), the first group arrived 

at 7:00 am, the second at 9:30 am, and the third at 11:30 am. All participants performed 

a standardised warm-up routine, based on selected exercises from the FIFA 11+ pro-

gram [170]. During study 1 all participants were randomly assigned to either the power-

endurance or endurance-power order, while for study 2, all participants were randomly 

assigned to either the strength-endurance or endurance-strength order. After the end 

of the protocols, all participants were informed to follow their daily routine but were 

instructed not to perform any additional sports activities for the rest of the day. Follow-

ing a wash-out period of two weeks in which all participants followed their normal train-

ing routine, the procedure was repeated. More specifically, all participants from study 1, 

who performed the power-endurance order ran endurance-power and vice versa while 

all participants from study 2, who performed the strength-endurance order ran endur-

ance-strength and vice versa. 
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Figure 2. Schematic overview of study 1 and study 2. MIN = minutes; WU = warm-up; P = power exercise; 
S = strength exercise; E = sport-specific endurance exercise. 
 

3.2.1 Muscle power, muscle strength, and sport-specific endurance exercises 

With reference to the recommendations of Faigenbaum et al. [171] for the progression 

of resistance training in youth athletes, the power exercise within study 1 consisted of 

4 sets of 8 repetitions using a leg-press machine (SCHNELL, Peutenhausen, Germany, 

Figure 3) at 30 to 40% of 1-repetition maximum with 4 minutes break between sets 

(total work time including breaks and post measures ~ 25 minutes). Participants were 

instructed to perform each repetition as fast as possible. Meanwhile, in study 2, all 

participants completed 4 sets to volitional failure at 70 to 80% of their individual               

1-repetition maximum [171]. To optimise the time under tension [172], each set lasted 

for a minimum of 45 seconds. The Break in between sets lasted ~ 4 minutes. For the 

sport-specific endurance exercise, the previously validated Special-Judo-Fitness-Test 

[173] was conducted (Figure 3). Specifically, four rounds of the Special-Judo-Fitness-

Test with three sets (A = 15 s; B and C = 30 s) per round were carried out. The rest in 

between sets and rounds was 10 seconds and 4 minutes, respectively. Briefly, during 

each round, the evaluated participant throws two partners who are positioned 12 m 

apart as many times as possible using the ippon-seoi-nage technique [174]. The total 

work time including breaks and post measures was ~ 25 minutes. Due to their daily 

training routine and the previously applied familiarisation sessions, all participants were 

acquainted with the applied exercises. 
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Figure 3. Schematic overview of the concurrent training exercises. On the left side, the strength/power exercise 
using the leg press machine and on the right side the sport-specific endurance exercise using the special judo 
fitness test. 
 
 
3.3 Data collection 
All time points of measurement (i.e., PRE12H, PRE, MID, POST, POST6H, POST22H) 

are illustrated in Figure 2 and Table 2. 

 

3.3.1 Immune responses 

Capillary blood markers of immune response were obtained from the earlobe (20 µl) at 

PRE12H, PRE, POST, POST6H, and POST22H. Particularly, it needs to be empha-

sized that we did not measure immune responses between the power/strength and 

sport-specific endurance protocol (i.e., MID). Another measurement at MID would have 

extended the timeframe between the power/strength and sport-specific endurance ex-

ercise, something we wanted to avoid (Table 2). WBC, LYM, GRAN, MONO, and 

(blood) platelet were analysed immediately after taking the blood sample by using a 

hematology analyser system (Medonic M32, Boule Medical AB, Sweden). Medonic 

M32 uses a WBC-discriminator and operates due to the principle of impedance. 

Thereby, GRAN includes neutrophils, basophils, and eosinophils. MONO reflect on 

middle-sized-cells estimated, based on the total number of GRAN and LYM.  
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3.3.2 Indirect markers of immune response 

GLR and the SII were calculated for PRE12H, PRE, POST, POST6H, and POST22H. 

With reference to previous literature [175, 176], the following equation was used: 

𝐺𝐿𝑅 = GRAN/LYM 

𝑆𝐼𝐼 = Platelets ∗ GRAN/LYM 

 

3.3.3 Metabolic response 

Additionally, 10 µl blood was taken from the earlobe at PRE, MID, and POST, to meas-

ure blood lactate and blood glucose (Biosen S-Line, EKF-Diagnostics, Germany). 

 

3.3.4 Physical fitness and Rating of perceived exertion 

Measures of physical fitness and RPE were collected at PRE, MID, POST, and 

POST6H. CMJ-height, -force, and -power was assessed by using a force plate (Leo-

nardo Jumping Platform, Novotec, Germany) while RPE was measured by use of the 

BORG scale [177]. 

 

Table 2: Time point of measurement for all markers of immune response, metabolic response, and measures of 
physicall fitness and RPE.  

  
Legend: The green tick marks the time of the measurement. 
  

POST22HPOST6HPOSTMIDPREPRE12H
Immune response

Metabolic response
Physical Fitness
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3.4 Statistical analyses 

To examine the effects of CT exercise order on the dependent variables (i.e., WBC; 

LYM; GRAN; MONO; GLR; SII; blood lactate and glucose; CMJ-performance 

[i.e., power; force; height] as well as RPE) a two (order [study 1: power-endurance 

versus endurance-power; study 2: strength-endurance versus endurance-strength]) 

*five (time [immune]: PRE12H, PRE, POST, POST6H, POST22H) or four (time [per-

formance measures; RPE]: PRE, MID, POST, POST6H) or three (time [metabolic]: 

PRE, MID, POST) repeated measure analysis of variance (ANOVA) was computed 

[178]. Data were tested and confirmed for normal distribution using the Shapiro–Wilk 

test [179]. To correct for violations of sphericity, the degrees of freedom were corrected 

in the normal way, using the Huynh-Feldt (ε > 0.75) or Greenhouse-Geisser (ε < 0.75) 

values for ε, as appropriate [180]. In the case of significant order * time interactions, 

Bonferroni pairwise comparisons were conducted [180, 181]. Delta changes and effect 

sizes (ES) were calculated from PRE-to-MID, PRE-to-POST, PRE-to-POST6H, and 

PRE-to-POST22H. Effect sizes are generally expressed as positive values and were 

interpreted as trivial (ES < 0.20), small (0.2 ≤ ES < 0.50), moderate (0.50 ≤ ES < 0.80), 

or large (ES ≥ 0.80) [181]. The results are presented as mean ± standard deviation 

(SD). Statistical significance was set at p < 0.05. The data were analysed using the 

Statistical Package for Social Science (SPSS, Chicago, IL, USA, version 29.0). 
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4 Results 
4.1 Study 1 
Mean values and standard deviations for all measures are displayed in Table 3. Delta 

changes and effect sizes are displayed in Table 4. There was no difference observed 

between PRE12H and PRE. Further, no baseline differences between the two exercise 

orders for all measurements were observed. 
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 Table 3: M
ean values and standard deviation for study 1 for all undertaken m

easures. 
  Legend: *M

arks a significant difference between exercise orders at the respective tim
e point. W

BC = W
hite blood cells; G

RAN = G
ranulocytes; LYM

 = Lym
phocytes; 

M
O

NO
 = M

onocytes; G
LR = G

ranulocyte-Lym
phocyte-ratio; SII = System

ic-inflam
m

ation-index; LA = Lactate: G
LU = G

lucose; CM
J-H = Counter-m

ovem
ent jum

p 
height; CM

J-P = Counter-m
ovem

ent jum
p power; Counter-m

ovem
ent jum

p force; RPE = Rating of perceived exertion. 
 

 

 

Variable  
Condition 

PRE12H 
PRE 

M
ID 

PO
ST 

PO
ST6H 

PO
ST22H 

Condition 
Tim

e 
Interaction 

W
BC 

(10
3/µl) 

Pow
er-Endurance 

8.52±2.46 
7.20±2.10 

7.20±2.10 
11.80±3.22* 

14.25±3.43* 
7.22±1.92 

F
1, 19  = 7.23; 
p = 0.015 

F
3.93, 74.57  = 46.95; 

p < 0.001 
F

3.72, 70.71  = 2.66; 
p = 0.043 

Endurance-Pow
er 

8.26±1.88 
7.60±2.82 

 
10.10±2.53* 

11.86±2.30* 
7.00±3.13 

G
RAN

 
(10

3/µl) 
Pow

er-Endurance 
4.33±1.27 

3.75±1.25 
 

5.99±1.79 
9.77±2.99* 

3.48±1.06 
F

1, 19  = 0.10; 
p = 0.757 

F
4, 76  = 55.54; 
p < 0.001 

F
2.32, 44.15  = 3.83; 

p = 0.024 
Endurance-Pow

er 
4.35±1.00 

4.11±2.30 
 

6.90±2.57 
7.98±2.00* 

3.61±2.37 
LYM

 
(10

3/µl) 
Pow

er-Endurance 
3.60±1.37 

2.97±1.08 
 

4.99±2.05* 
3.55±1.10 

3.24±1.92 
F

1, 19  = 18.43; 
p < 0.001 

F
2.61, 49.58  = 4.09; 

p = 0.015 
F

2.78, 52.74  = 8.92; 
p < 0.001 

Endurance-Pow
er 

3.35±0.95 
2.96±0.93 

 
2.59±0.89* 

3.11±1.09 
2.91±1.30 

M
O

N
O

 
(10

3/µl) 
Pow

er-Endurance 
0.59±0.19 

0.49±0.19 
 

0.83±0.27* 
0.94±0.23 

0.52±0.15 
F

1, 19  = 5.65; 
p = 0.028 

F
2.94, 55.78  = 27.12; 

p < 0.001 
F

2.72, 51.72  = 3.25; 
p = 0.033 

Endurance-Pow
er 

0.59±0.17 
0.53±0.19 

 
0.61±0.15* 

0.77±0.27 
0.48±0.19 

G
LR 

(10
3/µl) 

Pow
er-Endurance 

1.31±0.41 
1.35±0.50 

 
1.36±0.56* 

2.91±1.17 
1.12±0.33 

F
1, 19  = 6.62; 
p = 0.019 

F
2.55, 48.49  = 33.36; 

p < 0.001 
F

2.36, 44.88  = 7.86; 
p = 0.001 

Endurance-Pow
er 

1.35±0.36 
1.44±0.74 

 
2.97±1.63* 

2.94±1.42 
1.32±0.77 

SII  
(10

3/µl) 
Pow

er-Endurance 
187±75 

203±75 
 

209±110* 
427±214 

149±53 
F

1, 19  = 6.25; 
p = 0.022 

F
2.31, 43.83  = 25.39; 

p < 0.001 
F

2.52, 47.92  = 6.73; 
p = 0.001 

Endurance-Pow
er 

180±61 
218±116 

 
456±290* 

444±252 
164±113 

LA  
(m

m
ol/l) 

Pow
er-Endurance 

 
0.99±0.29 

1.50±0.35* 
8.06±2.89* 

 
 

F
1, 19  = 22.84; 
p < 0.001 

F
1.48, 28.17  = 108.65; 

p < 0.001 
F

1.13, 21.46  = 136.27; 
p < 0.001 

Endurance-Pow
er 

 
0.97±0.20 

9.19±3.02* 
2.72±0.94* 

 
 

G
LU

 
(m

g/dl) 
Pow

er-Endurance 
 

4.74±0.88 
4.54±0.63* 

5.54±0.93* 
 

 
F

1, 19  = 2.13; 
p = 0.160 

F
1.29, 24.43  = 2.34; 

p = 0.133 
F

2, 38  = 11.60; 
p < 0.001 

Endurance-Pow
er 

 
4.92±1.16 

5.82±1.18* 
4.57±0.71* 

 
 

CM
J-H 

(cm
) 

Pow
er-Endurance 

 
41.49±6.32 

40.68±6.02 
40.10±5.46 

42.31±6.74 
 

F
1, 19  = 1.26; 
p = 0.276 

F
3, 57  = 3.10; 
 p = 0.034 

F
1.84, 35.01  = 0.50; 

p = 0.595 
Endurance-Pow

er 
 

40.78±5.80 
40.73±6.66 

39.12±7.68 
40.87±6.29 

 
CM

J-P 
(W

) 
Pow

er-Endurance 
 

3.15±0.90 
3.12±0.89* 

3.17±0.86 
3.21±0.93 

 
F

1, 19  = 1.09; 
p = 0.310 

F
3, 57  = 2.50; 
 p = 0.068 

F
2.67, 50.68  = 3.80; 

p = 0.019 
Endurance-Pow

er 
 

3.15±0.93 
3.23±0.98* 

3.00±0.94 
3.16±0.87 

 
CM

J-F 
(N) 

Pow
er-Endurance 

 
1.56±0.41 

1.53±0.43 
1.57±0.40* 

1.54±0.40 
 

F
1, 19  = 0.34; 
p = 0.567 

F
3, 57  = 0.76; 
 p = 0.521 

F
2.04, 38.84  = 3.34; 

p = 0.045 
Endurance-Pow

er 
 

1.59±0.43 
1.57±0.43 

1.51±0.39* 
1.56±0.39 

 

RPE 
Pow

er-Endurance 
 

7±1 
9±1* 

18±2* 
7±1 

 
F

1, 19  = 4.02; 
p = 0.059 

F
2.17, 41.15  = 274.94; 

 p < 0.001 
F

2.73, 51.82  = 285.51; 
p < 0.001 

Endurance-Pow
er 

 
7±1 

18±1* 
11±2* 

8±2 
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 Table 4: Delta changes and effect sizes for study 1 between all displayed tim
e points. 

 

 
 Legend: W

BC = W
hite blood cells; G

RAN = G
ranulocytes; LYM

 = Lym
phocytes; M

O
NO

 = M
onocytes; G

LR = G
ranulocyte-Lym

phocyte-ratio; SII = System
ic-

inflam
m

ation-index; LA = Lactate: G
LU = G

lucose; CM
J-H = Counter-m

ovem
ent jum

p height; CM
J-P = Counter-m

ovem
ent jum

p power; Counter-m
ovem

ent jum
p 

force; RPE = Rating of perceived exertion; ES = Effect size, D%
 = delta change. 

 

 Variable  
Condition 

PRE 
M

ID ( D%
; ES) 

PO
ST ( D%

; ES) 
PO

ST6H ( D%
; ES) 

PO
ST22H ( D%

; ES) 
Interaction, ES 

W
BC 

(10
3/µl) 

Pow
er-Endurance 

7.20±2.10 
 

+64; 2.20 
+98; 3.40 

±0; 0.00 
p = 0.043; ES = 0.75 

Endurance-Pow
er 

7.60±2.82 
 

+33; 0.90 
+55; 1.50 

-8; 0.20 
G

RAN
 

(10
3/µl) 

Pow
er-Endurance 

3.75±1.25 
 

+60; 1.79 
+160; 4.82 

-7; 0.22 
p = 0.024; ES = 0.90 

Endurance-Pow
er 

4.11±2.30 
 

+68; 1.21 
+94; 1.68 

-12; 0.22 
LYM

 
(10

3/µl) 
Pow

er-Endurance 
2.97±1.08 

 
+68; 1.87 

+20; 0.54 
+9; 0.25 

p < 0.001; ES = 1.37 
Endurance-Pow

er 
2.96±0.93 

 
-13; 0.40 

+5; 0.16 
-2; 0.05 

M
O

N
O

 
(10

3/µl) 
Pow

er-Endurance 
0.49±0.19 

 
+69; 1.79 

+91; 2.37 
+6; 0.16 

p = 0.033; ES = 0.83 
Endurance-Pow

er 
0.53±0.19 

 
+15; 0.42 

+45; 1.26 
-9; 0.26 

G
LR 

(10
3/µl) 

Pow
er-Endurance 

1.35±0.50 
 

+1; 0.02 
+116; 3.12 

-17; 0.46 
p = 0.001; ES = 1.29 

Endurance-Pow
er 

1.44±0.74 
 

+106; 2.07 
+104; 2.03 

-8; 0.16 
SII  

(10
3/µl) 

Pow
er-Endurance 

203±75 
 

+3; 0.08 
+110; 2.99 

-27; 0.72 
p = 0.001; ES = 1.19 

Endurance-Pow
er 

218±116 
 

+109; 2.05 
+104; 1.95 

-25; 0.47 
LA  

(m
m
ol/l) 

Pow
er-Endurance 

0.99±0.29 
+52; 1.72 

+814; 24.38 
 

 
p < 0.001, ES = 5.37 

Endurance-Pow
er 

0.97±0.20 
+947; 40.50 

+280; 8.75 
 

 
G

LU
 

(m
g/dl) 

Pow
er-Endurance 

4.74±0.88 
-4; 0.23 

+17; 0.91 
 

 
p < 0.001, ES = 1.56 

Endurance-Pow
er 

4.92±1.16 
+18; 0.78 

-7; 0.30 
 

 
CM

J-H 
(cm

) 
Pow

er-Endurance 
41.49±6.32 

-2; 0.13 
-3; 0.22 

+2; 0.31 
 

p = 0.595, ES = 0.33 
Endurance-Pow

er 
40.78±5.80 

±0; 0.01 
-4; 0.29 

±0; 0.02 
 

CM
J-P 

(W
) 

Pow
er-Endurance 

3.15±0.90 
-1; 0.03 

+1; 0.02 
+2; 0.07 

 
p = 0.019, ES = 0.90 

Endurance-Pow
er 

3.15±0.93 
+3; 0.09 

-5; 0.16 
±0; 0.01 

 
CM

J-F 
(N) 

Pow
er-Endurance 

1.56±0.41 
-2; 0.07 

+1; 0.02 
-1; 0.05 

 
p = 0.045, ES = 0.84 

Endurance-Pow
er 

1.59±0.43 
-1; 0.05 

-5; 0.19 
-2; 0.07 

 

RPE 
Pow

er-Endurance 
7±1 

+29; 2.00 
+157; 11.00 

±0; 0.00 
 

p < 0.001, ES = 7.78  
Endurance-Pow

er 
7±1 

+157; 11.00 
+57; 4.00 

+14; 1.00 
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4.1.1 Immune responses 

Results showed significant time*order interactions for WBC (p = 0.043), GRAN (p = 

0.024), LYM (p < 0.001), MONO (p = 0.033), as well as GLR and SII (both p < 0.01). 

More specifically, power-endurance resulted in significantly larger PRE-to-POST 

(∆+64%) and PRE-to-POST6H (∆+98%) increases for WBC compared to endurance-

power (∆+33% and ∆+55%, respectively). In terms of GRAN, results indicated signifi-

cantly larger PRE-to-POST6H elevations (∆+160%) for power-endurance compared to 

endurance-power (∆+94%). For LYM, significantly larger PRE-to-POST increases 

(∆+68%) in power-endurance compared to endurance-power (∆-13%) were noted. 

With respect to MONO, the power-endurance order induced significantly larger PRE-

to-POST (∆+69%) increases compared to endurance-power (∆+15%). Regarding GLR 

and SII, findings indicated significantly larger PRE-to-POST increases for endurance-

power (∆+106% and ∆+109%, respectively), compared to power-endurance (∆+1% 

and ∆+3%, respectively). No significant differences were noted between PRE12H-to-

PRE, and PRE-to-POST22H for all parameters, regardless of the exercise order. A 

graphical representation of these results can be found in Figures 4, 5, and 6. 
 

  
Figure 4. Means and standard deviation for white blood cells measured at PRE12H, PRE, POST, POST6H, and 
POST22H. The grey zone marks lower and upper reference values provided by the manufacturer (Medonic M32 
series). *: stands for significant difference between the two exercise orders. 
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Figure 5. Means and standard deviation for granulocytes, monocytes, and lymphocytes, measured at PRE12H, 
PRE, POST, POST6H, and POST22H. The grey zone marks lower and upper reference values provided by the 
manufacturer (Medonic M32 series). *: stands for significant difference between the two exercise orders. 
 



Results 
 

 34 

 

  
Figure 6. Means and standard deviation for the granulocytes-lymphocytes-ratio and the systemic-inflammation-
index, calculated at PRE12H, PRE, POST, POST6H, and POST22H. *: stands for significant difference between 
the two exercise orders. 
 

4.1.2 Metabolic responses 

Our findings indicated significant time*order interactions for blood glucose and lactate 

(both p < 0.01). Results showed significantly larger PRE-to-MID increases in blood 

glucose and lactate following the endurance exercise (as part of the endurance-power 

order, ∆+18% and ∆+947%, respectively) compared to the power exercise (as part of 

the power-endurance order, ∆-4% and ∆+52%, respectively). From PRE-to-POST, 

changes in blood glucose and lactate were significantly larger for the power-endurance 

order (∆+17% and ∆+814%, respectively), compared to the endurance-power order (∆-

7% and ∆+280%, respectively). A graphical representation of these results can be 

found in Figure 7. 
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Figure 7. Means and standard deviation for blood lactate and blood glucose measured at PRE, MID, and POST. 
*: stands for significant difference between the two exercise orders. 
 

4.1.3 Physical fitness and Rating of perceived exertion 

For physical fitness, a significant time*order interaction was observed for CMJ-force (p 

= 0.045) with significantly larger PRE-to-POST performance decreases for the endur-

ance-power order (∆-5%), compared to the power-endurance order (∆+1%). Further, 

there was a significant time*order interaction for CMJ-power (p = 0.019) with larger 

PRE-to-MID performance decreases following the power exercise (as part of the 

power-endurance order, ∆-1%), compared to the endurance exercise (as part of the 

endurance-power order, ∆+3%). Regarding RPE, there was a significant time*order 

interaction (p < 0.01) with larger PRE-to-MID values following the endurance exercise  
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(as part of the endurance-power order, ∆+157%), compared to the power exercise (as 

part of the power-endurance order, ∆+29%). Additionally, RPE values were significantly 

larger from PRE-to-POST following the power-endurance order (∆+157%), compared 

to endurance-power (∆+57%). A graphical representation of these results can be found 

in Figure 8. 
 

  
Figure 8. Means and standard deviation for Counter-movement jump height, power, force, and rating of per-
ceived exertion measured at PRE, MID, POST, and POST6H. *: stands for significant difference between the 
two exercise orders. 
 

4.2 Study 2 
Mean values and standard deviations for all measures are displayed in Table 5. Delta 

changes and effect sizes are displayed in Table 6. There was no difference observed 

between PRE12H and PRE. Further, no baseline differences between the two exercise 

orders for all measurements were observed. 
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 Table 5: M
ean values and standard deviation for study 2 for all undertaken m

easures. 
  Legend: *M

arks a significant difference between exercise orders at the respective tim
e point. W

BC = W
hite blood cells; G

RAN = G
ranulocytes; LYM

 = Lym
phocytes; 

M
O

NO
 = M

onocytes; G
LR = G

ranulocyte-Lym
phocyte-ratio; SII = System

ic-inflam
m

ation-index; LA = Lactate: G
LU

 = G
lucose; CM

J-H = Counter-m
ovem

ent jum
p 

height; CM
J-P = Counter-m

ovem
ent jum

p power; Counter-m
ovem

ent jum
p force; RPE = Rating of perceived exertion. 

 

 

Variable  
Condition 

PRE12H 
PRE 

M
ID 

PO
ST 

PO
ST6H 

PO
ST22H

 
Condition 

Tim
e 

Interaction 
W

BC 
(10

3/µl) 
Strength-Endurance 

8.35±2.26 
8.27±2.29 

 
12.91±4.76 

12.84±3.68 
6.94±2.07 

F
1, 12  = 1.77; 
p = 0.208 

F
2.74, 32.87  = 21.82; 

p < 0.001 
F

2.71, 32.55  = 2.24; 
p = 0.107 

Endurance-Strength 
9.65±3.62 

9.03±1.93 
 

11.90±3.52 
14.42±3.62 

7.83±2.05 
G

RAN
 

(10
3/µl) 

Strength-Endurance 
4.69±1.61 

4.30±1.59 
 

7.31±2.90 
8.71±2.82 

3.68±1.32 
F

1, 12  = 1.64; 
p = 0.225 

F
2.69, 32.33  = 36.29; 

p < 0.001 
F

2.35, 27.04  = 3.26; 
p = 0.750 

Endurance-Strength 
5.07±1.88 

4.56±0.66 
 

8.19±2.83 
9.31±2.50 

3.84±1.07 
LYM

 
(10

3/µl) 
Strength-Endurance 

3.41±1.90 
3.42±0.92 

 
4.76±2.91* 

3.25±0.78 
2.78±0.86 

F
1, 12  = 0.31; 
p = 0.585 

F
2.20, 26.34  = 1.00; 

p = 0.389 
F

2.77, 33.27  = 5.15; 
p = 0.006 

Endurance-Strength 
3.90±1.71 

3.82±1.44 
 

3.02±1.27* 
4.10±1.41 

3.54±1.36 
M

O
N

O
 

(10
3/µl) 

Strength-Endurance 
0.56±0.16 

0.55±0.16 
 

0.84±0.36 
0.87±0.28 

0.48±0.12 
F

1, 12  = 2.06; 
p = 0.177 

F
2.88, 34.58  = 14.05; 

p < 0.001 
F

2.66, 31.99  = 3.72; 
p = 0.035 

Endurance-Strength 
0.68±0.27 

0.65±0.21 
 

0.69±0.24 
1.02±0.30 

0.57±0.16 
G

LR 
(10

3/µl) 
Strength-Endurance 

1.57±0.54 
1.31±0.48 

 
1.84±1.09* 

2.83±1.12 
1.35±0.35 

F
1, 12  = 0.52; 
p = 0.486 

F
1.86, 22.27  = 19.01; 

p < 0.001 
F

2.43, 29.20  = 7.32; 
p = 0.002 

Endurance-Strength 
1.39±0.44 

1.33±0.49 
 

3.02±1.23* 
2.44±0.92 

1.20±0.55 
SII  

(10
3/µl) 

Strength-Endurance 
249±101 

216±103 
 

301±203* 
461±166 

183±66 
F

1, 12  = 0.02; 
p = 0.887 

F
1.91, 22.88  = 16.11; 

p < 0.001 
F

2.51, 30.06  = 3.66; 
p = 0.029 

Endurance-Strength 
220±75 

209±112 
 

433±209* 
389±143 

173±76 
LA  

(m
m
ol/l) 

Strength-Endurance 
 

0.96±0.22 
4.33±1.64* 

6.00±4.15 
 

 
F

1, 12  = 0.74; 
p = 0.408 

F
1.15, 13.85  = 36.19; 

p < 0.001 
F

1.14, 13.62  = 6.83; 
p = 0.018 

Endurance-Strength 
 

0.88±0.26 
6.35±2.95* 

4.62±1.81 
 

 
G

LU
 

(m
g/dl) 

Strength-Endurance 
 

4.73±0.50 
4.46±0.42* 

5.60±1.27* 
 

 
F

1, 12  = 0.64; 
p = 0.438 

F
2, 24  = 1.40; 
p = 0.266 

F
1.76, 21.06  = 13.08; 

p < 0.001 
Endurance-Strength 

 
4.81±0.54 

5.69±1.27* 
4.66±0.65* 

 
 

CM
J-H 

(cm
) 

Strength-Endurance 
 

32.26±3.20 
30.81±3.88 

29.97±4.65 
31.86±3.06 

 
F

1, 12  = 9.67; 
p = 0.009 

F
3, 36  = 3.14; 
 p = 0.037 

F
1.84, 22.02  = 1.17; 

p = 0.326 
Endurance-Strength 

 
32.50±2.68 

33.23±4.07 
32.11±3.15 

33.36±4.15 
 

CM
J-P 

(W
) 

Strength-Endurance 
 

2.17±0.57 
2.13±0.55* 

2.15±0.42 
2.17±0.45 

 
F

1, 12  = 2.40; 
p = 0.147 

F
2.12, 25.41  = 2.81; 

 p = 0.076 
F

2.11, 25.33  = 5.91; 
p = 0.007 

Endurance-Strength 
 

2.19±0.93 
2.27±0.50* 

2.06±0.47 
2.24±0.49 

 
CM

J-F 
(N) 

Strength-Endurance 
 

1.34±0.35 
1.28±0.32* 

1.35±0.33 
1.31±0.32 

 
F

1, 12  = 1.51; 
p = 0.243 

F
1.34, 16.49  = 1.07; 

 p = 0.340 
F

1.41, 16.90  = 4.75; 
p = 0.033 

Endurance-Strength 
 

1.32±0.34 
1.35±0.31* 

1.17±0.43 
1.31±0.31 

 

RPE 
Strength-Endurance 

 
7±1 

14±2* 
17±2* 

9±3 
 

F
1, 12  = 0.38; 
p = 0.551 

F
2.95, 35.45  = 152.41; 

 p < 0.001 
F

3, 36  = 12.62; 
p < 0.001 

Endurance-Strength 
 

8±2 
17±2* 

15±2* 
8±2 
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 Table 6: Delta changes and effect sizes for study 2 between all displayed tim
e points. 

 

 
 W

BC = W
hite blood cells; G

RAN = G
ranulocytes; LYM

 = Lym
phocytes; M

O
NO

 = M
onocytes; G

LR = G
ranulocyte-Lym

phocyte-ratio; SII = System
ic-inflam

m
ation-

index; LA = Lactate: G
LU = G

lucose; CM
J-H = Counter-m

ovem
ent jum

p height; CM
J-P = Counter-m

ovem
ent jum

p power; Counter-m
ovem

ent jum
p force; RPE = 

Rating of perceived exertion; ES = Effect size, D%
 = delta change.

 

V
a

ria
b

le
  

C
o

n
d

itio
n

 
P

R
E

 
M

ID
 ( D

%
; E

S
) 

P
O

S
T

 ( D
%

; E
S

) 
P

O
S

T
6

H
 ( D

%
; E

S
) 

P
O

S
T

2
2

H
 ( D

%
; E

S
) 

In
te

ra
c
tio

n
, E

S
 

W
B

C
 

(10
3/µl) 

Strength-Endurance 
8.27±2.29 

 
+56; 2.03 

+55; 2.00 
-16; 0.58 

p = 0.107; ES = 0.87 
Endurance-Strength 

9.03±1.93 
 

+32; 1.49 
+60; 2.79 

-13; 0.62 
G

R
A

N
 

(10
3/µl) 

Strength-Endurance 
4.30±1.59 

 
+70; 1.89 

+103; 2.77 
-14; 0.39 

p = 0.750
; ES = 0.33 

Endurance-Strength 
4.56±0.66 

 
+80; 5.50 

+104; 7.20 
-16; 1.09 

L
Y

M
 

(10
3/µl) 

Strength-Endurance 
3.42±0.92 

 
+39; 1.46 

-5; 0.18 
-19; 0.70 

p =
 0

.0
0

6; ES = 1.31 
Endurance-Strength 

3.82±1.44 
 

-21; 0.56 
+7; 0.19 

-7; 0.19 
M

O
N

O
 

(10
3/µl) 

Strength-Endurance 
0.55±0.16 

 
+53; 1.81 

+58; 2.00 
-13; 0.44 

p =
 0

.0
3

5; ES = 1.06 
Endurance-Strength 

0.65±0.21 
 

+6; 0.19 
+57; 1.76 

-12; 0.38 
G

L
R

 

(10
3/µl) 

Strength-Endurance 
1.31±0.48 

 
+40; 1.10 

+116; 3.17 
+3; 0.08 

p =
 0

.0
0

2; ES = 1.56 
Endurance-Strength 

1.33±0.49 
 

+127; 3.45 
+83; 2.27 

-10; 0.27 
S

II  

(10
3/µl) 

Strength-Endurance 
216±103 

 
+39; 0.83 

+113; 2.38 
-15; 0.32 

p =
 0

.0
2

9; ES = 1.11 
Endurance-Strength 

209±112 
 

+107; 2.00 
+86; 1.61 

-17; 0.32 
L
A

  

(m
m
ol/l) 

Strength-Endurance 
0.96±0.22 

+351; 15.32 
+525; 22.91 

 
 

p =
 0

.0
1

8
, ES =

 1.51 
Endurance-Strength 

0.88±0.26 
+621; 21.04 

+425; 14.38 
 

 
G

L
U

 

(m
g/dl) 

Strength-Endurance 
4.73±0.50 

-6; 0.51 
+18; 1.64 

 
 

p <
 0

.0
0

1, ES = 2.09 
Endurance-Strength 

4.81±0.54 
+18; 1.63 

-3; 0.28 
 

 
C

M
J-H

 

(cm
) 

Strength-Endurance 
32.26±3.20 

-4; 0.45 
-7; 0.72 

-1; 0.13 
 

p = 0.326, ES = 0.63 
Endurance-Strength 

32.50±2.68 
+2; 0.27 

-1; 0.15 
+3; 0.32 

 
C

M
J-P 

(W
) 

Strength-Endurance 
2.17±0.57 

-2; 0.07 
-1; 0.04 

±0; 0.00 
 

p =
 0

.0
0

7, ES = 1.40 
Endurance-Strength 

2.19±0.93 
+4; 0.09 

-6; 0.14 
+2; 0.05 

 
C

M
J-F

 

(N) 
Strength-Endurance 

1.34±0.35 
-4; 0.17 

+1; 0.03 
-2; 0.09 

 
p =

 0
.0

3
3, ES = 1.26 

Endurance-Strength 
1.32±0.34 

+2; 0.09 
-11; 0.44 

-1; 0.03 
 

R
P

E
 

(score) 
Strength-Endurance 

7±1 
+100; 7.00 

+143; 10.00 
+29; 2.00 

 
p <

 0
.0

0
1, ES = 2.05  

Endurance-Strength 
8±2 

+113; 4.50 
+88; 3.50 

±0; 0.00 
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4.2.1 Immune responses 

Findings indicated significant time*order interactions for LYM (p = 0.006), MONO 

(p = 0.035), GLR (p = 0.002), and SII (p = 0.029). For LYM, the post-hoc analysis indi-

cated significantly larger PRE-to-POST increases (∆+39%) in strength-endurance 

compared to endurance-strength (∆-21%). In terms of MONO, the strength-endurance 

order induced larger PRE-to-POST (∆+53%) increases compared to endurance-

strength (∆+6%). Regarding GLR and SII, findings indicated significantly larger PRE-

to-POST increases for endurance-strength (∆+127% and ∆+107%, respectively), com-

pared to strength-endurance (∆+40% and ∆+39%, respectively). No significant differ-

ences were observed at all other time points for all parameters. Specifically, similar 

changes were observed from PRE-to-POST6H. At POST22H, all parameters tended 

to return to the PRE values, irrespective of the exercise order. A graphical representa-

tion of these results can be found in Figure 9, 10, and 11. 
 

  
Figure 9. Means and standard deviation for white blood cells measured at PRE12H, PRE, POST, POST6H, and 
POST22H. The grey zone marks lower and upper reference values provided by the manufacturer (Medonic M32 
series). *: stands for significant difference between the two exercise orders. 
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Figure 10. Means and standard deviation for granulocytes, monocytes, and lymphocytes, measured at PRE12H, 
PRE, POST, POST6H, and POST22H. The grey zone marks lower and upper reference values provided by the 
manufacturer (Medonic M32 series). *: stands for significant difference between the two exercise orders. 
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Figure 11. Means and standard deviation for the granulocytes-lymphocytes-ratio and systemic-inflammation-
index calculated at PRE12H, PRE, POST, POST6H, and POST22H. *: stands for significant difference between 
the two exercise orders. 
 

4.2.2 Metabolic responses 
Our findings indicated significant time*order interactions for blood glucose (p < 0.01) 

and lactate (p = 0.018). Results showed significantly larger PRE-to-MID increases in 

blood glucose and lactate following the endurance exercise (as part of the endurance-

strength order, ∆+18% and ∆+621%, respectively) compared to the strength exercise 

(as part of the strength-endurance order, ∆-6% and ∆+351%, respectively). From PRE-

to-POST, changes in blood glucose were significantly larger for the strength-endurance 

order (∆+18%), compared to the endurance-strength order (∆-3%). A graphical repre-

sentation of these results can be found in Figure 12. 
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Figure 12. Means and standard deviation for blood lactate and blood glucose measured at PRE, MID, and POST. 
*: stands for significant difference between the two exercise orders. 
 

4.2.3 Physical fitness and Rating of perceived exertion 

For physical fitness a significant time*order interaction was observed for CMJ-power 

(p < 0.01) and force (p = 0.033) with significantly larger PRE-to-MID performance in-

creases for the endurance-strength order (∆+4% and ∆+2%, respectively), compared 

to the strength-endurance order (∆-2% and ∆-4%). Regarding RPE, there was a signif-

icant time*order interaction (p < 0.01) with larger PRE-to-MID values following the en-

durance exercise (as part of the endurance-strength order, ∆+113%), compared to the 

strength exercise (as part of the strength-endurance order, ∆+100%). Additionally, RPE 

values were significantly larger from PRE-to-POST following the strength-endurance  
 

 



Results 
 

 43 

 

order (∆+143%), compared to endurance-strength (∆+88%). A graphical representation 

of these results can be found in Figure 13. 
 

  
Figure 13. Means and standard deviation for counter-movement jump height, power, force, and rate of perceived 
exertion measured at PRE, MID, POST, and POST6H. *: stands for significant difference between the two exer-
cise orders. 
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5 Discussion 

The main objective of this thesis was to explore the impact of CT exercise order 

(i.e., power/strength-endurance versus endurance-power/strength) on acute (< 15min) 

and delayed (≥ 6 hours) immunological stress responses (i.e., WBC, LYM, GRAN, 

MONO, GLR, and SII) in male and female youth judo athletes. Additionally, this thesis 

aimed to investigate the effects of CT exercise order on other variables, such as mus-

cular fitness (i.e., CMJ height, force, power), metabolic responses (i.e., blood lactate 

and glucose), and RPE in the same population. Based on previous literature, it was 

hypothesised that the order of exercise in CT would influence immune cell counts (i.e., 

WBC, LYM, GRAN, MONO) in both male and female youth judo athletes [40, 41]. Fur-

thermore, it was hypothesised that the order of exercise in CT would affect measures 

of muscular fitness, metabolic responses, and RPE in this specific population [40, 41]. 
 

5.1 Hypothesis 1 
 

5.1.1 Study 1 

The main findings of study 11 indicated that CT induced acute (≤ 15 min) and delayed 

(≥ 6 hours) order-dependent immune cell count alterations in youth male judo athletes. 

In general, the power-endurance order induced higher increases in WBC compared to 

the endurance-power order. Additionally, there was an order-dependent effect ob-

served for GRAN, MONO, LYM, GLR, and SII. 

This study represents the first investigation into the acute effects of CT on immunolog-

ical stress responses in youth male judo athletes, comparing the impact of two different 

exercise orders. As a result, there is a scarcity of comparative literature available in 

this specific area. Generally, physical exercise that involves repetitive muscle contrac-

tion acutely stimulates the activity of the central nervous system and causes systemic  
 

 
1 Parts of study 1 were previously published in the European Journal of Applied Physiology. For more details 
refer to section 11 (i.e., List of Publications). Markov, A., et al., Acute effects of concurrent muscle power and 
sport-specific endurance exercises on markers of immunological stress response and measures of muscular 
fitness in highly trained youth male athletes. European Journal of Applied Physiology, 2023: p. 1-12 
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substrate metabolism [145]. This would lead to alterations in immune cell activity and 

function and would also stimulate the release of glucocorticoid hormones (e.g., corti-

sol), catecholamines (e.g., adrenaline), cytokines (e.g., Interleukin-6), and WBC into 

peripheral circulation [145, 155]. The increase in WBC appears to be due to demargin-

ating from the blood vessel walls and to the release of cells from organic storage (e.g., 

liver, lung, thymus gland, bone marrow, lymph nodes, and skeletal muscle) [156]. The 

magnitude and time course of exercise-induced leukocytosis, and thus any alteration 

within circulating immune cell counts, is dependent on numerous factors, including age, 

duration and intensity, and type of exercise employed [5, 13, 23]. Previous studies re-

ported acute leukocytosis after strength [157, 158], endurance [24, 159-161], and con-

current strength and endurance exercises [14], in trained [14, 24, 160, 161] and recre-

ationally active [157-159] adults. Although a direct comparison to most of the fore-

named studies is difficult, the findings of study 1 generally corroborate with the litera-

ture since both exercise orders resulted in acute (≤ 15 min) and delayed (≥ 6 hours) 

immune cell count alterations (e.g., WBC, LYM, GRAN) in male youth judo athletes. 

However, it seems that the magnitude of acute and delayed immune cell count altera-

tions to CT is exercise order-dependent with particularly higher increases in WBC fol-

lowing the power-endurance order compared to the endurance-power order (Figure 4). 
 

GRAN represents the largest component of total WBC (up to 60%) in healthy young 

adults [182]. GRAN mature within bone marrow [5] and increase several folds during 

and after exercise [13, 23, 158, 183]. Unlike LYM, GRAN are made of myeloid stem 

cells and are responsible for the innate immune response. They partly circulate 

throughout the peripheral system while adhering to the endothelial surface. Exercise-

induced hemodynamics, such as increased blood flow and shear stress, can lead to 

demarginating of GRAN from the blood vessel walls. This process results in an acute 

increase in the number of circulating cells [156]. Previous studies showed that the gen-

eral trend of post-exercise GRAN kinetics is a continuous increase, which begins dur-

ing exercise but can last up to six hours, depending on the nature of the exercise ap-

plied [183-186]. Therefore, our results are consistent with the existing literature, as  
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GRAN gradually increased regardless of the applied exercise order. However, we 

found a significantly higher delayed (i.e., PRE-to-POST6H) increase in GRAN following 

the power-endurance order (∆160%) compared to the endurance-power order (∆94%). 

Cortisol and catecholamines play a key role in activating the immune system and par-

ticularly, GRAN release from the bone marrow [187]. Previous studies have suggested 

that the release of cortisol and catecholamines is intensity-dependent [188, 189]. Alt-

hough, hormone levels were not measured in our study, it is noteworthy that RPE was 

significantly higher following the sport-specific endurance exercise compared to the 

muscle power exercise. This finding suggests that the former exercise induced greater 

physiological stress compared to the latter. Consequently, it seems that the sport-spe-

cific endurance exercise was the main driver of the observed immune responses, while 

in the endurance-power order, the applied power exercise may have partially attenu-

ated the delayed increase in GRAN. 
 

Like GRAN, MONO are part of the innate immune system, made up of myeloid stem 

cells, and mature within the bone marrow. A recent review by James Tidball [136] re-

ported that MONO and their direct descendants, the macrophages, form the majority 

of intramuscular leucocytes while being rapidly activated in response to increased 

and/or sustained muscle contraction. Meanwhile, MONO make up to 8% of total WBC 

within the bloodstream [182] and travel through the peripheral system. From here, 

MONO immigrate to skeletal muscles, which are filled with a high concentration of cy-

tokines, including the tumour-necrosis-factor-a and interferon-g. These two specific cy-

tokines are released from other immune cells such as natural killer cells and are key 

for macrophage activation. In this context, skeletal muscle macrophages are generally 

separated into M1-and M2-macrophages [136, 190, 191]. This process directly links 

the inflammatory process with muscle regeneration [136] and highlights the importance 

of MONO in the context of exercise. However, it should be noted that MONO were 

measured indirectly. The device used for blood analysis within both conducted studies 

does not measure MONO directly but estimates the number of middle-sized-cells 

based on the number of LYM and GRAN. Of note, middle-sized-cells are primarily  
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made of MONO. Despite the indirect measurement of MONO, the results are still of 

great importance given the critical role of MONO in muscle repair and growth [137]. 

Our findings indicated significant acute differences (≤ 15 min) between the two exercise 

orders, with a markedly higher increase in MONO from PRE-to-POST following the 

power-endurance order (∆69%), compared to the endurance-power order (∆15%). No 

statistically significant difference was found in MONO levels from PRE-to-POST6H. 

However, Figure 5, illustrates a notable and potentially meaningful difference in the 

increase of MONO between the power-endurance order (∆91%) and the endurance-

power order (∆45%). From PRE-to-POST22H, no difference in MONO levels was ob-

served, with values approaching the baseline levels, regardless of the exercise order. 

A study by Smith et al. [192] investigated immune cell kinetics following two bouts of 

downhill running in active young adults aged 20 years. The authors found a significant 

increase in MONO immediately after exercise, which returned to baseline one-hour 

post-exercise. Interestingly, they also reported a second significant increase in MONO 

levels five hours post-exercise. With respect to the endurance-power order, these find-

ings suggest that the time point at which MONO were elevated may have been missed. 

Since there were no immune blood analyses between PRE and POST (i.e., MID) and 

between POST and POST6H, this may be a potential explanation for the observed 

results. Therefore, future studies should consider taking more time points of measure-

ment to further investigate MONO kinetics following exercise. 
 

LYM, which constitute approximately 40% of the total WBC count in the bloodstream 

[182], are derived from lymphoid stem cells within the bone marrow and play a critical 

role in the adaptive immune system. During and immediately after exercise, adrenergic 

stimulation can cause LYM to detach from blood vessel walls and enter circulation, 

leading to lymphocytosis [149]. However, shortly after exercise (≤ 30 min), LYM levels 

often fall back and can even drop below baseline values. Several attempts have been 

previously proposed to explain this rapid decrease, including the shift of LYM to periph-

eral tissues to increase immune surveillance [149, 193, 194]. The magnitude of lym-

phocytosis and lymphocytopenia is generally proportional to the duration and intensity  
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of exercise applied [5, 149]. Regarding the current study, LYM increased only in the 

power-endurance order from PRE-to-POST but then decreased from POST towards 

POST6H. For the endurance-power order, LYM decreased from PRE-to-POST, before 

slightly increasing towards POST6H. Therefore, we would report an acute but not de-

layed difference in LYM between the two exercise orders. Acute lymphocytosis was 

expected following both exercise orders, considering the equal overall exercise work-

load. However, this highlights the impact of exercise order on the kinetic of LYM re-

sponses. Like reported for MONO, it should be noted that cell kinetics were not meas-

ured between the power and sport-specific endurance protocol (i.e., MID). As such, it 

could be assumed that the time point at which LYM were elevated within the endur-

ance-power order was missed. 
 

The application of GLR and SII in the field of exercise science is still limited, but from 

a clinical perspective, they are well-established markers of diseases [176] and death 

[195, 196]. For example, Fois et al. [195] revealed that SII on admission was an inde-

pendent predictor of in-hospital mortality in COVID-19 patients. However, previous 

studies showed moderate-to-high correlations of GLR and SII with other well-estab-

lished inflammatory markers, such as the C-reactive protein and Interleukin-6 [197-

199]. A recent review by Walzik et al [200] suggested that GLR and SII could be feasi-

ble tools to assess exercise-induced strain and indicators of recovery processes. Most 

studies that have measured GLR and SII in an exercise setting have focused on the 

effects of endurance exercises on these markers. For instance, Wahl et al. [161] com-

pared different recovery strategies following high-intensity or sprint interval cycling and 

their effects on immune cell kinetics in male cyclists/triathletes aged 25 years. The 

authors reported that GLR and SII increased significantly up to 3 hours post-exercise, 

irrespective of the type of exercise performed. In a separate study, Bessa et al. [14] 

examined the effects of CT on biomarkers of injury and inflammation in elite cyclists 

aged 28 years and reported a significant increase in GLR that lasted 3 hours before 

dropping significantly below baseline 12 hours post-exercise. In our results, there were 

significant time*order interaction effects for GLR and SII. Following the endurance- 
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power order, GLR and SII increased by one-fold immediately post-exercise and re-

mained elevated after 6 hours. In contrast, in the power-endurance order, both param-

eters did not change significantly from PRE-to-POST but rose towards POST6H to a 

similar level compared to endurance-power. In general, GLR (SII) values typically in-

crease when GRAN (and platelets) are high while LYM are low [200]. Our results seem 

reasonable given the elevated LYM following the power-endurance order but not the 

endurance-power order. 
 

5.1.2 Study 2 

The main findings of study 2 show that CT resulted in acute (≤ 15 min) but not delayed 

(≥ 6 hours) order-dependent alterations in immune cell count in female youth judo ath-

letes. Specifically, the results demonstrated an order effect for LYM, MONO, GLR, and 

SII, while WBC and GRAN did not show any order-dependent effects at all time points. 
 

The current study indicated that concurrent strength and sport-specific endurance ex-

ercises produced similar changes in WBC and GRAN cell counts from PRE-to-POST 

and PRE-to-POST6H in healthy youth female judo athletes, regardless of the exercise-

order employed. In the strength-endurance order, there was an increase in WBC and 

GRAN from PRE-to-POST (∆56% and 70%, respectively), and from PRE-to-POST6H 

(∆55% and 103%, respectively). Similarly, in the endurance-strength order, WBC and 

GRAN increased from PRE-to-POST (∆32% and 80%, respectively), and PRE-to-

POST6H (∆60% and 104%, respectively). However, from PRE-to-POS22H, both mark-

ers decreased slightly below the baseline values (up to ∆-16%). In fact, our current 

findings are partly different from those found in study 1. In study 1, we observed an 

acute (≤ 15 min) and delayed (≥ 6 hours) order-dependent effect for WBC and GRAN. 

However, study 2 differed significantly from study 1 in several ways. Firstly, it had rel-

atively a smaller sample size and included only female participants. Secondly, the 

strength exercise used in the current study aimed to induce muscle hypertrophy effects 

(i.e., 4 sets to volitional failure at 70 to 80% of one-repetition maximum), whereas the  
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exercise conducted in study 1 aimed to develop muscle power (i.e., 4 sets of 8 repeti-

tions performed with maximal velocity at 30 to 40% of one-repetition maximum). These 

differences in study design and participant characteristics may have contributed to the 

divergent results. Therefore, making a direct comparison between the two investiga-

tions may not be justified. However, it is assumed that the different exercises applied 

(i.e., power versus strength) and/or sex differences (males [study 1] vs females [study 

2]) likely account for the distinct results between these two studies [136, 137]. 
 

For MONO, we found a significant time*order interaction. Following the strength-        

endurance order, the results showed an increase from PRE-to-POST (∆53%) and 

PRE-to-POST6H (∆58%). In contrast, following the endurance-strength order, MONO 

increased marginally from PRE-to-POST (∆6%) but markedly from PRE-to-POST6H 

(∆57%). Meanwhile, MONO went below baseline from PRE-to-POST22H following 

both the strength-endurance order and the endurance-strength order (∆-13% and         

∆-12%, respectively). This indicates that there was an immediate increase in the in-

flammatory response following the strength-endurance order, and this heightened level 

was maintained up to 6 hours post-exercise. On the other hand, the acute inflammatory 

response after the endurance-strength order was minor initially but showed a signifi-

cant increase after 6 hours. These results differ from those seen in study 1, probably 

because of the different exercises applied and the variation in participants’ character-

istics (males [study 1] vs females [study 2]). In fact, studies which directly compared 

MONO responses to strength-, power- and/or endurance exercises are yet missing. 

Nonetheless, based on the available literature it is likely that MONO responses to ex-

ercise are not only intensity and/or duration-dependent, but also exercise-type-depend-

ent (e.g., strength, power, endurance) [13, 23, 201]. Collectively, the findings suggest 

that the strength-endurance order elicits a greater immediate inflammatory response 

and immune activation compared to the endurance-strength order. However, in the 

delayed period (POST6H), comparable high levels of inflammatory response were 
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observed for both exercise orders. Furthermore, from PRE-to-POST22H, there was a 

decrease in MONO levels, reaching slightly below baseline values for both exercise 

orders. 
 

LYM showed a significant increase of approximately one-third (∆39%) from PRE-to-

POST in the strength-endurance order compared to a slight decrease (∆21%) within 

the endurance-strength order. One possible explanation for the increase in LYM after 

the strength-endurance order is that it reflects a mobilization of immune cells from lym-

phoid tissues into the bloodstream [193, 194]. However, it should be noted that the 

decrease in LYM immediately after the endurance-strength order could reflect an in-

creased demand for immune cells in peripheral tissues. As a result, LYM may tempo-

rarily leave the bloodstream and migrate to these tissues to perform their immune func-

tions, leading to a transient decrease in circulating LYM [149, 193, 194]. However, LYM 

exhibited a negative trend from PRE-to-POST6H following the strength-endurance or-

der, while such a pattern was not observed in the endurance-strength order. Specifi-

cally, albeit not statistically significant, LYM increased slightly from POST-to-POST6H 

following the endurance-strength order compared to the strength-endurance order. It 

needs to be mentioned that LYM kinetics were not measured between the strength and 

sport-specific endurance protocol (i.e., MID). As such, given that the changes in LYM 

are typically transient in nature, it could be that the time point at which LYM were ele-

vated within the endurance-strength order was missed. Further, POST22H values of 

LYM were slightly lower compared to those registered at PRE following both exercise 

orders. This could be explained by the fact that LYM have left the bloodstream and 

migrated to peripheral tissues to increase immune surveillance [149, 193, 194], leading 

to a transient decrease in circulating LYM. This phenomenon was not observed in study 

1, which strengthens the assumption that strength exercise (i.e., study 2) compared to 

power exercise (i.e., study 1) is associated with greater immune activation and inflam-

matory responses. Compared to power exercises, the application of strength exercises 

within a CT setting could have extended the transient timeframe during which LYM 

leaves the bloodstream to the affected tissues due to increasing demands for immune  
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surveillance and tissue repair. In this context, it would have been interesting to differ-

entiate between the two subpopulations in future research. Currently, T-cell responses 

to exercise are relatively well-established, while studies related to B-cell kinetics fol-

lowing exercise are still rare. Nonetheless, recent literature indicates that the duration 

and intensity of exercise, among others, are likely important moderators for T- and B-

cell responses [145]. The current study lacks supportive literature, making any conclu-

sion rather preliminary. Therefore, it would be valuable to conduct more comprehensive 

investigations into the kinetics of the two main LYM subpopulations in response to CT 

in the future. 
 

GLR and SII are established markers of disease [176] and their high correlations with 

other commonly used inflammatory markers in sports science (e.g., C-reactive-protein, 

Interleukin-6) [197-199] makes their calculation relevant for assessing exercise-in-

duced strain. However, the sport and exercise science literature on the use of GLR and 

SII in CT is scarce. Previous studies have shown that CT generally induces GLR in-

creases lasting for up to 3 hours [14]. In the current study, we found significant time*or-

der interaction effects for GLR and SII. Both markers increased by more than one-fold 

from PRE-to-POST in the endurance-strength order (∆127% and 107% for GLR and 

SII, respectively), while the strength-endurance order induced significantly lower in-

creases (∆40% and 39% for GLR and SII, respectively). However, from a delayed per-

spective (i.e., PRE-to-POST6H), the strength-endurance order induced greater GLR 

increases compared to the endurance-strength order (∆116% and 83%, respectively). 

The same trend was observed for the SII, showing a greater increase following the 

strength-endurance order from PRE to POST6H compared to the endurance-strength 

order (∆113% and 86%, respectively). It is important to note that the GLR and SII dif-

ferences between the two exercise orders at POST6H did not reach statistical signifi-

cance. These results suggest that there is an acute and temporary larger increase in 

the inflammatory response in the body following the endurance-strength order. How-

ever, the pattern tends to be different from a delayed perspective, as there are slightly 

greater signs of inflammation following the strength-endurance order compared to the  
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endurance-strength order at POST6H. Furthermore, at POST22H, both markers of in-

flammation returned to baseline values, indicating that the body is recovering from the 

exercise-induced stress and supporting the transient nature of these changes. 

5.1.3 Interim conclusion 

Generally, the results of both studies supported the first hypothesis, showing exercise 

order-dependent effects on immune cell counts (i.e., WBC, LYM, GRAN, MONO) and 

indirect markers of inflammation (i.e., GLR, SII) in healthy youth male and female judo 

athletes. Specifically, the main findings of study 1 showed that the power-endurance 

order resulted in higher acute (≤ 15 minutes) and delayed (≥ 6 hours) immunological 

stress responses compared to the endurance-power order. In study 2, the results indi-

cated acute (≤ 15 minutes) but not delayed (≥ 6 hours) order-dependent changes in 

immune cell count in female youth judo athletes. More specifically, the strength-endur-

ance order led to slightly higher acute immunological activation compared to the en-

durance-strength order. Of note, at POST22H, all markers of immune response re-

turned (or were close to) baseline values, indicating a successful recovery from the 

exercise-induced immune stress reaction in both sexes. 

 

5.2 Hypothesis 2 

5.2.1 Study 1 

The secondary aim of this thesis was to examine the effect of CT exercise order on 

CMJ performance, metabolic responses, and RPE. For CMJ-force, there was a signif-

icant difference between exercise orders from PRE-to-POST, with a larger reduction 

observed following the endurance-power order (∆5%). Further, from PRE-to-MID, there 

was a significant difference between exercise orders (∆4%), showing a larger decrease 

in CMJ-power following the power-endurance order. Regarding RPE, there was a sig-

nificant time*order interaction with larger PRE-to-MID values following the endurance 

exercise (as part of the endurance-power order, ∆+157%), compared to the power ex-

ercise (as part of the power-endurance order, ∆+29%). Additionally, there was a signif-

icant increase in RPE from PRE-to-POST, with the power-endurance order showing a  
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larger increase (∆157%) compared to the endurance-power order (∆57%). However, 

by POST6H, CMJ-force, CMJ-power, as well as RPE, had returned to baseline levels. 

Moreover, findings indicated larger increases in blood glucose and lactate from PRE-

to-MID following the endurance exercise (as part of the endurance-power order) com-

pared to the power exercise (as part of the power-endurance order). However, from 

PRE-to-POST, changes in blood glucose and lactate were larger for the power-endur-

ance order compared to the endurance-power order. 
 

Based on the literature, it is highly recommended to report aspects of internal and ex-

ternal load to give the most accurate feedback about the experienced effort [202-207]. 

Bessa et al. [14] investigated the effects of CT on markers of muscle damage and 

inflammation in elite male cyclists aged 28 years. They showed an inverse relationship 

between GLR and upper-body muscle strength. More specifically, the authors revealed 

that GLR significantly increased 3 hours post-CT while muscle strength significantly 

decreased. However, both values returned to baseline levels following 48 hours. In the 

present study, CMJ-force significantly decreased from PRE-to-POST and CMJ-power 

significantly increased from PRE-to-MID following the endurance-power order. CMJ-

height, on the other hand, did not exhibit a clear fluctuation throughout the two CT 

orders. Meanwhile, subjective RPE showed substantial changes throughout the two 

exercise orders. In fact, there was a significantly larger increase in RPE from PRE-to-

POST for the power-endurance order (∆+157%) compared to the endurance-power 

order (∆+57%). This finding aligns with the conclusion drawn from the immune markers, 

indicating that the power-endurance order induced greater acute physiological stress. 

Further, RPE values returned to baseline 6 hours post-exercise, suggesting that both 

exercise orders were indeed physiologically demanding but that the endurance exer-

cise was the main driver for the observed increases in RPE throughout both exercise 

orders. This is supported by the results obtained from metabolic responses. Following 

the endurance-power order, blood lactate values increased several folds from PRE-to-

MID (∆+947) before returning toward baseline from PRE-to-POST (∆+280). Meanwhile, 

following the power-endurance order, PRE-to-MID change in blood lactate was rather  
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marginal (∆+52). However, from PRE-to-POST, a notable increase (∆+814%) in blood 

lactate concentration was observed. This would mean that the endurance exercise was 

the main driver of blood lactate concentration. Typically, changes in blood lactate con-

centrations are directly linked to exercise intensity and duration [208]. Historically, 

blood lactate was believed to be a biochemical waste product that being responsible 

for exercise-induced fatigue and tissue damage [209]. However, current evidence indi-

cates that blood lactate is far more than a simple waste product. In fact, it serves as an 

important source of fuel while being a metabolic signal with important regulating func-

tions [209]. 
 

A very similar pattern was observed for blood glucose with significantly greater con-

centration at MID following the endurance-power order (∆18%) and at POST following 

the power-endurance order (∆17%). This reflects the greater mobilization of stored gly-

cogen in the liver (i.e., glycogenolysis) and an increased rate of glucose production by 

the liver (i.e., gluconeogenesis) following the endurance exercise when the demand for 

glucose is higher. There is evidence that plasma glucose supplies up to 50% of the 

total oxidative energy production and up to 100% of total carbohydrates oxidised during 

submaximal exercise [210]. Glucose utilisation is mostly dictated by diet, training ex-

perience, exercise intensity and duration, the type of exercise applied as well as the 

number and type of activated muscle fibres within the working muscle [210, 211]. 
 

It should be mentioned though, that blood lactate and glucose were measured at PRE, 

MID, and POST only, but not at POST6H and/or POST22H. Overall, it is important to 

highlight that our findings revealed a discrepancy between immunological, perceived 

exertion, and physical responses following both exercise order conditions. Specifically, 

the immunological responses suggested the necessity for an extended recovery period 

(≥ 6 hours) to restore immunological homeostasis (Figure 4). In contrast, the perceived 

exertion and physical responses indicated that athletes felt prepared for another ses-

sion as early as 6 hours post-exercise (Figure 8). These contrasting findings suggest 

that measures of internal load, such as immune markers, may differ from measures of 
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external load. Therefore, practitioners need to recognize these differences and con-

sider them when designing training programs. However, it is crucial to note that further 

research is needed to validate these findings and provide more comprehensive in-

sights. 
 

5.2.2 Study 2 

The findings of the second study pointed toward a significant order effect for CMJ-

power and CMJ-force from PRE-to-MID. Particularly, while CMJ-power decreased im-

mediately after the strength exercise (as part of the strength-endurance order, ∆2%), it 

increased significantly after the endurance exercise (as part of the endurance-strength 

order, ∆4%). This aligns with the results observed for CMJ-force. More specifically, 

CMJ-force significantly decreased immediately after the strength exercise (as part of 

the strength-endurance order, ∆4%) and then increased after the endurance exercise 

(as part of the endurance-strength order, ∆2%). Hence, it is reasonable to propose that 

the enhancement in CMJ-power and CMJ-force following the endurance exercise can 

be attributed to the phenomenon of post-activation performance enhancement [212]. 

In a recently published systematic review with meta-analysis by Markov and colleagues 

[42], the acute effects of endurance exercise on muscle strength and power in trained 

individuals were investigated. The review reported that endurance exercises performed 

at higher intensities and/or longer durations (up to 15 minutes) acutely reduce 

measures of muscle strength, but not power. However, despite the high intensity, the 

intermittent nature of the endurance task conducted in the present study did not seem 

to induce excessive fatigue to the extent that would diminish subsequent strength and 

power performances. From PRE-to-POST and PRE-to-POST6H, no significant differ-

ences between the two exercise orders were noted for CMJ-power and CMJ-force. 
 

In terms of RPE, like the results of study 1, the endurance exercise (irrespective of the 

applied exercise order) was perceived to be more strenuous compared to the strength 

exercise. Compared to study 1, it is evident that the strength exercise implemented in 

study 2 was considerably more taxing than the power exercise employed in study 1.  
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Despite that, the RPE values recorded from PRE-to-MID were still significantly higher 

(∆113%) following the endurance-strength order compared to the strength-endurance 

order (∆100%). Meanwhile, from PRE-to-POST, significantly larger values of RPE fol-

lowing the strength-endurance order (∆143%) compared to the endurance-strength or-

der (∆88%) were observed. This indicates that the endurance exercise was the most 

demanding task. From PRE-to-POST6H, no significant RPE differences were ob-

served. Although RPE values tended to return toward baseline levels after 6 hours 

following both exercise orders, it is noteworthy that athletes who executed the strength-

endurance order reported slightly higher but statistically non-significant RPE values 

(∆29%) compared to the those who performed the endurance-strength order (∆0%). 
 

Regarding metabolic responses, results indicated significant time*order interactions for 

blood lactate and glucose. Specifically, we observed larger increases in blood glucose 

and lactate from PRE-to-MID following the endurance exercise (as part of the endur-

ance-strength order, ∆+18% and ∆+621%, respectively) compared to the strength ex-

ercise (as part of the strength-endurance order, ∆-6% and ∆+351%, respectively). Ad-

ditionally, when comparing PRE-to-POST changes, the strength-endurance order gen-

erated greater alterations in blood glucose and lactate (∆+18% and ∆+525%, respec-

tively) compared to the endurance-strength order (∆-3% and ∆+425%, respectively). 

Consistent with the findings from study 1, it is evident that the endurance task remains 

the most significant contributor to the observed metabolic responses. 
 

5.2.3 Interim conclusion 

Taken together, the results of both studies highlight order-dependent acute (< 15min) 

alterations in measures of muscular fitness, perceived exertion, and metabolic re-

sponses in youth male and female judo athletes. These greater responses seem to be 

mainly attributable to the endurance exercise employed. 



Limitations and Future Research Perspectives 
 

 58 

6 Limitations and Future Research Perspectives 
This study has some limitations that warrant discussion. First, cell kinetics were meas-

ured at PRE12H, PRE, POST, POST6H, and POST22H but not in between the 

power/strength and sport-specific endurance protocol (i.e., MID) or in between POST 

and POST6H or between POST6H and POST22H. Additional blood measures would 

have helped to provide a better overview of the effects of the applied CT order on the 

selected markers of the immunological stress response. However, because of the ath-

letes’ congested training schedule besides the COVID-19 restrictions, it was not pos-

sible to collect additional blood samples. Furthermore, blood samples required imme-

diate analyses. This would have led to experimental delays, due to the short time frame 

between the power/strength- and endurance exercises. Second, contrasting endur-

ance and/or power/strength exercise alone with endurance-power/strength and 

power/strength-endurance would have led to a more comprehensive comparison. 

Third, there was one power/strength exercise, only. To be in line with real-world sce-

narios, including several exercises may be more suitable when investigating combined 

power/strength and endurance sessions. Nonetheless, the applied procedure is com-

mon practice and was agreed upon in consultation with the coaching staff. Fourth, 

studies that investigated the effects of power exercises and/or CT order on WBC count 

alterations are yet missing. Accordingly, any comparison made between the two cur-

rent studies with other studies should be interpreted with caution. Fifth, much of the 

discussed content assumes that GRAN, LYM, and MONO reflect on certain successor 

cells and their respective function within highly complex immunological mechanisms. 

In fact, the measured parameters should primarily be seen as precursor cells of those 

which are the actual biological players. For instance, LYM should be separated into T-

and B-cells while GRAN are made of neutrophils, basophils, and eosinophils. Further, 

MONO were obtained due to an estimation but not the actual cell count while GLR and 

SII reflect indirect markers of inflammation. Finally, in Figures 4, 5, 9, and 10, we have 

provided the upper and lower reference values for WBC, LYM, GRAN, and MONO to 

offer general guidance regarding the acceptable lower and upper bounds. These val-

ues were taken with reference to the manufacturer (i.e., Medonic M32 series) and are  
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in line with those represented in the exercise physiology literature [213]. Still, caution 

is needed when interpreting these results since reference values for youth (athletes) 

from both sexes are yet missing. Generally, there is a need for more studies consider-

ing youth athletes of both sexes. Such studies should consider measures of muscular 

fitness and the underlying physiological events. Specifically, upcoming studies should 

explore the effects of different CT settings on acute, delayed but also chronic immune 

system responses. In this context, investigators should strive for diagnostically conclu-

sive markers (e.g., T/B-cells, neutrophils, M1/2-macrophages, dendritic cells, interleu-

kin-6, tumour-necrosis-factor-a, interferon-g) and a more comprehensive analysis of 

cell variances. This could strengthen our understanding of the complexity of inflamma-

tory processes in response to exercise. 
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7 General Conclusion 
The main findings of this thesis indicated order-dependent effects on the immune re-

sponses, supporting the first hypothesis. Specifically, the main results of study 1 

showed greater immunological stress responses, both from acute (≤ 15 min) and de-

layed (≥ 6 hours) perspectives, after the power-endurance order compared to the en-

durance-power order in male youth judo athletes. Regarding study 2, the results indi-

cated acute but not delayed order-dependent changes in immune responses. Overall, 

like in male participants, the strength-endurance order resulted in higher acute immu-

nological activation compared to the endurance-strength order in youth female judo 

athletes. It is important to note though, that in both studies, all markers of immune 

system response returned to baseline (or at least very close to it) after 22 hours, indi-

cating that recovery from the exercise-induced immune stress response was achieved 

successfully. With respect to metabolic responses, physical fitness, and perceived ex-

ertion, the results of both studies showed order-dependent acute (≤ 15 min) alterations. 

These alterations are mainly guided by the endurance exercise. As mainly established 

in study 1, the findings suggest that measures of internal load, such as immune mark-

ers, may differ from measures of external load, pointing towards a divergence between 

immunological, perceived, and physical responses following both CT orders. There-

fore, practitioners need to recognize these differences and consider them when de-

signing training programs. 
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