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1. Einleitung

1.1 Arterielle Hypertonie bei Leistungssportlern

Die arterielle Hypertonie wurde als weltweit wichtigster Risikofaktor fiir kardiovaskulédre
Erkrankungen und fiir ein vorzeitiges Sterben' identifiziert. Als arterielle Hypertonie wurde in
den letzten Leitlinien der Europdischen Gesellschaft fiir Kardiologie (ESC) aus dem Jahr
2018 eine Erhohung des systolischen Blutdruckes 2 140 mmHg und/oder eine Erhéhung des

diastolischen Blutdruckes = 90 mmHg definiert’. In Deutschland gelten aktuell ca. 30 % der
Bevolkerung als Hypertoniker’. In der Altersgruppe der 20-29-jéhrigen Ménner wird eine
Priavalenz der arteriellen Hypertonie von 8,5 % angegeben, bei Minnern im Alter von 30—44
Jahren lag diese bei 15,8 %°~. Frauen weisen eine geringere Privalenz von 1,3 % im Alter
von 20-29 Jahren und 7,3 % im Alter von 30-44 Jahren auf>.

Bei der Entstehung der arteriellen Hypertonie sind neben einer genetischen Priadisposition
{iberwiegend Lebensstilfaktoren als ursichlich anzusehen®. Da eine arterielle Hypertonie in
der Regel symptomlos verlduft und sich erst im Laufe der Jahre iiber die durch die Hypertonie
bedingten Organschiden und Komplikationen klinisch bemerkbar macht, kommt der
frithzeitigen Erkennung und adéquaten Behandlung eine entscheidende Bedeutung zu®.
RegelmiBiges Ausdauertraining in einem moderaten Intensitétsbereich wirkt der Entstehung
einer arteriellen Hypertonie entgegen und stellt zudem eine wirksame Therapieform dar™ °.
Folgerichtig findet sich bei Athleten eine deutlich geringere Priavalenz (3 %) der arteriellen
Hypertonie als in der Normalbevolkerung® °. Neben der regelmiBig ausgeiibten korperlichen
Aktivitdt wird dies auf ein besseres Gesundheitsverhalten und eine geringere Exposition
gegeniiber traditionellen kardiovaskuldren Risikofaktoren zuriickgefiihrt.

Trotzdem stellt die arterielle Hypertonie die haufigste diagnostizierte kardiovaskulédre
Erkrankung bei Leistungssportlern dar’. Die zugrundeliegenden Ursachen sind bisher nicht
vollstindig geklart. Allerdings wird angenommen, dass erhdhter psychischer Stress infolge
des regelmédBigen sportlichen Wettbewerbes auf hochstem Niveau sowie die hohen
Trainingsvolumina und -intensititen eine wesentliche Rolle spielen®. Zudem kénnen auch bei
Leistungssportlern die klassischen kardiovaskuldren Risikofaktoren wie Dyslipoproteindmie
(32 %), erhohter Taillenumfang (25 %), familidre Préadisposition (18 %) und Rauchen (8 %)

in iiberraschend hoher Haufigkeit festgestellt werden’.



Kontrovers wird derzeit diskutiert, inwieweit die ausgeiibte Sportart einen Einfluss auf die
Entstehung einer arteriellen Hypertonie hat. Finerseits wiesen Kraftsportler hohere
Blutdruckwerte als Ausdauerathleten auf’, andererseits wurde kein signifikanter
Zusammenhang zwischen der ausgeiibten Sportart und einer arteriellen Hypertonie gefunden’.
Einigkeit besteht bisher dahingehend, dass Ménner sowie Leistungssportler mit einer
familidren Pridisposition fiir eine arterielle Hypertonie, mit einem hoheren Body-Mass-Index
(BMI) oder einer hoheren Fettmasse ein hoheres Risiko fiir die Entwicklung einer arteriellen

Hypertonie aufweisen™ .

Die Diagnosestellung der arteriellen Hypertonie und die diagnostische Vorgehensweise bei
bestétigter arterieller Hypertonie unterscheiden sich nicht zwischen Leistungssportlern und
der Normalbevolkerung™ °. Allerdings absolvieren Leistungssportler in Deutschland
regelmiBig eine  vorgeschriebene  Sporttauglichkeitsuntersuchung, bei der die
Blutdruckmessung in Ruhe an beiden Armen ein fester Bestandteil ist’. Dadurch besteht die
Chance, bei Athleten eine arterielle Hypertonie frithzeitig zu diagnostizieren, sie einer

adidquaten Therapie zuzufiihren und somit das kardiovaskuldre Risiko zu senken.

Die Therapie der arteriellen Hypertonie besteht aus nichtmedikamentosen und
medikamentdsen MaBnahmen und orientiert sich am kardiovaskulidren Risiko des Patienten’.
Dies gilt auch fiir Leistungssportler®.

Die nichtmedikamentdsen TherapiemaBBnahmen stellen hierbei die Basis der Therapie dar. Sie
bestehen aus regelmaBiger korperlicher Aktivitit mit moderater Intensitdt im Umfang von 150
Minuten pro Woche beziehungsweise 75 Minuten pro Woche bei intensiver Aktivitit,
Normalisierung des Korpergewichtes bei Ubergewichtigen, Einschrinkung des Salzkonsums
auf 3-5 g/d, Rauchverzicht, Einschrinkung des Alkoholkonsums und eine mediterrane
Erndhrungsweise’. Zudem wird ein Krafttraining, welches 3-4-mal pro Woche mit moderater
Intensitdt im Kraftausdauerbereich durchgefiihrt werden sollte, zur Senkung des Blutdruckes
empfohlen®. Zu beachten ist hierbei jedoch, dass Krafttraining nur bei einer kontrollierten
arteriellen Hypertonie, definiert als systolischer Blutdruck < 160 mmHg, zum Einsatz

kommen sollte®.

Bei der medikamentdosen Therapie von Leistungssportlern miissen einige Besonderheiten
beachtet werden. So fiihrt eine Therapie mit Betablockern zu einer Reduktion der maximalen

Herzfrequenz, was sich negativ auf die Leistungsfahigkeit auswirkt. Ferner sind Betablocker
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in Geschicklichkeitssportarten als Dopingmittel indexiert. Diuretika sind bei allen
Leistungssportlern als nicht erlaubte Substanzen von der Welt-Anti-Doping-Agentur
(WADA) gekennzeichnet, weil sie missbrauchlich zur Verschleierung anderer

Dopingvergehen eingesetzt werden®.

Athleten mit unkontrollierter arterieller Hypertonie diirfen so lange keinen Wettkampfsport
ausiiben (Ausnahme: Geschicklichkeitssportarten), bis die arterielle Hypertonie kontrolliert
ist. Hingegen ist bei einer gut kontrollierten arteriellen Hypertonie, auch wenn bereits
Endorganschdden vorliegen oder ein hohes kardiovaskuldres Risikoprofil besteht, eine
Wettkampfteilnahme bei den meisten Sportarten erlaubt. Lediglich hochintensive,
kraftbasierte Wettkampfsportarten wie Diskuswerfen, KugelstoBen, Speerwerfen und
Gewichtheben sollten nicht ausgeiibt werden’. Diese Empfehlung beruht auf der
Beobachtung, dass insbesondere isometrisch durchgefiihrtes Krafttraining und das Valsalva-
Manéver zu erheblichen Anstiegen des systolischen und diastolischen Blutdruckes fithren®

und damit das Risiko fiir ein kardiovaskulédres Ereignis bei diesen Patienten erh6hen.



1.2 Blutdruckregulation unter Belastung

Bei steigender Belastung kommt es zu einem Anstieg des systolischen Blutdruckes,
wohingegen der diastolische Blutdruck unter Belastung nur wenig ansteigt. Dies liegt vor
allem an der Steigerung des Herzzeitvolumens, um den bei der verstirkten Muskelarbeit
anfallenden Sauerstoftbedarf zu decken. Gleichzeitig kommt es zu einer funktionellen
Sympathicolyse mit Verringerung des GefdBwiderstandes in der arbeitenden
Skelettmuskulatur und einer Erhohung des Gefilwiderstandes im Splanchnikusgebiet, der
Nieren und der Leber. Die Steigerung des Herzzeitvolumens ist hierbei physiologisch starker
ausgeprigt als die Reduktion des vaskuldren Widerstandes, woraus eine Erhohung des
mittleren arteriellen Druckes infolge der Erhohung des systolischen Blutdruckes resultiert.
Daraus wird ersichtlich, dass die Blutdruckregulation unter Belastung sowohl von der
kardialen als auch der vaskuldren Funktion bestimmt wird.

Im klinischen Alltag werden Belastungsuntersuchungen vorwiegend in Form eines
Belastungs-EKGs mit oder ohne gleichzeitiger Atemgasanalyse durchgefiihrt, um
kardiovaskuldre Pathologien, die in Ruhe verborgen bleiben wiirden, zu detektieren und um
die korperliche Leistungsfdahigkeit des Patienten zu bestimmen. Bei Wettkampfathleten wird
ein solcher maximaler Ausbelastungstest als Bestandteil der Sporttauglichkeitsuntersuchung
empfohlen®.

Daher erscheint eine klare Einordnung, wann eine normale Blutdruckantwort beim
Ausbelastungstest vorliegt und wann nicht, von entscheidender Bedeutung. Umso
erstaunlicher ist es, dass die aktuell giiltigen Leitlinien der arteriellen Hypertonie® explizit das
Fehlen einer allgemein akzeptierten Definition der normalen Blutdruckantwort beméngeln.
Dies ist auf die sehr widerspriichlichen Ergebnisse von Studien zuriickzufiihren, die den
prognostischen Wert der Blutdruckantwort auf eine definierte Belastung und deren Einfluss
auf das kardiovaskuldre Risiko untersucht haben. So wiesen einige Studien auf ein erhdhtes
kardiovaskuldres Risiko bei niedrigen systolischen Blutdruckwerten bei maximaler Belastung
hin®, wohingegen andere Studien hdhere erreichte systolische Blutdruckwerte bei
Maximalbelastung einerseits mit einem reduzierten’, andererseits mit einem erhdhten
kardiovaskuliren Risiko in Verbindung brachten'’.

Diese Unklarheit beziiglich eines normalen Blutdruckverhaltens unter Belastung stellt
insbesondere bei der Evaluation von Athleten im Rahmen der Sporttauglichkeitsuntersuchung
ein Problem dar. Aufgrund der physiologisch nahezu linearen Beziehung zwischen

systolischem Blutdruck und steigender Arbeitslast werden insbesondere bei Individuen mit
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hoher korperlicher Fitness hohere maximale Blutdruckwerte erreicht. Daher ist hier die
Abgrenzung einer noch physiologischen von einer bereits pathologischen Blutdruckantwort
deutlich erschwert. Zudem sind Athleten durch das Training und den Wettkampf in der Regel
langer und hdufiger einem hoheren Blutdruck unter Belastung ausgesetzt.

In einer groBen Kohorte von Olympiateilnehmern lag die 95-%-Perzentile des maximal
erreichten systolischen Blutdruckes bei ménnlichen Athleten bei <220 mmHg und bei
weiblichen Athleten bei <200 mmHg'".

Die aktuellen sportkardiologischen Leitlinien® weisen darauf hin, dass bei normotensiven

Athleten eine tiberschieende Blutdruckantwort (2207 mmHg systolischer Blutdruck) unter

Belastung das Risiko fiir das Auftreten einer arteriellen Hypertonie erhdht'?. Dies wurde mit
einer bereits bestehenden vaskuldren Funktionseinschrankung bei diesen Athleten erklért,
welche mit den traditionellen Messmethoden noch nicht erfasst wurde. Die subklinische
Einschrinkung der vaskuldren Funktion wird daher als Risikofaktor fiir die Entwicklung einer
arteriellen Hypertonie angesehen.

Nichtsdestotrotz sind bis heute keine klaren Grenzen der normalen Blutdruckantwort bei
Athleten definiert, was an der bisherigen Vorgehensweise der Orientierung an Absolutwerten
liegt. Erstmalig findet sich nun jedoch in den europiischen Leitlinien® der Hinweis, dass bei
einem systolischen Blutdruck >200 mmHg bei 100 Watt Belastung die antihypertensive
Therapie optimiert werden sollte, sofern bereits eine arterielle Hypertonie vorliegt. Bei
normotensiven Blutdruckwerten im Ruhe sollte in diesem Falle eine weiterfiihrende klinische
Evaluation stattfinden, um eine arterielle Hypertonie und/oder andere kardiovaskuldre
Pathologien auszuschlieBen®. Diese Neuerung, dass der erreichte systolische Blutdruckwert
auf die jeweilige Belastung indexiert betrachtet wird, erscheint sinnvoll und hilft insbesondere
bei der Beurteilung der belastungsinduzierten Blutdruckantwort von korperlich fitten
Individuen. Hierauf aufbauend entwickelten Hedman und Kollegen®’ einen Index, der die
systolische Blutdruckantwort bei einem Belastungstest auf das geleistete metabolische
Aquivalent bezieht. Dieser Index wurde als SBP/MET-slope bezeichnet und wird iiber

folgende Formel berechnet:

Systolischer Blutdruck bei maximaler Belastung - systolischer Blutdruck in Ruhe

Metabolisches Aquivalent bei maximaler Belastung - metabolisches Aquivalent in Ruhe

Das metabolische Aquivalent (MET) ist ein MaB fiir den Energieverbrauch des Menschen und

spiegelt das Verhiltnis von Arbeits- zu Ruheumsatz wider. Dabei wird 1 MET als das Mal3
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der Sauerstoffaufnahme einer erwachsenen Person im ruhigen Sitzen definiert und entspricht
einer Sauerstoffaufnahme von 3,5 Milliliter (ml) pro Minute und Kilogramm (kg)
Korpergewicht. Korrespondierend zur Sauerstoffaufnahme ldsst sich daraus ein
Kalorienumsatz in Ruhe (im Sitzen) von 1 Kilokalorie (kcal) pro Kilogramm (kg)
Korpergewicht ableiten. Das Energiedquivalent von 1 MET betrdgt demnach ca. 1 kcal pro kg
und Stunde. Hierdurch kann auf einfache Weise der individuelle aktivitdtsbedingte
Energieverbrauch ermittelt werden.

In den amerikanischen sportmedizinischen Empfehlungen aus dem Jahr 2013" wurde bereits
eine Steigerung des systolischen Blutdruckes um 10 mmHg pro geleisteter MET als
Normwert definiert. Allerdings wurde der SBP/MET-slope erstmalig im Jahr 2019
systematisch in einer grolen ménnlichen Patientenkohorte (n = 7542, Alter 58,6 + 11 Jahre)
untersucht und mit der Gesamtmortalitit verglichen’. Nach einem Beobachtungszeitraum von
18,4 Jahren zeigte sich, dass ein SBP/MET-slope > 10 mmHg/MET mit einer um 20 %
hoheren Sterblichkeit assoziiert war (Hazard-Ratio 1,2 (1,10-1,31)). In der Untergruppe
(n=709) der Patienten mit einem niedrigen Ausgangsrisiko lagen der Mittelwert des
SBP/MET-slope bei 4,9 mmHg/MET und die 95-%-Perzentile bei 10 mmHg/MET’ und somit
deutlich unterhalb der oben genannten Normwerte'’. Zudem war der SBP/MET-slope den
maximal erreichten systolischen Blutdruckwerten in der Vorhersage der Sterblichkeit
iiberlegen, wobei ein hoherer SBP/MET-slope mit einem hdheren Sterblichkeitsrisiko
verbunden war’. Interessanterweise war ein maximaler systolischer Blutdruck von
>210 mmHg, also oberhalb des in den vorhergehenden europiischen Leitlinien von 2013
definierten oberen Grenzwertes, mit einer geringeren Sterblichkeit assoziiert.

Diese Untersuchung zeigt somit erstmalig, dass die Arbeitslast-indexierte Betrachtungsweise
der Blutdruckantwort unter Belastung eine hoéhere prognostische Relevanz hat als der
maximal erreichte systolische Blutdruck.

Auf dieser Untersuchung aufbauend definierten Hedman und Kollegen'® im Jahr 2020 alters-
und geschlechtsspezifische Normwerte fiir eine Arbeitslast-indexierte Betrachtung der
Blutdruckantwort bei einem Fahrradergometertest. Hierbei wurden insgesamt 12 976
Personen im Alter von 18-85 Jahren untersucht und Normwerte aus einer Kohorte von 3839
gesunden Teilnehmern ermittelt'”. Zur Indexierung des systolischen Blutdruckanstieges in
Relation zur Arbeitslast in Watt bei Durchfiihrung der Fahrradergometrie fiihrten die Autoren
zwei weitere Parameter ein: zum einen den SBP/Watt-slope, der die Steilheit der systolischen
Blutdruckantwort in Bezug zur Steigerung der Wattzahl widerspiegelt und folgendermafen

kalkuliert wird:
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Maximaler systolischer Blutdruck - erster systolischer Blutdruckwert unter Belastung

Maximal erreiche Wattzahl - erste absolvierte Wattzahl des Testes

Zum anderen wurde die sogenannte peak SBP/Watt-ratio als Quotient aus maximal
erreichtem systolischen Blutdruckwert und maximal erreichter Wattzahl errechnet.

Wihrend die maximal erreichten systolischen Blutdruckwerte bei Médnnern (202 + 22 mmHg)
hoher waren als bei Frauen (188 =24 mmHg), war der SBP/W-slope bei den Frauen
(0,52 £ 0,21 mmHg/W) um 27 % steiler als bei den Mannern (0,41 = 0,15 mmHg/W), was auf
relevante geschlechtsspezifische Unterschiede in der Blutdruckregulation unter Belastung
hindeutet'’. Neben diesen geschlechtsspezifischen Unterschieden beobachteten die Autoren
eine positive signifikante Korrelation zwischen Alter und Arbeitslast-indexierter
Blutdruckantwort.

Die Autoren interpretierten ihre Ergebnisse als Hinweis auf geschlechtsabhingige
Unterschiede in der zentralen Himodynamik und der vaskuldren Funktion'’.

Die in dieser Studie erstmalig prisentierten geschlechtsspezifischen Referenzwerte der
belastungsindexierten Blutdruckantwort unterstreichen die Notwendigkeit einer nach Alter,

Geschlecht und Arbeitslast zu differenzierenden Beurteilung der Blutdruckantwort.
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1.3 Zentrale Himodynamik und vaskulire Funktion

Die Hohe des Blutdruckes wird prinzipiell durch das Zusammenspiel aus
Herzminutenvolumen und GefdBfunktion determiniert. Wahrend in fritheren Jahrzehnten
unter ,,Gefaflfunktion* meist nur der periphere Widerstand subsumiert wurde, hat sich in den
letzten Jahren eine differenzierte Betrachtungsweise der Gefa3funktionen etabliert, welche die
pulsatilen Elemente des Blutdruckes miteinbezieht. Dabei muss beriicksichtigt werden, dass
die komplexen hamodynamischen Vorginge im Gefa3system dynamisch sind und sich in den
verschiedenen Gefédfregionen zum Teil erheblich voneinander unterscheiden. Zur Beurteilung
der Gefdlfunktion miissen daher mehrere Parameter herangezogen werden, die die
physikalischen Eigenschaften der Arterien addquat beschreiben und messbar machen.

Die systolische linksventrikuldre Kontraktion bewirkt den Transport der Blutsdule
(Flusswelle) und startet zugleich eine Druckwelle, die sich entlang des arteriellen
GefaBbaumes ausbreitet und als Pulswellengeschwindigkeit (PWYV) bezeichnet wird. An den
Verzweigungen der Arterien wird diese Welle reflektiert und wieder nach zentral propagiert,
wodurch es zu einer Addition mit der initialen Pulswelle kommt. Diese erreicht bei Gesunden
die aszendierende Aorta in der Diastole desselben Herzzyklus, also nach dem
Aortenklappenschluss, und fiihrt so zu einer Erhéhung des diastolischen Blutdruckes und
damit der Koronarperfusion (4bbildung 1). Eine Einschrinkung der Dampfungsfunktion der
Aorta infolge eines Verlustes der Elastizitdt fiihrt zu einer verfriihten Pulswellenreflexion und
zu einer erhohten PWV. Dann erreicht die reflektierte Pulswelle die aszendierende Aorta
entsprechend frither, was eine erhohte kardiale Nachlast und aortale Wandspannung zur Folge
hat. Ferner kommt es dann zu einer Reduktion der diastolischen Druckwelle und damit der
Koronarperfusion (4bbildung 2).

Die aortale PWV ist heute als MaB3 fiir die GefaB3steifigkeit anerkannt und besitzt eine
unabhiingige prognostische Bedeutung'® 7. Bei einer Zunahme der arteriellen
GefaBsteifigkeit und damit der PWV kommt es zu einer Zunahme des systolischen
Blutdruckes und des Pulsdruckes (PP). Dies steigert das Risiko fiir die Entwicklung einer

arteriellen Hypertonie'®.
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Abb. 1: Schematische Darstellung der aortalen Pulsdruckkurve bei normaler GefaBsteifigkeit
D1: erste Druckspitze, ausgelost durch die linksventrikuldre Kontraktion.

D2: zweite Druckspitze, bedingt durch die Addition der antegraden und reflektierten

Pulswelle.

Blaue Linie: antegrade Pulswelle, griine Linie: reflektierte Pulswelle.
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Abb. 2: Schematische Darstellung der aortalen Pulsdruckkurve bei erhdhter GefaBsteifigkeit
D1: erste Druckspitze, ausgelost durch die linksventrikuldre Kontraktion.
D2: zweite erhohte Druckspitze, bedingt durch die friiher einfallende reflektierte Pulswelle.
Hierdurch kommt es zum erhdhten Pulsdruck und zu einem positiven Augmentationsdruck.

Blaue Linie: antegrade Pulswelle, griine Linie: reflektierte Pulswelle.
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Es besteht allerdings eine grofle Diskrepanz zwischen den durch eine erhohte arterielle
Steifigkeit ausgelosten starken Verdnderungen der zentralen Himodynamik und den iiber eine
brachiale Blutdruckmessung erkennbaren geringen Verdnderungen der peripheren
Blutdruckwerte'”.

Der aortale (zentrale) systolische Blutdruck wirkt auf Herz und Gehirn und determiniert die
kardiale Nachlast. Daher hat er eine wichtigere prognostische Bedeutung als der periphere
Blutdruck'® *° und ist stirker mit dem Auftreten von hypertoniebedingten Organschiden®

2224 Kiirzlich wurden alters- und

sowie kardiovaskuldren Ereignissen assoziiert
geschlechtsspezifische Normwerte fiir den zentralen Blutdruck publiziert®.

Die durch die reflektierte Pulswelle induzierte Drucksteigerung des systolischen zentralen
Blutdruckes (cBP) wird als Augmentationsdruck bezeichnet. Der Anteil des
Augmentationsdruckes am Pulsdruck wird als Augmentationsindex (Aix) berechnet. Da der
Augmentationsindex von der Herzfrequenz abhingig ist, hat sich dessen Standardisierung auf
eine Herzfrequenz von 75/min etabliert (Aix@75). Ferner wird der Augmentationsindex von
funktionellen Verdnderungen der peripheren Gefifle wie Vasokonstriktion, Vasodilatation
und Anderungen der Endothelfunktion beeinflusst. Der Augmentationsindex erginzt somit die
PWYV als Parameter zur Erfassung der arteriellen GefaBsteifigkeit.

Eine steigende arterielle Steifigkeit fiihrt infolge des steigenden Pulsdruckes zu erheblichen
Veranderungen der Mikrozirkulation und des peripher-vaskuldren Widerstandes. So kommt es
zu pulsatilen Stromungen in Gefdfregionen, die physiologisch eine lamindre Stromung
aufweisen. Die Konsequenz sind Organschdden, die wiederum als Folge des nunmehr
erhohten peripher-vaskuldren Widerstandes eine Erhoéhung der arteriellen Steifigkeit
bewirken.

Zusammenfassend ermoglicht demnach die Messung der zentralen Himodynamik und der
Gefalisteifigkeit eine frithzeitige Erkennung kardiovaskuldrer Funktionseinschrankungen. Die
Determinanten der Funktionsanalyse sind der zentrale Blutdruck, der zentrale Pulsdruck, die
Pulswellengeschwindigkeit, der Augmentationsindex@75 sowie der peripher-vaskulédre
Widerstand. Bei der arteriellen Hypertonie liefern die Messungen dieser physikalischen
Eigenschaften der Gefdle zusétzliche Informationen im Vergleich zur alleinigen Messung des
brachialen Blutdruckes und imponieren daher als sensitivere Parameter zur Detektion
vaskuldrer Funktionseinschrinkungen. Dies spiegelt sich in den aktuellen Hypertonie-
Leitlinien der ESC wider, in denen ein Pulsdruck von >60 mmHg sowie -eine
Pulswellengeschwindigkeit > 10 m/s als hypertoniebedingte Organschidden anerkannt

2
werden”.
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Heutzutage ist es moglich, die physikalischen Gefallparameter einfach nichtinvasiv iiber eine
Pulswellenanalytik zu messen und damit fiir den klinischen Alltag zugédnglich zu machen.
Wihrend die frither als Goldstandard verwendete Applanationstonometrie aufgrund der
Messmethodik fehleranfillig ist und daher nur eingeschrinkt reproduzierbare Ergebnisse
liefern kann, sind kiirzlich oszillometrische Verfahren entwickelt worden, die
untersucherunabhingige Ergebnisse generieren”®. Zudem wurden verschiedene Gerite in
Studien klinisch validiert’® ?’. Das in der hier vorliegenden Habilitationsschrift benutzte
oszillometrische Verfahren wurde gegeniiber einer invasiven Goldstandardmessung des
zentralen Blutdruckes validiert”. Zudem liegt der hierbei benutzten validierten
Transferfunktion das aktuellste elektronische Modell des menschlichen Gefdl3systems
zugrunde, welches genetische Algorithmen zur Optimierung der Genauigkeit der Replikation

von Pulsdruckkurven verwendet?’.

Bei Leistungssportlern gibt es gegenwartig uneinheitliche Studienergebnisse zur Auswirkung
der intensiven sportlichen Aktivitdt auf die arterielle GefaBsteifigkeit und den zentralen

30-32

Blutdruck. Zum einen werden eine erhohte arterielle Steifigkeit™ ™ und ein erhohter zentraler

Blutdruck™ bei Athleten beschrieben, andererseits wurden genau gegenteilige Effekte’ ™’
oder keine Effekte®® beobachtet. Inwieweit die Art der ausgeiibten sportlichen Aktivitit die
arterielle GefaBsteifigkeit beeinflusst, ist zudem noch Gegenstand von Studien®”.

Bei Leistungssportlern konnen selbst leichtgradige kardiovaskulére
Funktionseinschrinkungen die Leistungsfdhigkeit vermindern und langfristig mit
schwerwiegenden gesundheitlichen Folgen verbunden sein. Die vaskuldre Funktionsanalyse
mittels validierter oszillometrischer Verfahren konnte daher zur friihzeitigen Detektion einer
vaskuldren Funktionseinschrankung genutzt werden. Die bei kompetitiven Athleten
vorgeschriebene Sporttauglichkeitsuntersuchung bietet hierfiir eine giinstige Gelegenheit.

In einer kiirzlich verdffentlichten Studie mit gesunden jungen Teilnehmern beider
Geschlechter (Alter 37 = 5 Jahre) konnte zudem gezeigt werden, dass die in Ruhe gemessene
PWV mit einer iberschiefenden Blutdruckantwort assoziiert ist und diese voraussagen
kann®®. Selbst bei in Ruhe normotensiven Menschen kann es unter Belastung zu einer
iiberschieBenden Blutdruckregulation kommen®, die auf eine subklinische vaskulire
Funktionseinschrinkung zuriickzufiihren ist. Die vaskuldre Funktionsanalyse kann somit dazu
beitragen, eine bessere kardiovaskuldre Risikoeinschitzung insbesondere bei jungen und

. 4
ansonsten gesunden Menschen zu erreichen®” .
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1.4 Leistungssportler in der kardiovaskuliren Forschung

Leistungssportler stellen ein besonderes Studienkollektiv dar. Sie sind zumeist jlinger, gesund
und nehmen hiufig keine Medikamente ein. Ferner weisen sie durch das regelmiflige und
intensive Training sowie die regelmiBigen Wettkdmpfe eine hohe kardiopulmonale
Leistungsfahigkeit auf, welche die der Normalbevolkerung und der Hobbysportler der

gleichen Sportart iibersteigt'” *%.

Insbesondere in den in Deutschland populdren
Mannschaftssportarten wie FuBlball, Handball, FEishockey und Basketball ist die
interindividuelle Variabilitit der kardiopulmonalen Leistungsfahigkeit zwischen den Spielern
eines professionellen Teams mit Ausnahme der Torhiiter gering.

Die korperliche Fitness und Leistungsfiahigkeit spielen eine herausragende Rolle zur

Privention und Therapie kardiovaskulirer Erkrankungen®: *

. Zudem wirkt regelméBiges
Training mit maBiger Intensitit blutdrucksenkend® und muss daher in Studien, die den
Einfluss einzelner Faktoren auf den Blutdruck untersuchen, als wichtige Komponente
beriicksichtigt werden. Eine Studienpopulation von Leistungssportlern kann daher zu
Erkenntnissen fiihren, die in Normalpopulationen mit ihrem typischerweise breiten Spektrum
der korperlichen Aktivitdt und Fitness nicht erreichbar wiéren.

Deshalb bietet sich gerade in dieser Kohorte die Moglichkeit, die Korrelation zwischen
Héamodynamik, Blutdruckregulation und Leistungsfahigkeit unter Einbeziehung einer
weiteren Variable zu beleuchten. Wir untersuchten daher in unseren Arbeiten den Einfluss
von Vitamin D auf die Blutdruckregulation und kardiovaskulire Funktion bei
Leistungssportlern.

Anlass dazu war die bisher widerspriichliche Studienlage zum Einfluss von Vitamin D auf
den Blutdruck und die kardiovaskuldre Funktion in nichtathletischen Studienpopulationen®>*’
sowie auf die Leistungsfahigkeit bei Athleten*® *°. Wir gingen davon aus, selbst geringe durch
einen Vitamin-D-Mangel induzierte Anderungen der kardiovaskuliren Funktion bei
Leistungssportlern feststellen zu konnen. Zudem ist ein Vitamin-D-Mangel auch bei

Leistungssportlern weit verbreitet* *.
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2. Fragestellung und Zielsetzung der Arbeit

Die vorliegende Habilitationsschrift beschéftigt sich mit der Fragestellung, welchen Einfluss
die zentrale Hdmodynamik und die vaskuldre Funktion auf die Blutdruckregulation und
Leistungsfahigkeit bei Leistungssportlern haben.

Durch das neugewonnene Instrument der validierten, nichtinvasiven Analyse der
physikalischen Gefédfeigenschaften mittels der Pulswellenanalytik ergab sich die Moglichkeit
der differenzierten kardiovaskuldren Funktionsanalyse, um friihzeitig eine vaskuldre
Funktionsstorung bei den Athleten zu erkennen.

Durch das homogene und gesunde Studienkollektiv der Leistungssportler war es zudem
moglich, potenzielle Zusammenhdnge zwischen 25-OH-Vitamin D und der

Blutdruckregulation unabhéngig von der kardiopulmonalen Fitness zu untersuchen.

Mit der Einfiihrung der Arbeitslast-indexierten Betrachtungsweise der Blutdruckantwort bei
Athleten wollten wir aullerdem spezifische Unterschiede der Blutdruckantwort zwischen
Leistungssportlern und Nichtathleten untersuchen. Das Ziel hierbei war es, Referenzwerte fiir
die einzelnen neuen Parameter der Arbeitslast-indexierten Blutdruckantwort zu generieren,
um eine klinische Beurteilung der Blutdruckantwort bei ménnlichen und weiblichen
Leistungssportlern wéihrend der Sporttauglichkeitsuntersuchung vornehmen zu kénnen. Damit
adressierten wir die bisher ungeloste, allerdings sehr wichtige Frage danach, wie die
Blutdruckantwort wiahrend eines Ausbelastungstestes bei Athleten zu beurteilen ist. Inwieweit
durch eine vaskuldre Funktionsanalyse in Ruhe pradiktive Aussagen iiber die spezifische
Blutdruckregulation unter Belastung und die Leistungsfdhigkeit bei Leistungssportlern

getroffen werden konnen, war ferner Gegenstand dieser Untersuchung.
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3. Einfluss von 25-OH-Vitamin D auf die Blutdruckregulation bei

Leistungssportlern

3.1 Privalenz eines 25-OH-Vitamin-D-Mangels bei professionellen
Handballspielern

Vitamin D ist ein fettlosliches Hormon, welches fiir den Knochenstoffwechsel und die

0. 51 7udem wurden Vitamin-D-

Immunfunktionen von herausragender Bedeutung ist
Rezeptoren in vielen verschiedenen Regionen des menschlichen Kérpers gefunden®', was auf
zusitzliche Wirkungen von Vitamin D im menschlichen Kérper hinweist”. So zeigten sich
unerwartete Assoziationen zwischen einem Vitamin-D-Mangel und verschiedenen
kardiovaskuliren Erkrankungen*® '~

Die Auswirkungen eines Vitamin-D-Mangels auf die sportliche Leistungsfahigkeit und
Verletzungshaufigkeit wurden in der Sportmedizin intensiv untersucht®®. Bisherige
Untersuchungen weisen darauf hin, dass ein Vitamin-D-Mangel zu einer eingeschrinkten

57, 58
und

Leistungsfahigkeit bei Athleten fiihrt*™, was anhand der muskuloskelettalen
kardiovaskuliren Effekte °® von Vitamin D erklért wurde.
Die anzustrebenden optimalen Vitamin-D-Spiegel sowohl fiir die Normalbevolkerung als

4 4 -61 [
8,54, 3861 1nd es existieren zudem

auch fiir Athleten sind derzeit wissenschaftlich umstritten
unterschiedliche Definitionen eines Vitamin-D-Mangels*® *. Da Konzentrationen = 30 ng/ml
25-OH-Vitamin D das Risiko fiir Knochenmineralisationsdefekte minimieren62, definierten
wir in unseren Studien, wie auch andere Arbeitsgruppen® *, 25-OH-Vitamin-D-Spiegel < 30
ng/ml als insuffiziente Vitamin-D-Spiegel und somit als Vitamin-D-Mangel.

Als Risikofaktoren fiir einen Vitamin-D-Mangel bei Athleten wurden unter anderem
geographische Faktoren (> 35 Grad nordlicher Breitengrad), eine schwarze Hautfarbe, ein
hoherer BMI, eine geringe korperliche Aktivitét, eine geringe Sonneneinstrahlung sowie die

Ausiibung einer Hallensportart identifiziert™ . Ein Vitamin-D-Mangel weist eine hohe

Privalenz in der Bevdlkerung Deutschlands auf®®, auch bei Athleten®.

Untersuchungen beziiglich der Haufigkeit eines Vitamin-D-Mangels bei professionellen
Handballspielern in Deutschland gab es noch nicht. Daher war das Ziel der im Folgenden
genannten ersten Publikation, die Privalenz eines 25-OH-Vitamin-D-Mangels bei

professionellen Handballspielern in Deutschland zu bestimmen.
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Publikation Nr. 1:

Bauer P, Henni S, Dérr O, Bauer T, Hamm CW, Most A. High prevalence of vitamin D
insufficiency in professional handball athletes. Phys Sportsmed. 2019 Feb;47(1):71-77. doi:
10.1080/00913847.2018.1520055. Epub 2018 Sep 20. PMID: 30196746.

In dieser Arbeit wurde der 25-OH-Vitamin-D-Status von insgesamt 70 professionellen
méannlichen Handballspielern kaukasischer Herkunft (Alter 26 £5 Jahre) evaluiert. Die
Untersuchungen fanden im Rahmen einer Sporttauglichkeitsuntersuchung im Juli vor der
Wettkampfsaison und nach einer sechswochigen Wettkampfpause statt. Alle
eingeschlossenen Athleten waren gesund, keine Solariumnutzer und nahmen keine
Medikamente oder Nahrungsergénzungsmittel in Form von Vitaminsupplementen ein. Da die
Sonneneinstrahlung die wichtigste natiirliche Determinante der korpereigenen Vitamin-D-
Produktion ist, wurde ein validierter Sonnenexpositionsfragebogen genutzt®’, um die
Sonnenexposition der letzten zwei Wochen vor der Untersuchung zu bestimmen. Das
Ergebnis des Fragebogens (iiber zwei Wochen) ist ein Punktwert von 0—112, wobei hohere
Werte eine stirkere Sonnenexposition anzeigen. Ferner wurden die Parathormonwerte
bestimmt, da bei einem 25-OH-Vitamin-D-Mangel reaktiv die Parathormonsekretion und
damit die Osteoklastenaktivitit ansteigen. Als insuffiziente 25-OH-Vitamin-D-Spiegel
definierten wir Werte < 30 ng/ml, hingegen wurden Werte = 30 ng/ml als suffiziente Spiegel
angesehen™™ .

Obwohl die Untersuchungen im Juli stattfanden und zuvor eine wettkampfireie Zeit mit
Sommerurlaub bestand, detektierten wir in 44,3 % (n = 31) der untersuchten Leistungssportler
insuffiziente 25-OH-Vitamin-D-Werte (23,2 + 5,4 ng/ml). Bei 39 Athleten (55,7 %) lagen die
25-OH-Vitamin-D-Spiegel im suffizienten Bereich (39,1 + 8,7 ng/ml). Somit konnten wir
eine hohe Prdvalenz eines Vitamin-D-Mangels in unserer Kohorte feststellen, obwohl zum
Zeitpunkt der Untersuchung im Sommer die hdchsten Vitamin-D-Spiegel zu erwarten
gewesen wiren. Uberraschenderweise zeigte sich jedoch zwischen den Leistungssportlern mit
insuffizientem und denen mit suffizientem Vitamin-D-Spiegel kein signifikanter Unterschied
im Sonnenexpositionspunktwert. In beiden Gruppen waren dhnlich hohe Punktwerte erreicht
worden. Ferner waren keine signifikanten Unterschiede in Bezug auf Alter, Korpergrofle,
Gewicht, Body-Mass-Index oder Trainingshistorie zwischen den beiden Gruppen
festzustellen.

Lediglich in der differenzierten Betrachtungsweise mit Vergleich der Athleten mit einem

Spiegel = 30 ng/ml mit denen, die einen 25-OH-Vitamin-D-Spiegel <20 ng/ml aufwiesen
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(n = 6), zeigten sich signifikante Unterschiede in der Sonnenexposition. Allerdings muss bei
der Betrachtung dieser Ergebnisse beriicksichtigt werden, dass der bei Kaukasiern validierte
Sonnenexpositionsfragebogen den wichtigen Aspekt der Sonnenschutzcremes nicht erfasst.
Dies stellt eine wichtige Limitation der Erhebungsmethode dar.

Allerdings konnten wir signifikante Unterschiede des Parathormonspiegels zwischen den
Athleten mit suffizienten und denen mit insuffizienten 25-OH-Vitamin-D-Spiegeln aufzeigen.
Dieses Ergebnis stiitzt die Schwelle von 30 ng/ml 25-OH-Vitamin D als unteren Grenzwert
zur Erhaltung der Knochengesundheit, da eine Parathormonerhéhung eine gesteigerte
Osteoklastenaktivitit und somit eine unzureichende Vitamin-D-Wirkung am Knochen
widerspiegelt. Dies spielt insbesondere fiir Leistungssportler eine grofle Rolle, da hier
haufiger Stressfrakturen im Vergleich zur Normalpopulation beobachtet werden, was mit
einer erhohten mechanischen Beanspruchung erklért wird. Zugleich werfen unsere Ergebnisse
die Frage auf, wie in dieser Population effektiv einem Vitamin-D-Mangel vorgebeugt werden

kann, um lidngere Ausfallzeiten zu verhindern.

Zusammenfassend lieB sich in unserer Studie bei professionellen ménnlichen Hallensportlern
eine hohe Prédvalenz eines Vitamin-D-Mangels selbst in den Sommermonaten detektieren.
Daher wurden regelméflige Kontrollen des Vitamin-D-Spiegels bei Leistungssportlern in den
verschiedenen Jahreszeiten implementiert. Wenngleich die anzustrebenden optimalen 25-OH-
Vitamin-D-Spiegel fiir die Normalbevilkerung und Athleten weiterhin wissenschaftlich

. . 148, 54, 58-61
umstritten sind”™ 7"

, unterstiitzen unsere Studienergebnisse den unteren Grenzwert von
30 ng/ml 25-OH-Vitamin D zur Erhaltung der Knochengesundheit. Ob dieser Wert auch fiir
die Erhaltung der kardiovaskuldren Gesundheit und eine optimale korperliche
Leistungsfahigkeit bei Leistungssportlern ausreichend ist, wird gegenwirtig intensiv

untersucht.
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3.2  Einfluss eines 25-OH-Vitamin-D-Mangels auf den Blutdruck in
Ruhe

Ein Vitamin-D-Mangel wurde in vielen Beobachtungsstudien mit arterieller Hypertonie®,

4. 71 .. . .
3471 assoziiert. Da Vitamin-D-

einer beeintrichtigten GefdBfunktion” und erhéhter Mortalitit
Rezeptoren an glatten Muskelzellen”?, Myozyten und Endothelzellen” zu finden sind und
zudem eine Vitamin-D-regulierte Reduktion der Aktivitit des Renin-Angiotensin-Aldosteron-
Systems festgestellt werden konnte’”, wurde ein Kausalzusammenhang zwischen Vitamin D,

46, 5L 71 Diese Theorie

Blutdruckregulation und kardiovaskuldrer Gesundheit angenommen
wurde durch eine kiirzlich publizierte Mendelsche Randomisierungsstudie unterstiitzt™".

Allerdings haben bisherige Studien widerspriichliche Ergebnisse fiir die blutdrucksenkenden
Wirkungen einer Vitamin-D-Supplementierung erbracht”>”’. Diese diskrepanten Ergebnisse
iiberraschen jedoch nicht, da meist keine Kontrolle beziiglich des Fitnessstatus — als

dominierenden Pridiktor fiir die kardiovaskulire Gesundheit* **

— vorgenommen wurde. Wir
haben den Zusammenhang zwischen Fitness, Vitamin D und kardiovaskulédrer Funktion daher

in einer Kohorte homogen fitter und aktiver Profisportler untersucht.

Publikation Nr. 2:

Bauer P, Kraushaar L, Hélscher S, Tajmiri-Gondai S, Dorr O, Nef H, Hamm C, Most A. Elite
athletes as research model: vitamin D insufficiency associates with elevated central blood
pressure in professional handball athletes. Eur J Appl Physiol. 2019 Oct; 119(10):2265-2274.
doi: 10.1007/s00421-019-04210-w. Epub 2019 Aug 19. PMID: 31428859.

In einer Pilotstudie untersuchten wir die Auswirkungen eines 25-OH-Vitamin-D-Mangels auf
die vaskuldre Funktion und die Ho6he des peripheren und zentralen Blutdruckes bei
Leistungssportlern. Hierfiir konnten wir 50 ménnliche professionelle Handballspieler im
mittleren Alter von 26 (* 5) Jahren untersuchen und anhand ihres 25-OH-Vitamin-D-Spiegels
in eine Gruppe mit insuffizientem (<30ng/ml) und eine Gruppe mit suffizientem
(= 30 ng/ml) Spiegel einteilen. Diese Gruppen wurden beziiglich des brachialen und zentralen
Blutdruckes sowie der vaskuldren Funktion verglichen und wir nahmen an, dass die Athleten
mit insuffizientem 25-OH-Vitamin-D-Status einen hoéheren Blutdruck infolge einer
schlechteren vaskuldren Funktion haben wiirden. Mit Hilfe eines validierten oszillometrischen

Verfahrens wurden auf Basis der Pulswellenanalyse die physikalischen vaskuldren
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Funktionsparameter und der zentrale Blutdruck in Ruhe und standardisiert nach einer
Wettkampfpause von sechs Wochen gemessen.

Zwischen den Athleten mit insuffizienten und denen mit suffizienten Vitamin-D-Spiegeln
konnten keine Unterschiede in Alter, Gewicht, Body-Mass-Index, Herzfrequenz in Ruhe und
bei maximaler Belastung sowie der Trainingshistorie gefunden werden. Die 25-OH-Vitamin-
D-Werte lagen bei 41,3 + 9 ng/ml in der suffizienten Gruppe und bei 21,1 * 8 ng/ml in der
insuffizienten Gruppe und somit jeweils deutlich oberhalb beziehungsweise unterhalb der
Schwelle von 30 ng/ml. Der Anteil der Athleten mit einem insuffizienten 25-OH-Vitamin-D-
Spiegel lag bei 18 % (n=9), wohingegen 82 % (n=41) suffiziente Werte aufwiesen.
Aufgrund unserer vorhergehenden Untersuchung war dies eine iiberraschend niedrige
Privalenz. Wir fiihren dies auf eine Anderung der Verhaltensweise der Athleten mit einem
gesteigerten Bewusstsein fiir die Erhaltung eines suffizienten Vitamin-D-Spiegels zuriick, da
keine Supplementation mit Vitamin D durchgefiihrt wurde.

Athleten mit ausreichenden 25-OH-Vitamin-D-Spiegeln zeigten sowohl einen signifikant
niedrigeren zentralen diastolischen (58 £9 vs. 68 £ 8 mmHg, p =0,002) als auch einen
niedrigeren zentralen systolischen Blutdruck (9747 vs. 106 =5 mmHg, p<0,001) im
Vergleich zu den Athleten mit insuffizienten 25-OH-Vitamin-D-Spiegeln. Ferner war der
mittlere zentrale Blutdruck der Gruppe mit ausreichenden 25-OH-Vitamin-D-Spiegeln
signifikant niedriger als in der Gruppe mit insuffizienten 25-OH-Vitamin-D-Spiegeln (73 + 8
gegeniiber 83 + 6,5 mmHg, p=0,001) (4bbildung 3). Auch die brachialen Blutdruckwerte
waren signifikant unterschiedlich mit hoheren Werten in der Gruppe mit insuffizienten
Vitamin-D-Spiegeln. Allerdings konnten wir in der Gesamtkohorte keine erhohten brachialen
Blutdruckwerte oberhalb der definierten Schwellen (140 mmHg systolisch und/oder
90 mmHg diastolisch) detektieren.

Die gemessenen Werte der vaskuldren Funktion bei unseren professionellen Athleten deuteten
allesamt auf eine bessere vaskuldre Funktion der Athleten im Vergleich zur
Normalbevdlkerung hin. Die Leistungssportler unserer Studie zeigten zudem eine hoéhere
Pulsdruckamplifikation (26 =5 mmHg vs. 15+ 7 mmHg, p<0,001) im Vergleich zur
Referenzpopulation gleichen Alters™.

Bei der Betrachtung der zentralen Blutdruckwerte fielen mehrere interessante Aspekte auf.
Wihrend der zentrale systolische Blutdruck bei den Athleten mit suffizienten Vitamin-D-
Werten signifikant unterhalb der publizierten Normwerte® (97 + 7 mmHg vs. 103 £ 9 mmHg,
p <0.001) lag, war dies bei Athleten mit insuffizienten Vitamin-D-Werten (106 = 5 mmHg
vs. 103 £9 mmHg, p=0,12) nicht der Fall. Trotz des hoheren brachialen und zentralen
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Blutdruckes bei Athleten mit Vitamin-D-Mangel bestanden keine Unterschiede im zentralen
und peripheren Pulsdruck, der Pulswellengeschwindigkeit, dem Augmentationsindex sowie in

der Pulsdruckamplifikation.

120
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£ 807 S
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25-0OH vitamin D = 30 ng/ml 25-OH vitamin D < 30ng/ml
* p<0.01

Abb. 3: Zentraler systolischer (¢cSBP) und diastolischer (¢cDBP) sowie mittlerer zentraler (MAP) Blutdruck bei
Athleten mit suffizienten und insuffizienten 25-OH-Vitamin-D-Spiegeln. Dargestellt sind jeweils
Boxplots mit 25/75-%-Interquartilen sowie die jeweiligen 5/95-%-Perzentile.

Zusammenfassend weisen diese Erkenntnisse darauf hin, dass Vitamin D und korperliche
Fitness die kardiovaskuldre Funktion unterschiedlich beeinflussen. Daher erscheint die
Untersuchung von Kohorten mit homogener Fitness geeignet, um die Auswirkungen eines
Vitamin-D-Mangels auf die vaskuldre Funktion zu untersuchen. Ferner scheint eine durch
korperliche  Aktivitit verbesserte vaskuldre Funktion bei Leistungssportlern die
Auswirkungen eines Vitamin-D-Mangels in Ruhe so weit zu kompensieren, dass hieraus

keine messbaren Anderungen der vaskuliren Funktionsparameter resultieren.

24



3.3 Einfluss eines 25-OH-Vitamin-D-Mangels auf den Blutdruck

unter Belastung

Aufbauend auf den Erkenntnissen der vorhergehenden Studie, in der wir eine Assoziation
eines Mangels an 25-OH-Vitamin D mit hoheren zentralen und brachialen Blutdruckwerten
feststellen konnten, war das Ziel der ndchsten Studie, die Auswirkungen eines Vitamin-D-
Mangels auf die Blutdruckregulation unter Belastung zu charakterisieren. Angesichts der

physiologischen Einfliisse von Vitamin D auf Endothel- und glatte Muskelzellen’*

war
unsere Hypothese, dass sich die in Ruhe bei Leistungssportlern noch kompensierte
Einschrankung der vaskuldren Funktion als Folge eines 25-OH-Vitamin-D-Mangels unter
einer maximalen Belastung in Form einer gesteigerten Blutdruckantwort demaskiert. Das in
unseren Studie zur Messung der zentralen Hdmodynamik und GefédBsteifigkeit genutzte
validierte oszillometrische Verfahren ist aufgrund der Messmethodik®® jedoch nicht geeignet,
valide Messergebnisse der zentralen Himodynamik unter Belastungsbedingungen zu liefern.

Daher fokussierten wir uns bei dieser Untersuchung auf die Erhebung der brachialen

Blutdruckwerte.

Publikation Nr. 3:

Bauer P, Kraushaar L, Dorr O, Bauer T, Nef H, Hamm CW, Most A. Association of 25-
hydroxy vitamin D level with the blood pressure response to a maximum exercise test among
professional indoor athletes. Eur J Appl Physiol. 2020 Aug;120(8):1931-1941. doi:
10.1007/s00421-020-04421-6. Epub 2020 Jun 25. PMID: 32588193; PMCID: PMC7340632.

Die Teilnehmer dieser Studie waren 120 ménnliche, kaukasische und verletzungsfreie
professionelle Handball- und Eishockeysportler (Alter 25,8 £ 5,2 Jahre) unterschiedlicher
Nationalitdt. Keiner von ithnen war ein regelméfiger Sonnenbanknutzer, dariiber hinaus
wurden keine Vitamin-D-Prdparate oder andere Multivitaminpréparate eingenommen.
Anhand des 25-OH-Vitamin-D-Spiegels wurden analog zu unseren vorhergehenden Studien
zwei Gruppen definiert und miteinander verglichen: eine Gruppe mit insuffizientem
(<30 ng/ml) und eine Gruppe mit suffizientem (= 30 ng/ml) Vitamin-D-Spiegel. Die 25-OH-
Vitamin-D-Werte lagen bei 42,3 + 9 ng/ml in der suffizienten Gruppe und bei 22,95 * 5 ng/ml

in der insuffizienten Gruppe und somit jeweils deutlich oberhalb beziehungsweise unterhalb
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der definierten Schwelle von 30 ng/ml. Ein Vitamin-D-Mangel wurde bei 35 Athleten (29 %)
festgestellt, 85 Athleten (71 %) wiesen hingegen suffiziente Werte auf.

Hinsichtlich der Baseline-Daten unterschieden sich die Athleten in beiden Gruppen nicht
voneinander. Alle Athleten durchliefen einen Ausbelastungstest auf dem Fahrradergometer,
bei dem stufenweise in Abstdnden von 2 Minuten die Belastung um 50 Watt gesteigert wurde.
Wihrenddessen wurde jede Minute automatisiert der Blutdruck gemessen und die
Herzfrequenz durchgehend mittels 12-Kanal-EKG aufgezeichnet.

Die Blutdruckantwort auf die Belastung wurde jeweils als Zunahme der systolischen und der
diastolischen Blutdruckwerte von Belastungsbeginn bis zur Ausbelastung definiert. Zudem
wurde eine Indexierung der Blutdruckantwort auf die jeweilige Leistung vorgenommen,
indem der maximal erreichte systolische Blutdruck durch die individuelle maximale Leistung
(maximal erreichte Wattzahl/Kilogramm Korpergewicht) geteilt wurde.

Alle untersuchten Athleten waren normotensiv und es gab keine Unterschiede hinsichtlich des
Blutdruckes in Ruhe, des Pulsdruckes und des mittleren Blutdruckes zwischen Athleten mit
insuffizienten und suffizienten 25-OH-Vitamin-D-Spiegeln.

Bei maximaler Belastung waren jedoch der systolische Blutdruck (198 + 18 gegeniiber
189 £19, p=0,026) und der Pulsdruck (118 £ 18 gegeniiber 109 + 21 mmHg, p = 0,021) in
der suffizienten Gruppe hoéher. Die individuelle Blutdruckantwort (BPR) unterschied sich
jedoch nicht zwischen den beiden Gruppen (76 +20/5 £ 6 gegeniiber 69 + 22/3 = 6 mmHg,
p=0,103). Zudem wiesen Athleten mit suffizienten 25-OH-Vitamin-D-Werten eine hohere
maximale Leistung (3,99 + 0,82 gegentiber 3,58 + 0,78 W/kg, p =0,015) auf und erreichten
eine hohere Wattzahl (367 = 78 gegeniiber 333 + 80 W, p =0,039). Ferner fanden sich nach
Indexierung der Blutdruckantwort auf die jeweilige maximale Leistung keine Unterschiede
zwischen Athleten mit suffizienten und insuffizienten Vitamin-D-Spiegeln (51 + 10 vs.
56 £ 14 mmHgxkg/W, p = 0,079) (Tabelle 1).

Die 25-OH-Vitamin-D-Spiegel der Athleten korrelierten positiv mit der maximal erreichten
Wattzahl (r*= 0,373, p<0,001) sowie der maximalen Leistung (r*= 0,327, p<0,001),
wihrend eine negative Korrelation mit der auf die Leistung indexierten Blutdruckantwort
(r*=-0,222, p =0,015) bestand. Die linearen Regressionsanalysen ergaben zudem, dass ein
25-OH-Vitamin-D-Spiegel ein statistisch signifikanter Priadiktor fiir eine hohere maximale
Leistung (r*= 0,123, p <0,001) und eine hohere maximale Wattzahl (r*= 0,126, p <0,001)
ist. Allerdings konnte der 25-OH-Vitamin-D-Spiegel die auf die Leistung indexierte
Blutdruckantwort nicht vorhersagen (r* = 0,07, p = 0,12).
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25-0OH-Vitamin D
230 ng/ml <30 ng/ml p
Anzahl 85 (71 %) 35 (29 %)
25-0OH-Vitamin D (ng/ml) 42,3 +8,9 2295+5/1 < 0,001
Herzfrequenz in Ruhe (/min) 58,4 +10,5 59,1 +9,4 0,748
Systolischer Blutdruck (mmHg) 122,1+10 120+ 11,6 0,333
Diastolischer Blutdruck 751+ 7.4 76,8+ 8,6 0,362
(mmHg)
Pulsdruck in Ruhe (mmHg) 47 £ 11 43,5+13,3 0,152
Maximale Herzfrequenz (/min) 184 + 8,4 183,7+7,2 0,862
Maximaler systolischer
Blutdruck (mmHg) 197,8 £ 17,5 189,3 £+ 19,4 0,026
Maximaler diastolischer
Blutdruck (mmHg) 79,7+ 7,4 80,473 0,651
Maximaler Pulsdruck (mmHg) 118+18 108,9 + 20,8 0,021
A systolischer Blutdruck 75,7 + 20 69,3 + 21,6 0,103
(mmHg)
A diastolischer Blutdruck 46457 34463 0,621
(mmHg)
Maximale Watt (W) 367,2 78,4 332,8+79,9 0,039
Leistung (W/kg) 3,99 £ 0,82 3,58+0,78 0,015
Maximaler systolischer
Blutdruck/Leistung (mmHg* 51,3 +10,2 55,5+ 14,1 0,079
kg/W)
Tabelle 1: Vergleich der Ergebnisse des Ausbelastungstestes bei méinnlichen

Leistungssportlern entsprechend dem 25-OH-Vitamin-D-Spiegel.

Unsere Ergebnisse waren iiberraschend, da wir die Hypothese aufgestellt hatten, dass

Athleten mit einem Vitamin-D-Mangel hohere maximale Blutdruckwerte und eine

iiberschieBende Blutdruckreaktion im Ausbelastungstest im Vergleich zu Athleten mit
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suffizienten Vitamin-D-Spiegeln aufweisen wiirden. Entgegen unserer Hypothese zeigte die
aktuelle Studie aber, dass die Vitamin-D-Spiegel nicht mit der individuellen Blutdruckantwort
oder dem maximalen systolischen Blutdruck assoziiert waren. Dies deckt sich mit den
Ergebnissen von Zaleski’®, der in einer Normalbevolkerung die Assoziation zwischen
Vitamin D, Blutdruckantwort bei einem Belastungstest und maximalem systolischen
Blutdruck untersucht hatte. Daher scheinen die Folgen eines Vitamin-D-Mangels auf die
Blutdruckregulation unter Belastung durch vaskuldre Funktionsanpassungen teilweise
kompensiert werden zu konnen. Ferner lagen die maximalen systolischen Blutdruckwerte
unserer untersuchten Athleten unterhalb der Werte, die in einer vergleichbaren Studie mit

Leistungssportlern beobachtet wurden’”.

Zusammenfassend war eine wesentliche Erkenntnis dieser Studie, dass bei méinnlichen
Leistungssportlern ein Vitamin-D-Mangel kein Risikofaktor fiir eine {iberschielende
Blutdruckreaktion im Ausbelastungstest war. Die ermittelten hoheren maximalen systolischen
Blutdruckwerte in der Gruppe mit suffizienten Vitamin-D-Spiegeln waren Ausdruck der
hoheren Leistungsfahigkeit dieser Gruppe. Dies unterstreicht den Einfluss von Vitamin D auf
die Leistungsfdhigkeit bei Athleten, der sowohl auf die muskuloskelettalen als auch auf die
kardiovaskuldren Wirkungen des Hormons zuriickgefiihrt werden kann. Zudem weist unsere
Studie auf die Wichtigkeit der Indexierung der gemessenen maximalen systolischen
Blutdruckwerte auf die jeweilige Leistung hin.

Weiterhin bestétigt sich unsere Annahme, dass gut trainierte Sportpopulationen eine
einzigartige  Gelegenheit bieten, um die modifizierenden Auswirkungen der
kardiorespiratorischen Fitness auf die Assoziation von 25-OH-Vitamin D mit

kardiovaskuldren Risikomarkern zu untersuchen.
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4. Vaskulire Funktion, Blutdruckregulation unter Belastung und

deren Einfluss auf die Leistungsfihigkeit

Aus unseren vorhergehenden Studien ergaben sich Hinweise darauf, dass die vaskulére
Funktion die individuelle Leistungsfahigkeit der Athleten sowie deren Blutdruckregulation
beeinflusst. Ferner zeigte sich insbesondere in unserer Studie zum Einfluss von 25-OH-
Vitamin D auf die Blutdruckregulation unter Belastung, dass eine Indexierung der
Blutdruckantwort auf die jeweilige Belastung und gerade nicht die alleinige Betrachtung der
maximalen systolischen Blutdruckwerte zur Beurteilung des Blutdruckverhaltens notwendig
ist. Die widerspriichlichen Studienergebnisse, die im Hinblick auf den Einfluss des
maximalen systolischen Blutdruckes auf das kardiovaskulire Risiko festgehalten wurden™ ',
unterstreichen ebenfalls die Notwendigkeit einer Anderung der bisherigen Herangehensweise.
Die Idee der Arbeitslast-indexierten Betrachtung der individuellen Blutdruckantwort bei
einem klinischen Ausbelastungstest wurde fiir die Normalbevolkerung aufgegriffen und die
Ergebnisse einer Studie von Hedman und Kollegen wurden im Jahr 2019 publiziert’. Hier
konnte erstmalig gezeigt werden, dass der hier untersuchte SBP/MET-slope den maximal
erreichten systolischen Blutdruckwerten in der Vorhersage der Sterblichkeit iiber 20 Jahre
iiberlegen und ein hoherer SBP/MET-slope mit einem hoheren Sterblichkeitsrisiko verbunden
war’. Zudem wies selbst die Gruppe der Ménner mit niedrigem kardiovaskulédren Risiko und
hoher Fitness bei einem SBP/MET-slope >6,2 mmHg/MET ein 27 % hoheres
Mortalititsrisiko tiber 20 Jahre auf’.

Ankniipfend an diese Erkenntnisse fiihrte die gleiche Autorengruppe'’ zwei weitere neue
Parameter ein, um die individuelle Blutdruckantwort bei einem Belastungstest zu
charakterisieren: zum Ersten war dies der SBP/W-slope, der die Steigerung des systolischen
Blutdruckes in Bezug zur Steigerung der Wattzahl widerspiegelt, und zum Zweiten die peak
SBP/W-ratio, die den maximal erreichten systolischen Blutdruck zur maximal erreichten
Wattzahl in Beziehung setzt. In einer Populationsstudie wurden fiir diese Parameter

geschlechts- und altersspezifische Referenzwerte fiir die Fahrradergometrie etabliert'”.
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4.1 Vaskulire Funktion und Leistungsfihigkeit

Die erwidhnten vielversprechenden neuen Parameter zur klinischen Beurteilung der
Blutdruckantwort bei einem Belastungstest wurden bisher bei Athleten noch nicht untersucht.
Daher wollten wir iiberpriifen, ob diese Parameter auch zur klinischen Beurteilung der
individuellen Blutdruckantwort bei Leistungssportlern genutzt werden konnen oder ob
Athleten spezifische Referenzwerte bendtigen. Zudem war unser Ziel, zu untersuchen, ob und
wie die zentrale Himodynamik und die vaskulidre Funktion diese Parameter beeinflussen
beziehungsweise inwieweit eine Préadiktion dieser Parameter durch eine vaskuldre

Funktionsanalyse moglich ist.

Publikation Nr. 4:

Bauer P, Kraushaar L, Most A, Hélscher S, Tajmiri-Gondai S, Dorr O, Troidl C, Bauer T,
Nef H, Hamm CW, Keller T. Impact of Vascular Function on Maximum Power Output in Elite
Handball Athletes. Res Q Exerc Sport. 2019 Dec;90(4):600-608. doi:
10.1080/02701367.2019.1639602. Epub 2019 Aug 9. PMID: 31397640.

In dieser Pilotstudie untersuchten wir den Einfluss von Leistungssport auf die vaskuldre
Funktion. Wir gingen von der Hypothese aus, dass Athleten in Ruhe eine bessere vaskulédre
Funktion als die Kontrollgruppe aufweisen und diese mit der maximalen Leistung bei einem
Ausbelastungstest korreliert. Zu diesem Zweck konnten wir 30 ménnliche Leistungssportler
(27 £ 4 Jahre) und 10 minnliche Probanden gleichen Alters (26 + 4 Jahre) als Kontrollgruppe
in die Studie einschlieBen.

Wir fiihrten in beiden Gruppen einen Ausbelastungstest auf dem Fahrradergometer bei
gleichzeitiger Blutdruck- und EKG-Aufzeichnung durch. Das Belastungstestprotokoll der
Athleten begann mit einer Belastung von 100 W nach einer 2-miniitigen Aufwérmphase, die
mit 50 W durchgefiihrt wurde. Die Kontrollprobanden begannen mit 50 Watt nach einer
Aufwirmphase mit 25 Watt. Die Belastung wurde bei den Athleten um 50 W und bei der
Kontrollgruppe alle 2 Minuten um 25 Watt erhoht, bis die Erschopfung erreicht war. Diese
wurde definiert als die Unféhigkeit der Teilnehmer, die Belastung 2 Minuten lang

aufrechtzuerhalten.
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Zudem wurden die zentralen hdmodynamischen Parameter und die vaskuldren
Funktionsparameter mit Hilfe eines validierten oszillometrischen Verfahrens auf Basis der
Pulswellenanalyse gemessen.

Alle Teilnehmer der Studie waren normotensiv, wobei die Athleten signifikant niedrigere
brachiale und zentrale Blutdruckwerte aufwiesen als die Kontrollgruppe (Tabelle 2).
Zwischen Athleten und Kontrollprobanden waren jedoch keine Unterschiede in der PWV
(6,2 0,8 gegeniiber 6,3 +0,5 m/s, p=0,45) und dem Aix@75 (-4 +12 % gegeniiber —
13+£15%, p=0,06) festzustellen. Damit konnten wir in dieser Untersuchung keine
Unterschiede in den Parametern der arteriellen GefdB3steifigkeit detektieren. Dies deckt sich

136

mit den Beobachtungen von Tomschi et al.”. Allerdings ist die Datenlage zur Auswirkung

von Leistungssport auf die arterielle GefiBsteifigkeit derzeit inkonsistent’®>?, was
wahrscheinlich mit den untersuchten Kollektiven und Sportarten zusammenhéngt®”.
Interessanterweise konnte bei der Kontrollgruppe im Vergleich zur Athletengruppe ein
niedriger Widerstandsindex (Resistance Index) bestimmt werden (10,7 £2 gegeniiber
159+4,4, p<0,001). Allerdings korrelierte der Widerstandsindex nur bei den
Leistungssportlern mit der maximalen Leistungsfahigkeit (r=-0,597, p <0,01). Zudem
konnten durch univariate lineare Regressionsanalysen der Widerstandsindex (R*= 0,29,
p<0,01, Abbildung 4) und die VO2 max. (R*=0,198, p=0,014) als eigenstindige und
unabhingige Priadiktoren der maximalen Leistungsfdhigkeit bei Leistungssportlern ermittelt
werden, jedoch nicht in der Kontrollgruppe. Alle anderen vaskuldren Funktionsparameter und
Parameter der zentralen Hidmodynamik korrelierten nicht mit der maximalen
Leistungsfahigkeit bei Athleten und Kontrollprobanden und konnten diese demzufolge auch
nicht voraussagen.

Bei Athleten wurden in Ruhe niedrigere periphere und zentrale Blutdruckwerte sowie ein
hoherer Widerstandsindex im Vergleich zur Kontrollgruppe gefunden, wohingegen keine
Unterschiede in der PWV und dem Aix@75-Wert festzustellen waren. Jedoch wies die
Kontrollgruppe eine signifikant niedrigere Leistungsfdahigkeit und einen signifikant hoheren
maximalen systolischen Blutdruck auf. Dies kann mit einer verbesserten vaskuldren Funktion
bei Sportlern erkldrt werden, die sich insbesondere unter Belastungsbedingungen bemerkbar
macht. Die inverse Korrelation zwischen Widerstandsindex und hdherer Leistungsfahigkeit
bei Athleten in unserer Studie unterstreicht den Zusammenhang zwischen Gefdf3funktion,
Blutdruckregulation und Leistungsfahigkeit. Dies stimmt auch mit den Untersuchungen von

1
1.80, 8

Green et a iiberein, bei denen der peripher-vaskuldre Widerstand als wichtige
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Komponente sowohl der Blutdruckregulation als auch der Leistungsfahigkeit identifiziert

wurde.

Athleten (n = 30) Kontrollen (n = 10) p
Alter (Jahre) 27 +4 26+4 0,65
Grofde (cm) 191 £ 4,7 182 +7,8 < 0,001
Gewicht (kg) 94,2 +10,7 82,8+ 10,2 0,02
BMI (kg/m?) 25,7 +2,3 25+2,6 0,58
Herzfrequenz in Ruhe (/min) 537 74 £5 0,01
Systolischer Blutdruck (mmHg) 123+8 1299 0,02
Diastolischer Blutdruck (mmHg) 619 74 +9 < 0,001
Zentraler systolischer Blutdruck 10249 110+8 0,01
(mmHg)
Zentraler diastolischer Blutdruck 60 +9 7449 <0,001
(mmHg)
Zentraler Pulsdruck in Ruhe 42465 36+ 4,4 <0,01
(mmHg)
Mittlerer zentraler Blutdruck 74+8 88 + 10 <0,001
(mmHg)
Pulswellengeschwindigkeit (m/s) 6,2 +0,82 6,3+0,48 0,45
Augmentationsindex@75 (%) -4 +12 -13+15 0,06
Resistance-Index 15,88 + 4,43 10,66 + 2,04 < 0,001
Maximale Herzfrequenz (/min) 172 +10 188 + 10 < 0,001
Maximaler systolischer Blutdruck 189 + 18 203 + 24 0,04
(mmHg)
Maximale Watt (W) 343 £77 202 £ 43 < 0,001
Leistung (W/kg) 3,55 +0,54 2,46 £ 0,55 < 0,001
V02 max. (mlO2/kg*min) 50,88 + 6,8 37,4+5,1 < 0,001

Tabelle 2: Vergleich der klinischen Charakteristika und der vaskuldren Funktionsanalyse zwischen ménnlichen

Athleten und ménnlichen Kontrollpersonen.
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RegelméBige  korperliche  Aktivitdit fiihrt zu  strukturellen und  funktionellen
Anpassungsmechanismen, die bisher noch nicht im Detail geklart sind®'. Die nichtinvasive
Beurteilung der Gefdllifunktion mittels Oszillometrie unter Verwendung direkter
physikalischer Parameter der Arterienfunktion ist ein neuer und vielversprechender Weg, um
Einblicke in dieses Thema zu gewinnen. Diese Methode konnte dazu beitragen, die
Auswirkungen des Profisports auf kardiovaskuldre Anpassungen und die Beziehung zur
kardiorespiratorischen Fitness aufzudecken. Dariiber hinaus scheint die Messung direkter
physikalischer Parameter der Gefa3funktion zur Quantifizierung des kardiovaskuliren Risikos

auch in gesunden Populationen geeignet zu sein.
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Abb.. 4: Leistungsfihigkeit in Abhéngigkeit vom Widerstandsindex (Resistance-Index).
Die rote Linie stellt die Regressionsgerade dar.

Die beiden grauen Linien spiegeln das 5-%- und das 95-%-Konfidenzintervall wider.

Zusammenfassend konnten wir mit dieser Untersuchung wichtige Erkenntnisse zum Einfluss
von Leistungssport auf die vaskuldre Funktion und die zentrale Himodynamik gewinnen.
Zudem unterstreicht die Studie den Zusammenhang zwischen Gefdl3funktion,
Blutdruckregulation und Leistungsfahigkeit. Unsere Ergebnisse deuten darauf hin, dass die
Unterschiede der vaskuldren Funktion zwischen Athleten und Kontrollen insbesondere unter
Belastungsbedingungen zum Vorschein kommen wund zu einer unterschiedlichen

Blutdruckregulation und Leistungsfahigkeit fiihren.
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4.2  Arbeitslast-indexierte Parameter der Blutdruckregulation und

Leistungsfihigkeit bei Leistungssportlern

Das Ziel der folgenden Arbeit war es, den neu eingefiihrten Arbeitslast-indexierten Parameter
SBP/MET-slope, der in einer miannlichen Kohorte mit der Sterblichkeit iiber einen Zeitraum
von 20 Jahren assoziiert war’, in einer Gruppe ménnlicher Leistungssportler zu evaluieren.
Aufbauend auf unseren vorhergehenden Studienergebnissen nahmen wir zudem an, durch die
Anwendung dieses Parameters nicht nur Unterschiede in der Blutdruckregulation, sondern

auch in der Leistungsfahigkeit ermitteln zu konnen.

Publikation Nr. 5:

Bauer P, Kraushaar L, Dérr O, Nef H, Hamm CW, Most A. Workload-indexed blood pressure
response to a maximum exercise test among professional indoor athletes. Eur J Prev Cardiol.
2020 May 6:2047487320922043. doi: 10.1177/2047487320922043. Epub ahead of print.
PMID: 32375548.

In diese Querschnittsstudie wurden 142 gesunde ménnliche Leistungssportler aus dem
Bereich Handball und Eishockey aufgenommen. Alle Athleten wiesen einen normalen
Blutdruck auf und wurden einem standardisierten Ausbelastungstest auf dem
Fahrradergometer zugefiihrt. Wéahrend des Testes wurden miniitlich automatisierte brachiale
Blutdruckmessungen vorgenommen und die Herzfrequenz kontinuierlich aufgezeichnet.

Die geleisteten MET wurden mit Hilfe der etablierten Formel fiir die Fahrradergometrie
berechnet'® und die Leistungsfihigkeit als geleistete Watt pro Kilogramm Korpergewicht
angegeben. Ferner wurden die maximalen Herzfrequenz-, Blutdruck- und Wattwerte erhoben.
Die Berechnung des SBP/MET-slopes erfolgte analog zur Publikation von Hedman et al.’.
Basierend auf den vorgeschlagenen und untersuchten Quartilen des SBP/MET-slopes wurden
die Athleten in Gruppen unterteilt und miteinander verglichen’. Das erste Quartil (I) wurde
definiert als <4,3 mmHg/MET, das zweite Quartil (II) als 4,3—6,2 mmHg/MET, das dritte
Quartil (IIT) als > 6,2-9 mmHg/MET und das vierte als > 9 mmHg/MET.

Bei der Betrachtung der gesamten Studienpopulation zeigte sich ein mittlerer SBP/MET-slope
von 5,4 £ 1,7 mmHg/MET, ein maximaler systolischer Blutdruck von 197 + 20,3 mmHg und

eine Leistungsfiahigkeit von 3,8 +£0,85 W/kg. Die maximalen systolischen Blutdruckwerte
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liegen damit im gleichen Bereich wie in unserer vorangegangenen Studie, hoher als bei
mannlichen Olympiateilnehmern aus Italien'' (190 + 20 mmHg) und niedriger als bei
maéannlichen Profisportlern unterschiedlicher Disziplinen aus Deutschland” (204 + 22 mmHg).
Diese  Unterschiede konnen auf die unterschiedliche Leistungsfdhigkeit der
Studienpopulationen zuriickgefiihrt werden. So war bei Caselli et al."' die Leistungsfihigkeit
niedriger (268 £ 53 W) als bei unserer Studie (351 £ 79 W, 3,8 + 0,85 W/kg), wohingegen bei
Pressler et al.”” eine hohere Leistungsfahigkeit vorlag (4,15 + 0,61 W/kg). Leider nahmen
beide genannten Studien keine Indexierung auf die Belastung vor. Sie belegen jedoch
wiederum die Notwendigkeit zur Dbelastungsindexierten Betrachtungsweise der
Blutdruckantwort auf einen Belastungstest, um eine klare Differenzierung des

Blutdruckverhaltens unter Belastung vornehmen zu kénnen.

Nach Aufteilung entsprechend des SBP/MET-slopes konnten wir 42 Athleten (30 %) dem
ersten Quartil (I), 56 Athleten (39 %) dem zweiten Quartil (II) und 44 Athleten (31 %) dem
dritten Quartil (III) zuordnen. Da der hochste berechnete SBP/MET-slope dieser Studie
8,8 mmHg/MET betrug, wurde kein Athlet dem vierten Quartil (IV) zugeordnet. Zwischen
den Gruppen gab es keine signifikanten Unterschiede in den anthropometrischen Daten, den
Trainingsdaten sowie den Blutdruck- und Herzfrequenzwerten in Ruhe. Auch zeigten sich
keine Unterschiede in der erreichten maximalen Herzfrequenz (Tabelle 3).

Allerdings konnten wir hochsignifikante Unterschiede in den maximalen systolischen
Blutdruckwerten, im maximalen Pulsdruck, im systolischen Blutdruckanstieg sowie in der
Leistungsfdhigkeit und in der erreichten MET detektieren. So wies die Gruppe [
(< 4,3 mmHg/MET) signifikant niedrigere maximale systolische Blutdruckwerte auf, besal3
allerdings gleichzeitig eine signifikant hohere Leistungsfahigkeit als die anderen Gruppen
(Tabelle 3). Diese Ergebnisse waren auf den ersten Blick {iberraschend, da wir von einer
linearen Beziehung zwischen systolischem Blutdruck und steigender Belastung ausgegangen
waren. Demnach erwarteten wir, dass Athleten mit einem hdéheren maximalen systolischen
Blutdruck ein besseres Leistungsniveau im Vergleich zu Athleten mit einem niedrigeren
maximalen systolischen Blutdruck aufweisen wiirden. Entgegen dieser Erwartung ergab
jedoch die aktuelle Studie, dass Athleten mit dem geringsten systolischen Blutdruckanstieg
und dem niedrigsten maximalen systolischen Blutdruckwert die hochste Leistungsfahigkeit

zeigten.
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SBP/MET-slope p
<4,3 4,3-6,2 > 6,2-9,0
Anzahl 42 (30 %) 56 (39 %) 44 (31 %) ns
Alter (Jahre) 26,6 +4,7 26,6 +5,3 25,1+5 ns
Grofie (cm) 190,1 +5,8 188,6 +7,1 190,4+7,1 ns
Gewicht (kg) 92,9+9,3 919 +11 94,2 +10,4 ns
BMI (kg/m?2) 25,6 +1,4 25,7 +2 26 +2,2 ns
Training pro Woche (h) 18,4 + 3,3 17,5+ 3,2 18,2+ 2,7 ns
Herzfrequenz in Ruhe 553+9 58+ 9,8 53,6+9 ns
(/min)
SYRUDEE T T TS 125,2 + 10,4 120,6 + 9,4 123+9,5 ns
(mmHg)
Diastolischer Blutdruck 774576 76,6 +7.3 751+ 67 ns
(mmHg)
ARG NG SRS 478+11,1 44496 47,8 +10,7 ns
(mmHg)
Maximale Herzfrequenz 176,9 9,5 177,6 + 10 1791+ 11,4 ns
(/min)
Maximaler systolischer | 5, ; , 15 4« s 1951+ 14,9 * 2156 + 16,1 < 0,001
Blutdruck (mmHg) S T e ’
Maximaler diastolischer
Blutdruck (mmHg) 82,6 +7,3 86,1,+ 8,7 85,7+7,9 ns
1 ERITTEVGIPL T SR 97,6 + 13,6 */** 109 16,6 * 129,8 + 16,4 <0,001
(mmHg)
R s (3 74,5 + 14 * 92,6 +12,2 < 0,001
(mmHg)
A diastolischer "
Blutdruck (mmHg) 5+6 9,5+ 8,6 10,6 + 10 < 0,05
Maximale Watt (W) 392,2 £ 47,1 */** 352,2 +56,6 311,9 £ 45,6 < 0,05
Leistung (W/kg) 4,2 £ 1 */** 3,9+0,7 3,3+0,5 < 0,05
Metabolisches I
Aquivalent (MET) 16,7 £4*/ 15,4+ 2,6 13,4+1,7 < 0,05
SBP/MET-slope % rH "
(mmHg/MET) 36+0,6%*/ 52+0,5 7,6 +1 < 0,001

Tabelle 3: Vergleich der Ergebnisse der kardiovaskuldren Untersuchungen bei ménnlichen Leistungssportlern

entsprechend der SBP/MET-slope Einteilung des Belastungstestes.

ns = nicht signifikant; *=p < 0,001 vs. > 6,2-9 mmHg/MET; **=p < 0,001 vs. 4,3-6,2 mmHg/MET
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Diese Ergebnisse stimmen mit den Beobachtungen einer anderen Studie iiberein, welche die
Auswirkungen des Blutdruckes in Ruhe auf die Leistungsfihigkeit (VO2 max.) bei
Leistungssportlern untersucht hat®. Darin war bereits bei einem systolischen Blutdruck
> 130 mmHg in Ruhe eine schlechtere Leistungsfahigkeit im Vergleich zu einem systolischen
Blutdruck < 130 mmHg festgestellt worden. Zudem konnte bei diesen Athleten ein hoherer
maximaler systolischer Blutdruck (196 + 18 mmHg) im Vergleich zu den Athleten mit einem
systolischen Blutdruck in Ruhe <130 mmHg (182+ 18 mmHg) gemessen werden®’.
Interessanterweise bestanden in dieser Kohorte™ bereits in Ruhe signifikante Unterschiede im
Pulsdruck, was auf eine bereits bestehende vaskuldre Funktionseinschrinkung in Ruhe
hindeutet. Dies war in unserer Studienpopulation nicht der Fall; die Unterschiede der
verschiedenen Gruppen wurden erst unter Belastungsbedingungen apparent. Zudem konnten
wir eine sehr gute Korrelation des A im systolischen Blutdruck (ASBP) mit dem SBP/MET-
slope (r=0,784, p<0,001) feststellen, dariiber hinaus war ein hoéheres ASBP ein starker
Pridiktor eines héheren SBP/MET-slopes (r*= 0,616, p < 0,001). Aus diesem Grund scheinen
der SBP/MET-slope und das ASBP sensitivere @ Marker einer vaskuldren
Funktionseinschrinkung zu sein als der Pulsdruck in Ruhe bei Individuen ohne strukturelle

kardiovaskuldre Erkrankung.

240

220 ‘

200

180 ‘

160

Maximaler systolischer Blutdruck (mmHg)

140

< 4.3 mmHg/MET 4.3-6.2 mmHg/MET >6.2-9.0 mmHg/MET
SBP/ MET slope (mmHg/MET)

Abb. 5: Unterschiede des maximalen systolischen Blutdruckes bei ménnlichen Leistungssportlern entsprechend

der SBP/MET-slope-Einteilung. MET: Metabolisches Aquivalent.
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Zusammenfassend konnten wir mit unserer Untersuchung des SBP/MET-slopes bei
maéannlichen Leistungssportlern zeigen, dass er auch in diesen Kohorten herangezogen werden
kann, um eine Charakterisierung der Blutdruckantwort unter Belastung vorzunehmen. Zudem
zeigen unsere Ergebnisse auf, dass der als normal vorgeschlagene SBP/MET-slope von
10 mmHg/MET"  keineswegs eine normale Blutdruckantwort bei Leistungssportlern
widerspiegelt, sondern allenfalls als oberes Limit angesehen werden kann.

Ferner konnten wir erstmalig bei Leistungssportlern demonstrieren, dass ein steigender
SBP/MET-slope mit einem hoheren maximalen systolischem Blutdruck, einem hoéheren
maximalen Pulsdruck und einem héheren ASBP, allerdings mit einer niedrigeren absoluten
und relativen Leistungsfdhigkeit, assoziiert ist. Diese Resultate unterstreichen den
Zusammenhang zwischen vaskuldrer Funktion, Blutdruckregulation und Leistungsfahigkeit
bei Leistungssportlern und bestéitigen unsere vorhergehenden Untersuchungen. Die Methodik
der Erfassung der zentralen Himodynamik und der vaskuldren Funktion mittels nichtinvasiver
Methoden bietet demnach eine weiterfithrende Moglichkeit, akzeptierte Schwellenwerte fiir
die neuen Parameter der Arbeitslast-indexierten Blutdruckregulation unter Belastung bei

Athleten zu definieren.
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4.3  Blutdruckregulation bei Athleten und Nichtathleten

Durch unsere bisherigen Untersuchungen konnten wir zeigen, dass der SBP/MET-slope bei
minnlichen Leistungssportlern zur klinischen Beurteilung der Blutdruckregulation
angewendet werden kann wund dass der frither vorgeschlagene Normwert von
10 mmHg/MET" deutlich zu hoch angesetzt ist.

Da die vaskulire Funktion unmittelbare Folgen auf die Blutdruckregulation und
Leistungsfahigkeit bei Athleten hat, ist eine zusétzliche Analyse der zentralen Himodynamik
und vaskuldren Funktion bei der Implementierung neuer Normwerte der Arbeitslast-
indexierten Blutdruckantwort hilfreich.

Kiirzlich wurden neue alters- und geschlechtsspezifische Normwerte fiir eine Arbeitslast-
indexierte Betrachtung der Blutdruckantwort bei einem Fahrradergometertest definiert'.
Diese wurden jedoch bisher nicht bei Leistungssportlern gepriift, daher war es unklar,
inwieweit sie bei dieser Kohorte angewendet werden konnen beziehungsweise ob bei
Leistungssportlern eigene Grenzwerte definiert werden miissen. Vor diesem Hintergrund
untersuchten wir in der folgenden Arbeit die neuen Arbeitslast-indexierten Parameter der
Blutdruckantwort bei ménnlichen Leistungssportlern und maénnlichen Kontrollpersonen.
Zusétzlich wurde evaluiert, ob und wie die zentrale Hdmodynamik und die vaskuldre
Funktion diese Parameter beeinflusst beziehungsweise inwieweit eine Pradiktion dieser

Parameter durch eine vaskuldre Funktionsanalyse moglich ist.

Publikation Nr. 6:

Bauer P, Kraushaar L, Hoelscher S, Weber R, Akdogan E, Keranov S, Dorr O, Nef H, Hamm
CW, Most A. Blood Pressure Response and Vascular Function of Professional Athletes and
Controls. Sports Med Int Open. 2021 Apr 19,5(2):E45-E52. doi: 10.1055/a-1400-1897.
PMID: 33889714; PMCID: PMC8055378.

Aufgrund unserer Voruntersuchungen zur Arbeitslast-indexierten Blutdruckantwort nahmen
wir an, dass sich die Blutdruckregulation unter Belastung zwischen Athleten und
Kontrollgruppe unterscheidet, dass allerdings kein Unterschied im maximal gemessenen

systolischen Blutdruck zu sehen sein wird.
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Wir untersuchten diese Hypothese an insgesamt 125 ménnlichen Probanden, dabei wurden 95
Leistungssportler und 30 Kontrollpersonen in die Studie eingeschlossen. Die beiden Gruppen
unterschieden sich nicht in Alter und Geschlecht, jedoch waren die Athleten groBer
(188,5+7,2 vs. 183,8+6,2cm, p=0,002) und schwerer (91,5+ 10,7 vs. 85,1 +8,3 kg,
p =0,003) als die Kontrollgruppe und wiesen eine niedrigere Ruheherzfrequenz (57,2 + 10,3
vs. 70,1 £ 13,6/min, p <0,001) und einen niedrigeren systolischen Blutdruck (123 + 10,2 vs.
129 + 11,5 mmHg, p=0,013) auf. Bei Betrachtung der zentralen Himodynamik und der
vaskuldren Funktion konnte bei Leistungssportlern ein signifikant geringerer zentraler
diastolischer Blutdruck (63 £9,7 vs. 69+ 9,3 mmHg, p=0,003) und eine geringere
Pulswellengeschwindigkeit (6,4 0,92 vs. 7,2+ 1,5m/s, p=0,001) im Vergleich zu den
Kontrollprobanden gemessen werden.

Alle Studienteilnehmer fiihrten einen Ausbelastungstest nach Stufenprotokoll auf dem
Fahrradergometer durch. Hierbei wurde bei Athleten die Belastung mit 100 W begonnen und
im Abstand von 2 Minuten um 50 W gesteigert; bei der Kontrollgruppe startete der Test mit
50 W und wurde alle 2 Minuten um 25 W gesteigert. Wihrenddessen wurde jede Minute
automatisiert der Blutdruck gemessen und die Herzfrequenz durchgehend mittels 12-Kanal-
EKG aufgezeichnet.

Zur Indexierung des systolischen Blutdruckanstieges in Bezug auf die Arbeitslast bei der
Fahrradergometrie wurden hierbei entsprechend der Publikation von Hedman et al."” der
SBP/W-slope, der die Steilheit der systolischen Blutdruckantwort in Bezug zur Steigerung der
Wattzahl widerspiegelt, und die sogenannte peak SBP/W-ratio als Quotient aus maximal
erreichtem systolischen Blutdruckwert und maximal erreichter Wattzahl errechnet. Die
Berechnung des SBP/MET-slopes erfolgte, wie bereits in unserer vorhergehenden
Untersuchung, analog zur Originalpublikation’. Wie in den vorangegangenen Studien wurden
auf Basis der Pulswellenanalyse die physikalischen vaskuldren Funktionsparameter und der

zentrale Blutdruck mit Hilfe eines validierten oszillometrischen Verfahrens gemessen.

Erwartungsgemil erreichten die Leistungssportler hohere Watt- (339 £ 64 vs. 211 £35 W,
p <0,001) und MET-Werte (13,9 +2,5 vs. 9,9 £ 1,4 MET, p <0,001) und wiesen eine hoéhere
Leistungsfahigkeit (3,73 0,8 vs. 2,5+ 0,44 W/kg, p <0,001) als die Kontrollgruppe auf.
Dennoch waren alle Arbeitslast-indexierten Parameter der Blutdruckantwort signifikant

niedriger als in der Kontrollgruppe (Tabelle 4).
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_ Kontrollgruppe
Athleten (n = 95) (n = 30) p
Zentraler systolischer Blutdruck 99 +8 102493 0,052
(mmHg)
Zentraler diastolischer Blutdruck 63497 69+9,3 0,003
(mmHg)
Zentraler Pulsdruck in Ruhe (mmHg) 42 +6,5 3644 <001
Mittlerer zentraler Blutdruck (mmHg) 76 £10 82+9,8 0,005
Pulswellengeschwindigkeit (m/s) 6,4+0,92 7,2+1,5 0,001
Augmentationsindex@75 ( %) -18,6 +10 -16 + 10 0,38
Resistance-Index 16,4 + 6,3 17,7+ 7,4 0,346
Maximale Herzfrequenz (/min) 179,4+£9,8 187,1+£9,9 < 0,001
Maximaler systolischer Blutdruck 200,4 + 20,1 197 + 18,1 0,358
(mmHg)
Maximale Watt (W) 339,2 + 64 211 £35,2 < 0,001
Leistung (W/kg) 3,73+0,8 2,5+0,44 < 0,001
SBP/MET-slope (mmHg/MET) 6,2+1,8 7,85+1,8 < 0,001
SBP /Watt-slope (mmHg/W) 0,34+0,13 0,44 +0,12 < 0,001
Peak SBP/Watt-ratio (mmHg/W) 0,61+0,12 0,95+0,17 < 0,001

Tabelle 4: Vergleich der vaskuldren Funktionsanalyse, der Ergebnisse des Ausbelastungstestes und der neuen

Arbeitslast-indexierten Marker der Blutdruckantwort zwischen Athleten und Kontrollgruppe.

Bei Betrachtung der Arbeitslast-indexierten Parameter der Blutdruckantwort der
Leistungssportler fdllt auf, dass die Werte fiir den SBP/MET-slope (6,24 1,8 wvs.
6,4 mmHg/MET) und den SBP/W-slope (0,34 £0,13 vs. 0,33 + 0,11 mmHg/W) vergleichbar
mit den publizierten Normwerten waren, wohingegen die peak SBP/W-ratio (0,61 + 0,12 vs.
0,73 £0,11 mmHg/W) deutlich niedriger lag. Dies deutet darauf hin, dass die peak SBP/W-
ratio relevant durch den Fitnesszustand beeinflusst wird. Daher scheinen Leistungssportler
aufgrund der hoheren erreichten maximalen Wattwerte niedrigere Normwerte fiir diesen

Parameter zu benodtigen. Somit ist die peak SBP/W-ratio in athletischen Populationen nicht in
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gleicher Weise zu verwenden wie in Normalpopulationen. Hingegen scheinen der SBP/MET-
slope und der SBP/W-slope weniger durch die korperliche Fitness beeinflusst zu sein. In der
Betrachtung der Blutdruckantwort wiahrend des Belastungstestes sticht ins Auge, dass die
Kurve der Blutdruckantwort bei Athleten gegeniiber den Kontrollprobanden nach rechts

verschoben zu sein scheint (4bbildung 6).
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Abb. 6: Unterschiedliches systolisches Blutdruckverhalten bei einem Ausbelastungstest zwischen Athleten und

Kontrollgruppe. Dargestellt sind die Mittelwerte mit Standardabweichung.

Die ermittelten systolischen Blutdruckwerte lagen in jeder verglichenen Belastungsstufe bei
Athleten niedriger als bei den Kontrollpersonen. Interessanterweise zeigt sich insbesondere zu
Beginn der Belastung ein signifikanter Unterschied der diastolischen Blutdruckwerte
zwischen den Gruppen, wofiir wohl die groBere Vasodilatation der Muskelgefille bei
Leistungssportlern urséchlich ist. Trotz der Unterschiede der vaskuldren Funktion zwischen
Leistungssportlern und Kontrollgruppe korrelierte keiner der in Ruhe erhobenen vaskuldren
Funktionsparameter mit den Arbeitslast-indexierten Parametern der Blutdruckantwort.
Demzufolge war es auch nicht mdéglich, die individuelle Blutdruckantwort anhand der in
Ruhe gemessenen Werte vorauszusagen. Dies steht im Widerspruch zu einer kiirzlich
publizierten Studie, die eine liberschieBende Blutdruckantwort bei jungen Menschen mit einer
erhéhten PWV assoziierte™. Allerdings wurden in dieser keine Athleten untersucht, die
Ergebnisse wurden nicht nach Geschlechtern aufgeteilt und die Definition der
iiberschieBenden Blutdruckantwort wurde nur anhand der absoluten maximalen systolischen

Blutdruckwerte vorgenommen’®. Somit ist zwar keine direkte Vergleichbarkeit gegeben,
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jedoch weisen beide Studien auf den Einfluss der vaskuldren Funktion auf die
Blutdruckregulation unter Belastung hin. Leider konnten wir in unserer Studie aufgrund der
oszillometrischen Messmethodik keine Messung der vaskuldren Parameter unter Belastung

vornehmen.

Zusammenfassend wird das Konzept der Arbeitslast-indexierten Betrachtung der
Blutdruckantwort durch die Ergebnisse dieser Studie ohne Einschrankung unterstiitzt. Obwohl
sich die maximalen systolischen Blutdruckwerte zwischen Athleten und Kontrollgruppe nicht
wesentlich unterscheiden (200 +20 vs. 197 £ 18 mmHg, p=0,358), zeigen sich in den
verschiedenen Belastungsstufen unterschiedliche Blutdruckwerte. Bei prozentualer
Indexierung der Blutdruckwerte auf die individuell erreichte maximale Wattzahl kommen bei
Athleten und Kontrollen nahezu deckungsgleiche Kurven zum Vorschein (4bbildung 7).
Somit konnten wir durch unsere Studie die Anwendbarkeit des SBP/MET-slopes und des
SBP/W-slopes fiir ménnliche Leistungssportler analog zu den publizierten Referenzwerten
der maénnlichen und altersgleichen Normalbevolkerung bestitigen. Hiedurch wird die
Beurteilung der Blutdruckantwort bei einem Ausbelastungstest von Athleten, beispielsweise
im Rahmen der Sporttauglichkeitsuntersuchung, vereinfacht. Zudem konnten wir zeigen, dass
fiir die peak SBP/W-ratio bei Athleten infolge der besseren Leistungsfdhigkeit niedrigere

Referenzwerte im Vergleich zur Normalbevilkerung angesetzt werden miissen.

220

210 . Kontrollen
200 — Athleten
190

180

170

160

150

140

130

120

110

100

Systolischer Blutdruck (mmHg)

25 50 100

% der maximal erreichten Arbeitslast (Watt)

Abb. 7: Systolisches Blutdruckverhalten von Athleten und Kontrollgruppe, indexiert auf die individuell

erreichte maximale Arbeitslast. Dargestellt sind die Mittelwerte mit Standardabweichung.
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4.4  Geschlechtsspezifische Unterschiede der Blutdruckregulation bei

Leistungssportlern

Zahlreiche Studienergebnisse weisen auf eine unterschiedliche Blutdruckregulation in Ruhe

zwischen Frauen und Minnern hin®®°

. Die sympathische Nervenaktivitit, das Renin-
Angiotensin-System, die P-adrenerge Vasodilatation, der periphere GefaBwiderstand, die
arterielle GefaBsteifigkeit sowie der Einfluss von Sexualhormonen wurden als wesentliche
physiologische Einflussfaktoren dieser geschlechtsspezifischen Unterschiede identifiziert™™.
Es ist auBlerdem anzunehmen, dass auch die Blutdruckregulation unter
Belastungsbedingungen geschlechtsspezifische Unterschiede aufweist. In den europidischen
Leitlinien aus dem Jahr 2013" fanden sich entsprechend unterschiedliche Referenzwerte fiir
die maximalen systolischen Blutdruckwerte bei einem Belastungstest fiir Maéanner
(<210 mmHg) und Frauen (<190 mmHg). Allerdings wurde diese Unterscheidung in den
darauffolgenden aktuell giiltigen Leitlinien aufgegeben und stattdessen postuliert, dass es
keinen Konsens iiber eine normale Blutdruckantwort bei einem Belastungstest gebe?.

Kiirzlich wurden jedoch neue alters- und geschlechtsspezifische Referenzwerte fiir die
Arbeitslast- indexierte Blutdruckantwort bei einem Fahrradergometertest publiziert'”.

Bemerkenswerterweise waren diese angegebenen Normwerte bei Frauen deutlich hoher als
bei Minnern, was auf einen steileren Anstieg des Blutdruckes wéhrend der Belastung
hinweist"’. Es wird angenommen, dass diese geschlechtsspezifischen Unterschiede wesentlich

durch die GefiBfunktion moduliert werden'> 3% 8 %0 91

und daher moglicherweise durch
Messung der zentralen Hdmodynamik und der vaskuldren Funktion aufgedeckt werden
konnen".

Da diese Arbeitslast-indexierten Parameter der Blutdruckantwort bei weiblichen
Leistungssportlern noch nicht untersucht wurden und es nicht bekannt war, ob eine
Ubertragung der Ergebnisse aus der Normalpopulation fiir Leistungssportler moglich ist,
untersuchten wir in der folgenden Arbeit die neuen Arbeitslast-indexierten Parameter der
Blutdruckantwort bei ménnlichen und weiblichen Leistungssportlern gleichen Alters. Zudem

wurde evaluiert, ob es geschlechtsspezifische Unterschiede der zentralen Himodynamik und

der vaskuldren Funktion gibt, welche diese Parameter beeinflussen.
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Publikation Nr. 7:

Bauer P, Kraushaar L, Dérr O, Nef H, Hamm CW, Most A. Sex differences in workload-
indexed blood pressure response and vascular function among professional athletes and their
utility for clinical exercise testing. Eur J Appl Physiol. 2021 Jul;121(7):1859-1869. doi:
10.1007/s00421-021-04656-x. Epub 2021 Mar 12. PMID: 33709207, PMCID: PMC8192366.

Die Teilnehmer dieser Studie waren 72 gesunde Leistungssportler, bestehend aus 47
Handballspielern und 25 FuBlballspielerinnen gleichen Alters (21,6 + 1,7 vs. 21,1 =2 Jahre,
p = 0,365). Die Sportlerinnen wurden wéhrend der frithen Follikelphase oder in der Placebo-
Phase der hormonellen Kontrazeption untersucht. Vier Athletinnen nahmen orale
Kontrazeptiva der vierten Generation ein. Alle Probanden wurden einer korperlichen
Untersuchung, einem 12-Kanal-Elektrokardiogramm (EKG) und einem Ausbelastungstest auf
dem Fahrradergometer unterzogen. Das Belastungstestprotokoll fiir ménnliche Athleten
begann mit einer Last von 100 W, weibliche Athleten begannen mit 75 W. Die Last wurde
alle 2 Minuten erhoht, um 50 W bei minnlichen Athleten und um 25 W bei weiblichen
Athleten. Der brachiale Blutdruck wurde automatisiert einmal pro Minute wahrend der Test-
und Erholungsphase gemessen. Zur Indexierung des systolischen Blutdruckanstieges in Bezug
auf die Arbeitslast wurden hierbei entsprechend der Publikation von Hedman et al."”> der
SBP/W-slope und die peak SBP/W-ratio errechnet. Zudem wurde der SBP/MET-slope analog
zur Originalpublikation’ und unseren vorhergehenden Untersuchungen bestimmt. Die
zentralen hdmodynamischen Parameter und die vaskuldre Funktion wurden auf Basis der

Pulswellenanalyse mit einem validierten oszillometrischen Verfahren gemessen.

Mainnliche Athleten waren grofer (188,6 £7,2 vs. 167,1 £4,8 cm, p<0,001), schwerer
(90,9 + 12,3 vs. 60,8 = 7,7 kg, p < 0,001), hatten einen groBeren Body-Mass-Index (25,5 + 2,4
vs. 21,7+ 1,9kg/m’, p<0,001) und eine groBere Korperoberfliche (2,18 +0,17 vs.
1,68 + 0,11 m?, p <0,001) als weibliche Athleten. Dariiber hinaus war bei den Sportlern die
Trainingszeit pro Woche hdoher als bei den Sportlerinnen (17,85+2,9 vs. 10,842
Stunden/Woche, p <0,001).
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Mannliche Athleten Weibliche Athleten
(n=47) (n=25) P
Herzfrequenz in Ruhe (/min) 57,2 +10,2 61,9 £10,2 0,068
Systolischer Blutdruck (mmHg) 124,8 +9,9 119,6 + 11,1 0,057
Diastolischer Blutdruck 75,7 +73 73,5+ 8.4 0,284
(mmHg)
Zentraler systolischer
Blutdruck (mmHg) 97,7 £ 8,3 95,7 £ 8,5 0,34
Zentraler diastolischer
Blutdruck (mmHg) 57,2+9,5 66,6 £9,5 <0,001
Zentraler Pulsdruck in Ruhe 372465 28,0 +4.7 <0,001
(mmHg)
Mittlerer zentraler Blutdruck 724 +89 79,3+ 89 0,003
(mmHg)
Pulswellengeschwindigkeit 6,2 + 0,85 59+ 0,58 0,079
(m/s)
Augmentationsindex@75 (%) -20,7 +11 -17,4+£9,6 0,203
Resistance Index 16,15+ 6,5 12,7 £10,7 0,148
Totaler peripherer Widerstand 1293 +317.5 1218 + 341 0,369
(dyn*s/cm-)
Maximale Herzfrequenz (/min) 179,3+11,8 183,5+7,8 0,079
Maximaler systolischer
Blutdruck (mmHg) 202,4+19,6 177,1 + 15,1 < 0,001
Maximale Watt (W) 342 +71,5 190 £ 31,5 < 0,001
A systolischer Blutdruck 77,6 +19,3 578 + 14 <0,001
(mmHg)
Leistung (W/kg) 3,82 +0,92 3,17 £ 0,64 <0,001
SBP/MET-slope (mmHg/MET) 5,7+1,84 51+1,6 0,158
SBP/Watt-slope (mmHg/W) 0,34 +0,12 0,53+0,19 < 0,001
Peak SBP/Watt-ratio
(mmHg/W) 0,61+0,12 0,95 +0,17 <0,001

Tabelle 5: Vergleich der vaskuldren Funktionsanalyse, der Ergebnisse des Ausbelastungstestes und der neuen

Arbeitslast-indexierten Parameter der Blutdruckantwort zwischen méannlichen und weiblichen Athleten.
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In der vaskuldren Funktionsanalyse in Ruhe ergaben sich keine Unterschiede in den Markern
der arteriellen GefdBsteifigkeit Aix@75 und PWV zwischen ménnlichen und weiblichen
Athleten. Frauen wiesen einen hoheren zentralen diastolischen Blutdruck und einen
niedrigeren zentralen Pulsdruck als Manner auf. Allerdings korrelierte keiner der gemessenen
vaskuldren Parameter mit dem Geschlecht (p > 0,05).

Bei ménnlichen Athleten korrelierte der brachiale systolische Blutdruck positiv mit der peak
SBP/W-ratio. Ferner ergab sich eine signifikante negative Korrelation des brachialen
diastolischen  Blutdruckes mit dem  SBP/W-slope. Alle anderen vaskuldren
Funktionsparameter korrelierten sowohl bei ménnlichen als auch bei weiblichen Athleten

nicht signifikant mit den Arbeitslast-indexierten Parametern der Blutdruckantwort.

Interessanterweise konnten wir jedoch signifikante geschlechtsspezifische Unterschiede der
Arbeitslast-indexierten Parameter der Blutdruckantwort feststellen. Bei ménnlichen Athleten
war der SBP/W-slope (0,34 +0,12 vs. 0,53 + 0,19 mmHg/W, p<0,001) und die peak
SBP/W-ratio (0,61 0,12 vs. 0,95+ 0,17 mmHg/W, p <0,001) signifikant niedriger als bei
weiblichen Athleten. Der SBP/MET-slope unterschied sich aber nicht zwischen Mannern und
Frauen (5,7 + 1,84 vs. 5,1 £ 1,6 mmHg/MET, p=0,158) (Tabelle 5). In den multivariaten
Regressionsanalysen waren die vaskuldren Funktionsparameter bei beiden Geschlechtern
nicht in der Lage, die Blutdruckantwort vorherzusagen, und keiner der vaskuldren
Funktionsparameter in Ruhe erwies sich als unabhingiger Pridiktor der jeweiligen

Arbeitslast-indexierten Parameter der Blutdruckantwort.

Eine  wichtige Erkenntnis dieser Studie war, dass bei Leistungssportlern
geschlechtsspezifische Unterschiede im SBP/W-slope und der peak SBP/W-ratio existieren,
wohingegen der SBP/MET-slope keine Unterschiede zwischen méannlichen und weiblichen
Athleten aufwies. Keiner der in Ruhe gemessenen zentralen hdmodynamischen Parameter
oder vaskuldren Funktionsparameter konnte diese geschlechtsspezifischen Unterschiede
voraussagen. Trotz signifikant hoherer maximaler systolischer Blutdruckwerte bei Sportlern
waren sowohl der SBP/W-slope als auch die peak SBP/W-ratio bei Sportlerinnen héher. Dies
deckt sich mit den Beobachtungen von Hedman et al."’ und impliziert eine unterschiedliche
Blutdruckregulation bei Belastung zwischen Mannern und Frauen. Allerdings lagen einerseits
die bei unseren Sportlerinnen ermittelten Werte fiir den SBP/W-slope (0,53 0,19 vs.
0,38 £0,14 mmHg/W) deutlich oberhalb der publizierten Referenzwerte flir die
Alterskohorte, andererseits lag die peak SBP/W-ratio (0,95 + 0,17 vs. 1,01 0,17 mmHg/W)
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darunter. Dies spricht dafiir, dass diese Werte bei Frauen vom individuellen Fitnesszustand
beeinflusst werden und weibliche Athleten aus diesem Grund andere Referenzwerte als die
Normalbevdlkerung bendtigen.

Zusammenfassend konnten wir in unserer Studie geschlechtsspezifische Unterschiede der
neuen Parameter SBP/W-slope und peak SBP/W-ratio nachweisen, wobei Frauen einen
steileren Blutdruckanstieg aufwiesen. Im Gegensatz dazu konnten wir den SBP/MET-slope
als geschlechtsunabhingigen Parameter fiir die Arbeitslast-indexierte Blutdruckantwort
identifizieren. Da dieser zudem vergleichbar mit den publizierten Referenzwerten der
Normalbevdlkerung war, kann er problemlos zur Beurteilung der Blutdruckantwort bei einer
Sporttauglichkeitsuntersuchung bei Méannern und Frauen verwendet werden. Aufgrund der
starkeren Abweichungen zu den alters- und geschlechtsspezifischen Referenzwerten miissen
jedoch fiir die peak SBP/W-ratio bei Athleten eigene Referenzwerte etabliert werden. Bei
Frauen ist dies zudem fiir den SBP/W-slope notwendig, der offensichtlich stirker von der

korperlichen Fitness beeinflusst wird.
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5. Diskussion

Die in unseren Studien untersuchten Leistungssportler zeichnen sich durch eine hohe und
homogene korperliche Fitness aus, was einen deutlichen Unterschied zu Normalpopulationen
darstellt, bei denen sich typischerweise ein breites Spektrum der korperlichen Aktivitdt und
korperlichen Fitness findet. Aufgrund der anerkannten und therapeutisch genutzten Effekte
einer sportlichen Aktivitit auf den Blutdruck®, bietet sich daher gerade in diesen
Studienpopulationen  die  Chance, die Korrelation zwischen = H@modynamik,
Blutdruckregulation und Leistungsfdhigkeit unter Einbeziehung einer weiteren Variable

unabhéngig vom Einfluss der kérperlichen Fitness zu beleuchten.

Der Einfluss von Vitamin D auf die kérperliche Leistungsfihigkeit, Verletzungshaufigkeit®

. . . 45. 46. 54
und kardiovaskulire Gesundheit*” 4% 3

wird seit Jahren intensiv erforscht*™ ***°. Bisherige
Studienergebnisse assoziierten einen Vitamin-D-Mangel mit einer eingeschrinkten
Leistungsfihigkeit bei Athleten®®. Allerdings ist die Datenlage beziiglich der Verbesserung
der Leistungsfihigkeit durch eine Supplementierung uneindeutig®®. Ein Grund hierfiir ist
sicherlich, dass die anzustrebenden optimalen Vitamin-D-Spiegel sowohl fiir die
Normalbevolkerung als auch fiir Athleten derzeit wissenschaftlich umstritten sind** >* %!
und es zudem unterschiedliche Definitionen eines Vitamin-D-Mangels gibt'™ .
Weitestgehende Einigkeit besteht jedoch aktuell darin, dass der Vitamin-D-Status einer
Person mit Hilfe des zirkulierenden 25-OH-Vitamin D bestimmt wird*’.

Da Konzentrationen tiiber 30 ng/ml das Risiko fiir Knochenmineralisationsdefekte

e ) . .o . . . 4
minimieren®, definierten wir in unseren Studien, wie auch andere Arbeitsgruppen® *, 25-

OH-Vitamin-D-Spiegel < 30 ng/ml als insuffiziente Vitamin-D-Spiegel.

Die von uns erstmalig beschriebene hohe Privalenz (44,3%) eines Vitamin-D-Mangels bei
professionellen Handballspielern in Deutschland ist vergleichbar mit dem Resultat einer
anderen Studie, die polnische Leistungssportler untersuchte’. In Abhingigkeit von der
Jahreszeit, der geographischen Region und der untersuchten Kollektive finden sich in der

4 2 .
8.66.92  711dem wurde iiber

Literatur unterschiedliche Privalenzen eines Vitamin-D-Mangels
ein hoheres Risiko eines Vitamin-D-Mangels bei Hallensportlern berichtet’.

Die klinische Relevanz unseres Studienergebnisses spiegelt sich in der kiirzlich
nachgewiesenen Reduktion von Stressfrakturen durch eine Vitamin-D-Supplementation bei

Athleten mit insuffizienten Vitamin-D-Spiegeln (< 30 ng/ml) wider®. Zudem wurde eine
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Erhohung des Parathormons als Risikofaktor fiir Stressfrakturen identifiziert”>. Da diese auch
in unserer Athleten mit Vitamin-D-Mangel detektierbar war, wird durch unsere Ergebnisse
der definierte untere Grenzwert von 30 ng/ml 25-OH-Vitamin D zur Erhaltung der
Knochengesundheit bei Athleten gestarkt.

Eine Uberwachung des Vitamin-D-Status bei Leistungssportlern in Deutschland erscheint
daher sinnvoll, insbesondere in den Wintermonaten’”. Ferner sollten priventive Strategien zur
Vermeidung eines Vitamin-D-Mangels erarbeitet werden und, im Falle eines Mangels, eine
Supplementierung mit Vitamin D vorgenommen werden, um Stressfrakturen mit

konsekutiven langen Ausfallzeiten der Athleten zu vermeiden.

Ob der fiir die Skelettgesundheit bei Athleten definierte untere Grenzwert von 30 ng/ml 25-
OH-Vitamin D auch fiir die Erhaltung der kardiovaskuldren Gesundheit und eine optimale
korperliche Leistungsfahigkeit bei Leistungssportlern gilt, ist gegenwértig unklar. Bisherige
Studien zu blutdrucksenkenden Wirkungen einer Vitamin-D-Supplementierung in

75-77

Normalpopulationen erbrachten widerspriichliche Ergebnisse. Allerdings blieb auch hier

. . 43, 44
zumeist der Fitnessstatus*”

unberticksichtigt. Entsprechende Untersuchungen bei Athleten
fehlen bisher génzlich.

Mit Hilfe validierter nichtinvasiver Messmethoden®® ** kénnen die anerkannten Wirkungen
von Vitamin D auf die GefaBfunktion™ in Untersuchungen miteinbezogen werden und somit
Auswirkungen eines Vitamin-D-Mangels frith und sensitiv erfasst werden. Ferner kann mit
diesen Methoden der cBP, der dem brachialen Blutdruck bei der Identifizierung von
Verinderungen der vaskulidren Funktionsparameter’* und des kardiovaskuliren Risikos'® %%
% {iberlegen ist, valide gemessen werden®.

In unserer Kohorte ménnlicher Leistungssportler konnten wir zum ersten Mal zeigen, dass der
cBP von Athleten mit insuffizienten Vitamin-D-Werten im Bereich der altersentsprechenden
Normalbevélkerung® lag, wihrend suffiziente Vitamin-D-Werte mit einem niedrigeren
zentralen Blutdruck assoziiert waren. Unsere Beobachtung eines signifikant erhohten
diastolischen cBP bei Athleten mit Vitamin-D-Mangel impliziert eine Beeinflussung des
Tonus der peripheren Widerstandsgefd3e durch Vitamin D, was bereits in anderen Studien
gezeigt wurde’” . Trotzdem ergaben sich keine messbaren Unterschiede in den Markern der
vaskuldren Funktion wie PWV und Aix@?75. Diese Parameter waren in beiden Gruppen

31, 36

vergleichbar mit den Ergebnissen anderer Studien, die Athleten untersuchten und

niedriger als bei gesunden Nicht-Athleten™.
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Zusammenfassend konnte daher in unserer Untersuchung ein hdherer brachialer und zentraler
Blutdruck bei Athleten mit Vitamin-D-Mangel detektiert werden. Trotzdem lagen die
anerkannten Parameter der Gefal3funktion im Normbereich und unterschieden sich zwischen
den Gruppen nicht. Somit scheint die durch den Vitamin-D-Mangel induzierte Erh6hung des
GefaBtonus der Widerstandsgefdlle in Ruhe durch eine verbesserte periphere GefdaBfunktion
ausgeglichen zu werden, so dass keine messbare Zunahme der Gefédl3steifigkeit resultiert. Man
konnte daher einen kompensatorischen Effekt der hohen korperlichen Fitness unserer
Athleten auf die kardiovaskuldren Auswirkungen eines Vitamin-D-Mangels vermuten. Der
durch die Fitness herbeigefiihrte hdmodynamische Vorteil scheint sich bei suffizienten
Vitamin-D-Spiegeln in Form einer Reduktion des cBP widerzuspiegeln und bei
insuffizientem Vitamin-D-Spiegel verloren zu gehen. Allerdings sollte diese Hypothese in
weiteren Studien Uberpriift werden. Einschrankend muss zudem erwéhnt werden, dass unsere
Pilotstudie nur wenige ménnliche Athleten umfasste, die lediglich zu einem Messzeitpunkt

untersucht wurden.

Wir nahmen an, dass sich die in Ruhe bei Leistungssportlern noch kompensierte
Einschrinkung der vaskuldren Funktion als Folge eines 25-OH-Vitamin-D-Mangels unter
einer maximalen Belastung in Form einer gesteigerten Blutdruckantwort demaskiert.
Allerdings zeigte unsere durchgefiihrte Studie, dass der Vitamin-D-Spiegel nicht mit der
belastungsinduzierten Blutrucksteigerung und dem maximalen systolischen brachialen
Blutdruck bei einer standardisierten ergometrischen Untersuchung korreliert. Dies deckt sich
mit den Ergebnissen von Zaleski’®, der dies in der Normalbevélkerung untersucht hatte.

Athleten mit suffizienten Vitamin-D-Spiegeln wiesen einen hoheren maximalen systolischen
Blutdruck und einen héheren Pulsdruck als Athleten mit insuffizienten Vitamin-D-Spiegeln
auf, allerdings unterschied sich die individuelle Blutdruckantwort nicht. Vergleiche mit
anderen Studien, welche die Blutdruckregulation von Leistungssportlern bei einem
ergometrischen Ausbelastungstest untersuchten, berichteten sowohl iiber niedrigere als auch

11, 79

hohere maximale systolische Blutdruckwerte . In keiner dieser Studien wurde der

Vitamin-D-Status der Athleten erhoben, was die Vergleichbarkeit der Ergebnisse einschrénkt.

Interessanterweise konnten wir eine hochsignifikante Korrelation zwischen hoheren Vitamin-
D-Spiegeln und einer besseren Leistungsfahigkeit in unserer Studienkohorte identifizieren.
Der hohere maximale systolische Blutdruck bei Sportlern mit suffizienten 25-OH-Vitamin-D-

Spiegeln war Ausdruck der besseren Leistungsfahigkeit dieser Gruppe. Durch die Indexierung
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der maximalen systolischen Blutdruckwerte auf die individuelle Leistungsfahigkeit konnten
wir aufzeigen, dass die individuelle Blutdruckantwort zwischen Athleten mit insuffizienten

und suffizienten Vitamin-D-Spiegeln nicht unterschiedlich war.

Daher scheinen die Folgen eines Vitamin-D-Mangels auf die Blutdruckregulation unter
Belastung durch vaskuldre Funktionsanpassungen kompensiert werden zu konnen. Allerdings
sind die exakten Wirkungen von Vitamin D auf die GefdB3zellfunktion, Kardiomyozyten und
Arterienfunktion in verschiedenen Regionen des menschlichen GefdB3systems bisher noch

4
unklar®® 78

. Einschrinkend muss zudem darauf hingewiesen werden, dass in unseren
Untersuchungen keine Moglichkeit der nichtinvasiven Messung der zentralen Himodynamik
unter Belastungsbedingungen bestand und deswegen nur die weniger sensitiven brachialen
Blutdruckwerte genutzt werden konnten. Dies liegt an der oszillometrischen Messmethodik,

die in Ruhe valide Ergebnisse liefern kann, allerdings nicht wihrend eines Belastungstestes *°.

Zusammenfassend konnten wir durch unsere Studien zu Vitamin D bei Leistungssportlern
klinisch relevante neue Erkenntnisse gewinnen. Zum einen stiitzen unsere Ergebnisse die
untere Schwelle von 30 ng/ml 25-OH-Vitamin D zur Erhaltung der Skelettgesundheit und zur
Prophylaxe von Stressfrakturen bei Athleten. Daher sollte ein Monitoring des Vitamin-D-
Spiegels stattfinden und beim Auftreten eines Vitamin-D-Mangels eine Substitution
vorgenommen werden. Zum anderen wiesen wir nach, dass sich ein Vitamin-D-Mangel auf
die vaskuldre Funktion und die zentrale Himodynamik auswirkt. Diese Folgen kdnnen
allerdings durch eine hohe korperliche Fitness insoweit kompensiert werden, dass keine
relevante Erhohung der individuellen Blutdruckantwort unter Belastung auftritt, was wir mit
Hilfe der Arbeitslastindexierung aufzeigen konnten. Allerdings deuten unsere
Studienergebnisse darauf hin, dass ein Vitamin-D-Mangel zu einer eingeschrinkten
Leistungsfahigkeit bei Athleten fithrt. Ob dies iiber die muskuloskelettalen oder
kardiovaskuldren Wirkungen von Vitamin D vermittelt wird, welche 25-OH-Vitamin-D-
Werte flir eine optimale Leistungsfahigkeit nétig sind und ob ein Anheben der Vitamin-D-
Spiegel die Leistungsfahigkeit steigert, ist jedoch unklar und sollte in weiteren prospektiven

Studien untersucht werden.
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Der Einfluss einer korperlichen Aktivitit auf die vaskuldre Funktion ist bereits langer
Gegenstand wissenschaftlicher Untersuchungen® " *°. Zur Auswirkung einer intensiven
Sportausiibung auf die vaskuldre Funktion und den cBP existieren gegenwirtig uneinheitliche

30-32

Studienergebnisse. Einserseits wurden eine erhohte arterielle Steifigkeit und ein erhohter

33-35 oder

cBP* bei Athleten beschrieben, andererseits wurden genau gegenteilige Effekte
keine Effekte® beobachtet. Die funktionellen und strukturellen kardiovaskuldren
Adaptationen infolge einer gesteigerten korperlichen Aktivitét scheinen jedoch abhédngig von
der Art und Intensitét der sportlichen Belastung zu sein und zudem eine wichtige Rolle fiir die

Leistungsfihigkeit von Athleten zu spielen’'-*" %97 %,

So konnten Denham et al.”’

in ihrer Studie zeigen, dass der Aix@75, nicht jedoch cBP oder
PWYV, bei Ausdauersportlern invers mit der maximalen Sauerstoffaufnahme korreliert war.
Diese erwies sich hierbei als unabhidngiger Pradiktor fiir Aix@75. Daraus schlossen die
Autoren, dass Aix@75 eine Rolle bei der kardiorespiratorischen Fitness von
Ausdauersportlern spielt’’. Interessanterweise liessen sich diese Erkenntnisse auch bei
gesunden minnlichen Kontrollpersonen unserer Studie nachweisen, wobei der Aix@75 und
die VO2 max. als Priadiktoren der Leistungsfdhigkeit (W/kg) bei einer ausbelastenden
Ergometrie fungierten.

Hingegen waren diese Assoziationen bei unseren untersuchten Leistungssportlern nicht
nachweisbar. Erklarbar ist dies am ehesten iiber die Studienkohorte, die bei uns jlinger im
Vergleich zu Denham et al.”” war und zudem eine andere Sportart ausiibte’. Zudem weist der
niedrige Trainingsumfang der untersuchten Ausdauerathleten bei Denham et al.”’ die
Studienteilnehmer eher als Freizeitathleten aus. Hingegen wurden in unseren Studien
Leistungssportler untersucht, bei denen der in Ruhe gemessene Aix@75 fiir die Pradiktion der
Leistungsfahigkeit Limitationen aufzuweisen scheint, was ebenfalls von anderen
Arbeitsgruppen berichtet wurde””.

Jedoch konnten wir bei Leistungssportlern, aber nicht bei den Kontrollpersonen, eine
signifikante inverse Korrelation zwischen Widerstandsindex (R) und Leistungsfahigkeit
detektieren, wobei hier R und die VO2 max. als unabhingige Pridiktoren der
Leistungsfdhigkeit zu identifizieren waren. Die inverse Korrelation zwischen
Widerstandsindex, als Mass fiir den globalen peripheren Widerstand, und hoherer
Leistungsfahigkeit bei Athleten in unserer Studie unterstreicht den Zusammenhang zwischen
Gefallfunktion, Blutdruckregulation und Leistungsfihigkeit. Dies stimmt auch mit den

1
1'80, 8

Untersuchungen von Green et a iiberein, bei denen der peripher-vaskuldre Widerstand
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als wichtige Komponente sowohl der Blutdruckregulation als auch der Leistungsfahigkeit
erkannt wurde.

Ferner lassen unsere Ergebnisse vermuten, dass bei Leistungssportlern Unterschiede der
kardiovaskuldren Funktion erst unter Belastungsbedingungen apparent werden und dann zu
einer unterschiedlichen Blutdruckregulation und Leistungsfdhigkeit fiithren. Bei
Leistungssportlern konnen selbst leichtgradige kardiovaskuldre Funktionseinschrankungen die
Leistungsfahigkeit vermindern, den Blutdruck unter Belastung erh6hen und damit langfristig

zu schwerwiegenden gesundheitlichen Folgen fiihren'.

Die in Europa fiir kompetitive Athleten vorgeschriebene Sporttauglichkeitsuntersuchung®
bietet die Moglichkeit zur frithzeitigen Detektion kardiovaskulérer
Funktionseinschrinkungen. Deren wesentlicher Bestandteil ist eine Belastungsuntersuchung,
die vorwiegend in Form eines Belastungs-EKGs ohne oder mit gleichzeitiger Atemgasanalyse
durchgefiihrt wird®. Daher erscheint eine klare Einordnung, wann eine normale
Blutdruckantwort beim Ausbelastungstest vorliegt und wann nicht, zwingend erforderlich.
Allerdings existieren aktuell weder fiir Normalpopulationen noch fiir Athleten Normwerte fiir
das Blutdruckverhalten unter Belastung?, was auf diskrepante Studienergebnisse®'° zu diesem
Thema zuriickzufiihren ist. Diese Unklarheit beziiglich eines normalen Blutdruckverhaltens
unter Belastung” stellt insbesondere bei der Evaluation von Athleten im Rahmen der
Sporttauglichkeitsuntersuchung® ein Problem dar. Aufgrund der physiologisch nahezu
linearen Beziehung zwischen systolischem Blutdruck und steigender Arbeitslast werden
insbesondere bei Individuen mit hoher korperlicher Fitness hohere maximale Blutdruckwerte
erreicht'®.

Die klinische Bedeutung einer iiberschieenden Blutdruckreaktion fiir Athleten wurde bereits
mehrfach untersucht und ein erhdhtes Risiko fiir die Entwicklung einer arteriellen
Hypertonie'> '*', einer linksventrikuliren Hypertrophie sowie einer myokardialen
Fibrosierung'®” postuliert. Allerdings divergierten die Definitionen einer tiberschieBenden
Blutdruckreaktion in den Studien. So sind bis heute keine klaren Grenzen der normalen
Blutdruckantwort bei Athleten definiert’, was unter anderem an der bisherigen
Vorgehensweise der Orientierung an Absolutwerten liegt'™.

Erstmalig findet sich nun jedoch in den neu erschienenen europdischen sportkardiologischen
Leitlinien aus dem Jahr 2020 der Hinweis, dass bei einem systolischen Blutdruck

>200 mmHg bei 100 Watt Belastung, bei in Ruhe normotensiven Blutdruckwerten, eine

weiterfilhrende klinische Evaluation stattfinden sollte, um kardiovaskuldre Pathologien
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auszuschlieBen’. Diese Neuerung, dass der erreichte systolische Blutdruckwert auf die
jeweilige Belastung indexiert betrachtet wird, hilft insbesondere bei der Beurteilung der
belastungsinduzierten Blutdruckantwort von korperlich fitten Individuen'®. Hierauf
aufbauend entwickelten Hedman und Kollegen’ einen Index, der die systolische
Blutdruckantwort bei einem Belastungstest auf das geleistete metabolische Aquivalent
bezieht, den SBP/MET-slope. Dieser war in der untersuchten méinnlichen Patientenkohorte
den maximal erreichten systolischen Blutdruckwerten in der Vorhersage der Sterblichkeit
iiberlegen, wobei ein hoherer SBP/MET-slope mit einem hdheren Sterblichkeitsrisiko
verbunden war’. In einer weiteren Publikation definierten Hedman und Kollegen' alters- und
geschlechtsspezifische Normwerte fiir eine Arbeitslast-indexierte Betrachtung der
Blutdruckantwort bei einem Fahrradergometertest und fiihrten zwei weitere Arbeitslast-
indexierte Parameter zur Beurteilung des Blutdruckverhaltens unter Belastung ein, den

SBP/Watt-slope und die peak SBP/W-ratio.

In Anbetracht dieser neuen Daten untersuchten wir erstmalig die Anwendbarkeit des
SBP/MET-slopes in eine Kohorte ménnlicher Leistungssportler und verglichen ihn mit der
individuellen Leistungsfahigkeit. Die Berechnung des SBP/MET-slopes und die Einteilung in
die entsprechenden Quartile nahmen wir analog zur Originalpublikation vor’.

In der gesamten Studienpopulation detektierten wir einen mittleren SBP/MET-slope von
5,4+ 1,7 mmHg/MET und einem maximalen SBP/MET-slope von 8,8 mmHg/MET. Diese
Werte decken sich mit den Beobachtungen von Hedman et al.’, die bei ihren Patienten mit
einem niedrigen Ausgangsrisiko den Mittelwert des SBP/MET-slope mit 5 mmHg/MET und
die 95-%-Perzentile mit 10 mmHg/MET und in der Gesamtkohorte einen Median von 6,4
mmHg/MET wiedergeben’.

Interessanterweise konnten wir zwischen den SBP/MET-slope Quartilen hochsignifikante
Unterschiede in den maximalen systolischen Blutdruckwerten, im systolischen
Blutdruckanstieg sowie in der Leistungsfahigkeit detektieren. So wies die Gruppe mit einem
SBP/MET-slope <4,3 mmHg/MET signifikant niedrigere = maximale systolische
Blutdruckwerte auf, besal} allerdings gleichzeitig eine signifikant hohere Leistungsfahigkeit
als die anderen Gruppen.

Ahnliche Beobachtungen machte eine Studie, welche die Auswirkungen des Blutdruckes in
Ruhe auf die Leistungsfahigkeit (VO2 max.) bei Leistungssportlern untersuchte®. Darin war
bereits bei einem systolischem Ruheblutdruck > 130 mmHg eine schlechtere

Leistungsfahigkeit und ein hoherer maximaler systolischer Blutdruck im Vergleich zu einem
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systolischen ~Ruheblutdruck <130 mmHg nachweisbar®>. Dies verdeutlicht den
Zusammenhang zwischen Blutdruckregulation unter Belastung und Leistungsfahigkeit bei
Athleten.

Daher ist es nicht {iberraschend, dass unsere Kohorte im Vergleich zu anderen Studien
einerseits hohere'', andererseits niedrigere maximale systolische Blutdruckwerte” aufwies
und gleichzeitig relevante Unterschiede in der Leistungsfihigkeit der Studienteilnehmer
imponierten. Da in den anderen Studien keine Indexierung der Blutdruckantwort auf die
Arbeitslast vorgenommen wurde, waren keine direkten Vergleiche mit dem SBP/MET-slope
moglich. Allerdings wird wiederum deutlich, dass die Arbeitslast-indexierte Analytik der
Blutdruckregulation unter Belastung bei Leistungssportlern Vorteile gegeniiber der

Betrachtung der maximalen systolischen Blutdruckwerte hat.

Unsere Untersuchung des SBP/MET-slopes bei médnnlichen Leistungssportlern zeigt, dass er
auch in diesen Kohorten herangezogen werden kann, um eine Charakterisierung der
Blutdruckantwort vorzunehmen. Zudem weisen sowohl unsere als auch die Ergebnisse von
Hedman et al.” darauf hin, dass der als normal vorgeschlagene SBP/MET-slope von
10 mmHg/MET"  keineswegs eine normale Blutdruckantwort widerspiegelt, sondern
allenfalls als oberes Limit angesehen werden kann. Daher konnte der SBP/MET-slope dazu
beitragen, zukiinftig Athleten mit einer iiberschiefenden Blutdruckregulation wihrend eines
Ausbelastungstestes im Rahmen einer Sporttauglichkeitsuntersuchung zu identifizieren.
Dartiiber hinaus war ein hoherer SBP/MET-slope mit einer niedrigeren Leistungsfahigkeit
assoziiert, was eine Beeintrdchtigung der sportlichen Leistung bedeuten kann. Natiirlich
miissen in der Zukunft noch valide Grenzkorridore fiir den SBP/MET-slope bei Sportlern
etabliert werden und die prognostische Relevanz in prospektiven Studien iiberpriift werden.
Allerdings erscheint die Einteilung anhand des SBP/MET-slopes, insbesondere vor dem

Hintergrund der prognoserelevanten Daten von Hedman et al.’, vielversprechend.

Das erste klinische Korrelat einer subklinischen vaskuldren Funktionseinschrinkung kann bei
in Ruhe normotensiven Menschen eine iiberschieBende Blutdruckregulation unter

1 . 1 104
Belastungbedingungen sein® '** '

. In einer kiirzlich verdffentlichten Studie mit gesunden
jungen Teilnehmern beider Geschlechter (Alter 37 + 5 Jahre) konnte gezeigt werden, dass die
in Ruhe gemessene PWV eine iiberschieBende Blutdruckantwort voraussagen kann®. Hieraus

wurde gefolgert, dass die vaskuldre Funktionsanalyse dazu beitragen konnte, eine bessere
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kardiovaskuldre Risikoeinschdtzung insbesondere bei jungen und ansonsten gesunden
Menschen zu erreichen’™ *.

Nachdem wir bestétigten, dass der SBP/MET-slope auch bei ménnlichen Leistungssportlern
anwendbar ist, wollten wir daher im ndchsten Schritt den Zusammenhang zwischen der
vaskuldren Funktion und den neu eingefiihrten Arbeitslast-indexierten Parametern der
Blutdruckantwort untersuchen sowie potentielle Unterschiede zwischen Athleten und Nicht-

Athleten evaluieren.

Auch in dieser Untersuchung zeigte sich, dass die maximalen systolischen Blutdruckwerte fiir
die klinische Beurteilung der individuellen Blutdruckregulation nicht geeignet sind. Zwischen
Athleten und Kontrollpersonen waren diese nicht unterschiedlich, obwohl Athleten eine
signifikant bessere Leistungsfahigkeit aufwiesen.

Hingegen waren die Werte der Arbeitslast-indexierten Parameter der Blutdruckantwort bei
Athleten durchweg niedriger als bei den Kontrollen. Im Vergleich zu den publizierten
Referenzwerten der Altersgruppe’” fiel bei den untersuchten Leistungssportlern auf, dass der
SBP/MET-slope und der SBP/W-slope vergleichbare Werte aufweisen, wohingegen die peak
SBP/W-ratio deutlich niedriger lag.

Dies deutet darauf hin, dass die peak SBP/W-ratio relevant durch den Fitnesszustand
beeinflusst wird. Demzufolge scheinen Leistungssportler, aufgrund der hoheren erreichten
maximalen Wattwerte, niedrigere Normwerte fiir diesen Parameter zu benotigen. Daher ist die
peak SBP/W-ratio in athletischen Populationen nicht in gleicher Weise zu verwenden wie in
Normalpopulationen. Hingegen scheinen der SBP/MET-slope und der SBP/W-slope weniger
durch die korperliche Fitness beeinflusst zu sein.

Zudem bestdtigte sich in unserer Studie die Annahme, dass der vorgeschlagene normale
SBP/MET-slope von 10 mmHg/MET" allenfalls als oberer Grenzwert angesehen werden
kann. So lag die 95-%-Perzentile bei Athleten bei 9,4 mmHg/MET und bei Kontrollen bei
10,3 mmHg/MET.

Erwartungsgemail zeigten sich signifikante Unterschiede der zentralen Himodynamik und der
vaskuldren Funktionsparamter zwischen Athleten und Kontrollen bereits in Ruhe, wobei
jedoch keine Unterschiede des Widerstandsindex und des totalen peripheren Widerstandes
gemessen wurden. Die ermittelten Werte fiir die PWV und den ¢cBP waren vergleichbar mit

30, 31, 35, 37

unseren vorangegeangenen Studien und denen anderer Studien, die Athleten und

Normalpopulationen® untersuchten. Trotz der Unterschiede der vaskuldren Funktion
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zwischen Leistungssportlern und Kontrollgruppe korrelierte keiner der in Ruhe erhobenen
vaskuldren  Funktionsparameter mit den Arbeitslast-indexierten Parametern der
Blutdruckantwort. Demzufolge war es auch nicht méglich, die individuelle Blutdruckantwort
anhand der in Ruhe gemessenen vaskuldren Werte vorauszusagen. Dies steht im Widerspruch
zu einer Studie, die eine iiberschiefende Blutdruckantwort bei jungen Menschen mit einer
erhdhten PWV assoziierte®®. Allerdings wurden in dieser keine Athleten untersucht, die
typischerweise eine hdhere arterielle vasodilatatorische Reserve aufweisen. Zudem wurden
die Ergebnisse nicht nach Geschlechtern aufgeteilt berichtet und die Definition der
iiberschieBenden Blutdruckantwort wurde nur anhand der absoluten maximalen systolischen
Blutdruckwerte vorgenommen®. Dariiber konnen die unterschiedlichen Ergebnisse

ausreichend erklart werden.

Dass insbesondere unter Belastungsbedingungen Unterschiede der vaskuldren Funktion
zwischen Athleten und Kontrollen bestehen, wird bei der Betrachtung der
Blutdruckverdnderungen bei steigender Belastung deutlich. Bei jeder Belastungsstufe wiesen
die Athleten einen niedrigeren systolischen Blutdruckwert auf und die Kurve der
Blutdruckantwort schien im Vergleich zu den Kontrollprobanden nach rechts verschoben zu
sein. Allerdings unterschied sich der maximale systolische Blutdruck zwischen beiden
Gruppen nicht. Hingegen imponierten bei prozentualer Indexierung der Blutdruckwerte auf
die individuell erreichte maximale Wattzahl nahezu deckungsgleiche Kurven bei Athleten und
Kontrollen. Dies unterstreicht den Zusammenhang zwischen Blutdruckregulation,
individueller Leistungsfdhigkeit und vaskuldrer Funktion unter Belastung, der durch vaskulére
Funktionsmessungen in Ruhe bei Leistungssportlern nicht erfasst werden kann. Zudem wird
die sinnvolle Anwendung der neuen Parameter SBP/MET-slope und SBP/W-slope auch fiir
maéannliche Athleten bestétigt.

Bemerkenswerterweise waren die angegebenen Normwerte flir diese neu eingefiihrten
Arbeitslast-indexierten Parameter der Blutdruckantwort bei Frauen deutlich hoher als bei
Minnern, was auf einen steileren Anstieg des Blutdruckes wihrend der Belastung hinweist'”.
Vor dem Hintergrund der bekannten divergierenden Blutdruckregulation in Ruhe zwischen

83-85

Miénnern und Frauen wurde angenommen, dass diese geschlechtsspezifischen

15, 38, 84, 90, 91
5 S0 und daher

Unterschiede wesentlich durch die Gefalifunktion moduliert werden
moglicherweise durch Messung der zentralen Himodynamik und der vaskuldren Funktion

aufgedeckt werden konnen'”.
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Inwieweit die neuen Arbeitslast-indexierten Parameter der Blutdruckantwort und die
vaskuldre Funktion zwischen méinnlichen und weiblichen Leistungssportlern differieren und
ob eine Ubertragung der Ergebnisse aus der Normalpopulation fiir Leistungssportler moglich

ist, untersuchten wir in einer weiteren Studie.

Wir konnten bei Leistungssportlern geschlechtsspezifische Unterschiede im SBP/W-slope und
der peak SBP/W-ratio detektieren, wohingegen der SBP/MET-slope keine signifikanten
Unterschiede zwischen ménnlichen und weiblichen Athleten aufwies. Zudem konnte keiner
der in Ruhe gemessenen vaskuldren Funktionsparameter diese geschlechtsspezifischen
Unterschiede voraussagen. Dies deckt sich mit unserer vorhergehenden Untersuchung bei
maéannlichen Athleten.

Im Einklang mit den publizierten Referenzwerten'® waren sowohl der SBP/W-slope als auch
die peak SBP/W-ratio bei Sportlerinnen hoher. Allerdings lagen einerseits die bei unseren
Sportlerinnen ermittelten Werte fiir den SBP/W-slope (0,53 + 0,19 vs. 0,38 + 0,14 mmHg/W)
deutlich oberhalb der publizierten Referenzwerte fiir die weibliche Alterskohorte, andererseits
lag die peak SBP/W-ratio (0,95 0,17 vs. 1,01 + 0,17 mmHg/W) darunter. Dies spricht dafiir,
dass diese Werte bei Frauen vom individuellen Fitnesszustand beeinflusst werden und
weibliche Athleten aus diesem Grund andere Referenzwerte als die Normalbevdlkerung
bendtigen.

Diese Beobachtung konnte darin begriindet liegen, dass bei Frauen vor der Menopause die
beta-adrenerge Empfindlichkeit im Vergleich zu Ménnern erhoht ist. Hierdurch wird die
vasokonstriktorische Reaktion unter steigender Belastung aufgrund der gleichzeitigen beta-

adrenergen vermittelten Vasodilatation® '

abgeschwicht, was ebenfalls bei konstant
durchgefiihrter submaximaler Belastung nachzuweisen war'®. Bei den hdchsten
Belastungsintensititen wird jedoch auch hier ein durch den sogenannten Muskel-
Metaboreflex bedingter Anstieg des peripheren Widerstands beobachtet®™ ', der bei
Sportlerinnen im Vergleich zu untrainierten Frauen verdndert zu sein scheint. Ein hoherer
SBP/W-slope bei trainierten Frauen kann daher Ausdruck eines hoheren Fitnessniveaus und
einer besseren Leistungsfahigkeit sein.

Im Gegensatz dazu ist die belastungsinduzierte Blutdruckantwort bei Médnnern durch eine
Zunahme des Herzzeitvolumens und des gesamten peripheren Widerstands gekennzeichnet'®
und daher weniger vom Fitnessniveau beeinflusst. Aus diesem Grund waren die Werte

unserer miénnlichen Athleten mit den vorgeschlagenen Referenzwerten'’  der

Allgemeinbevdlkerung vergleichbar (0,34 + 0,12 gegentiber 0,33 + 0,11 mmHg/W).
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Diese ermittelten geschlechtsspezifischen Unterschiede, die sowohl bei trainierten als auch
bei untrainierten Personen nachweisbar waren, deuten auf eine unterschiedliche
Blutdruckregulation unter Belastung zwischen Ménnern und Frauen hin, die unabhiangig vom

Fitnessniveau besteht, komplex und noch nicht vollstindig geklart ist® %,

Aufgrund der stirkeren Abweichungen zu den alters- und geschlechtsspezifischen
Referenzwerten miissen daher fiir die peak SBP/W-ratio bei Athleten eigene Referenzwerte
etabliert werden. Bei Athletinnen ist dies zudem fiir den SBP/W-slope notwendig, der hier
offensichtlich stirker von der korperlichen Fitness beeinflusst wird. Hingegen konnten wir
den SBP/MET-slope als geschlechtsunabhdngigen Marker fiir die Arbeitslast-indexierte

Blutdruckantwort identifizieren.

Zusammenfassend konnten wir mit unseren Studien erstmalig die neu eingefiihrten
Arbeitslast-indexierten Parameter der Blutdruckantwort bei Leistungssportlern und deren
Assoziation zur vaskuldren Funktion untersuchen.

Hierbei konnten wir zeigen, dass bei ménnlichen Leistungssportlern der SBP/W-slope
vergleichbar mit den  publizierten — Referenzwerten'>  war, wohingegen  bei
Leistungssportlerinnen deutliche Unterschiede bestanden. Zudem wiesen wir nach, dass die
Referenzwerte fiir die peak SBP/W-ratio'> sowohl bei mannlichen als auch bei weiblichen
Leistungssportlern nicht fiir die klinische Beurteilung der individuellen Blutdruckantwort
geeignet sind.

Der SBP/MET-slope wurde als geschlechtsunabhingiger Marker identifiziert. Zudem waren
die Werte vergleichbar mit den Normwerten der Alterskohorte, so dass dieser Parameter
aktuell zur klinischen Beurteilung eines Ausbelastungstestes im Rahmen einer
Sporttauglichkeitsuntersuchung geeignet scheint. Der als normal vorgeschlagene systolische
Blutdruckanstieg von 10 mmHg/MET" sollte hierbei jedoch, nach den Ergebnissen unserer

Studien, den oberen Grenzwert markieren.

Auch wenn bisher prognostische Daten fiir die Arbeitslast-indexierten Parameter der
Blutdruckregulation bei Athleten fehlen, scheint der SBP/MET-slope aufgrund der bisherigen
Untersuchungen’ vielversprechend zu sein, um die Unklarheiten in der Beurteilung des
Blutdruckverhaltens =~ wédhrend  eines  Ausbelastungstestes im  Rahmen  einer

Sporttauglichkeitsuntersuchung zu beseitigen.
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In der Zunkunft sollten alters- und geschlechtsspezifische Referenzwerte fiir die Arbeitslast-
indexierten Parameter bei Athleten definiert und die prognostische Relevanz der
verschiedenen Parameter evaluiert werden.

In unseren Untersuchungen wurden nur in Ruhe normotensive Athleten untersucht und es ist
anzunehmen, dass bei einer bestehenden Hypertension in Ruhe die Arbeitslast-indexierten
Parameter nicht in gleicher Weise anwendbar sind, da sie auch wesentlich von der
systolischen Blutdruckdifferenz (maximaler systolischer Blutdruck- systolischer Blutdruck in
Ruhe) abhidngen. Weiterhin erscheint es moglich, dass die Sportart und die Art des
Ausbelastungstestes die Blutdruckantwort unter Belastung, und damit die Arbeitslast-

indexierten Parameter, unterschiedlich beeinflussen.

Ferner konnten wir den Einfluss der vaskuldren Funktion auf die Blutdruckregulation unter
Belastung und auf die individuelle Leistungsfahigkeit bei Athleten nachweisen. Dabei gelang
es bei Athleten nicht, durch eine vaskuldre Funktionsanalyse in Ruhe die individuelle
Blutdruckantwort vorauszusagen. Leider war es mit der in unseren Studien genutzten
validierten oszillometrischen Methode nicht moglich, die vaskuldre Funktion auch unter
Belastungsbedingungen zu bestimmen. Dies liegt an Messtechnik, die zwar in Ruhe valide
Ergebnisse liefert, allerdings nicht bei einem Ausbelastungstest™® '*®. Nichtinvasive Methoden
zur Messung der vaskuldren Funktion unter Belastung befinden sich in der Entwicklung und
konnen, nach entsprechender Validierung, daher vermutlich bald einen Beitrag leisten, um die
Blutdruckantwort in verschiedenen Populationen zu charakterisieren und Referenzwerte zu

etablieren.

Mit unseren Untersuchungen liefern wir erste Orientierungswerte fiir die Arbeitslast-
indexierten Parameter der Blutdruckantwort bei Leistungssportlern und weisen auf den
Zusammenhang zwischen Blutdruckregulation, vaskuldrer Funktion und Leistungsfahigkeit
hin. Zukiinftig sollte das Ziel sein, das diagnostische Potential des regelhaft durchgefiihrten
Ausbelastungstestes im Rahmen einer Sporttauglichkeitsuntersuchung auszuschoépfen. Durch
die Arbeitslastindexierung konnen iiberschieende Blutdruckreaktionen als Folge einer
subklinischen vaskuldren Funktionseinschrankung detektiert werden. Mit unseren
Untersuchungsergebnissen  erleichtern  wir  die  klinische  Einschdtzung  eines

Ausbelastungstestes bei Athleten und tragen somit zu einer besseren Risikoeinordnung bei.
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6. Zusammenfassung

In dieser Arbeit wurden die Blutdruckregulation sowie die Anwendbarkeit neuer Arbeitslast-
indexierter Parameter der Blutdruckantwort unter Belastung bei Leistungssportlern
untersucht. Zudem wurde der Einfluss der zentralen Hdmodynamik und der vaskuldren
Funktion auf die Blutdruckregulation sowie deren Assoziation zur Leistungsfdahigkeit
betrachtet. Die Messungen der zentralen Hdmodynamik und der vaskuldren
Funktionsparameter wurden hierbei nichtinvasiv mit Hilfe eines validierten oszillometrischen
Verfahrens durchgefiihrt.

Da es sich bei den Probanden um gesunde hochtrainierte Leistungssportler mit einem
homogenen Fitnesslevel handelte, war es ferner moglich, Assoziationen zwischen dem
Vitamin-D-Spiegel und der Blutdruckregulation unabhingig vom relevanten Einflussfaktor
der korperlichen Fitness zu untersuchen. Wir konnten dabei nachweisen, dass es auch bei
Leistungssportlern eine hohe Privalenz (44,3 %) eines 25-OH-Vitamin-D-Mangels gibt.
Ferner unterstiitzen unsere Ergebnisse die Theorie, dass die untere Schwelle von 30 ng/ml
auch in dieser Kohorte nicht unterschritten werden sollte, um die Skelettgesundheit zu
gewihrleisten (Publikation 1). In unseren Untersuchungen zum Einfluss von Vitamin D auf
den zentralen Blutdruck waren hohere zentrale Blutdruckwerte in der Gruppe der Athleten mit
insuffizienten (<30 ng/ml) im Vergleich zu den Athleten mit suffizienten (> 30 ng/ml) 25-
OH-Vitamin-D-Spiegeln zu erkennen. Dabei lagen die zentralen Blutdruckwerte der
Leistungssportler mit insuffizienten Vitamin-D-Werten im Bereich der altersgleichen
Normalbevdlkerung, wohingegen ein suffizienter Vitamin-D-Spiegel bei Leistungssportlern
mit einem niedrigeren zentralen Blutdruck assoziiert war (Publikation 2). Dies spiegelt den
Einfluss von Vitamin D auf die Blutdruckregulation wider, der iiber die Regulation des Tonus
der Widerstandsgefifle bewirkt wird. Eine hohe korperliche Leistungsfdahigkeit scheint diese
Effekte abmildern zu konnen.

Diese Kompensationsmechanismen wirken auch unter korperlicher Anstrengung, sodass auch
bei Vitamin-D-Mangel keine iiberschiefende Blutdruckreaktion bei Leistungssportlern
festgestellt werden konnte. Allerdings bestétigt sich auch in dieser Untersuchung, dass ein 25-
OH-Vitamin-D-Mangel mit einer signifikant schlechteren Leistungsfahigkeit bei Athleten
assoziiert ist. Durch die leistungsindexierte Betrachtungsweise der Blutdruckregulation unter
Belastung konnte eine differenzierte Analyse dieser Assoziation vorgenommen werden

(Publikation 3).
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Die vaskuldre Funktion unter Belastung spielt daher fiir die Leistungsfahigkeit eine wichtige
Rolle und ist eng mit der Blutdruckregulation unter Belastung verbunden. Dass die
physikalischen Parameter des globalen GefaBBwiderstandes (Resistance Index) in Ruhe bereits
als unabhéngige Priadiktoren der Leistungsfahigkeit bei Athleten fungieren, wiesen wir in
einer Pilotstudie nach (Publikation 4). Dabei waren die maximale Sauerstoffaufnahme (VO2
max.) und der Widerstandsindex die einzigen Parameter, welche die Leistungsfahigkeit bei
einem standardisierten Ausbelastungstest bei ménnlichen Leistungssportlern vorhersagen
konnten. Dies konnten wir in der Kontrollgruppe altersgleicher Méanner nicht nachweisen.
Diese Ergebnisse lassen vermuten, dass die Unterschiede der vaskuldren Funktion zwischen
Athleten und Kontrollgruppe insbesondere unter Belastungsbedingungen apparent werden

und zu einer unterschiedlichen Blutdruckregulation und Leistungsfahigkeit fiihren.

Diesem Umstand trdgt die neu fiir die Normalbevdlkerung etablierte Arbeitslast-indexierte
Charakterisierung der Blutdruckantwort in Form des SBP/MET-slope Rechnung. Wir
untersuchten erstmals diesen Marker in einer groeren Kohorte von ménnlichen
Leistungssportlern (n = 142) und konnten aufzeigen, dass er auch in dieser Population dazu
geeignet ist, eine Charakterisierung der Blutdruckantwort unter Belastung vorzunehmen.
Zudem wiesen wir nach, dass der bisher als normal vorgeschlagene SBP/MET-slope von
10 mmHg/MET"  keineswegs eine normale Blutdruckantwort bei Leistungssportlern
widerspiegelt, sondern allenfalls als oberes Limit angesehen werden kann. Ferner konnten wir
erstmalig bei Leistungssportlern demonstrieren, dass ein steigender SBP/MET-slope mit
einem hoheren maximalen systolischem Blutdruck, einem héheren maximalen Pulsdruck und
einem hoheren ASBP, allerdings mit einer niedrigeren absoluten und relativen
Leistungsfahigkeit, assoziiert ist (Publikation 5). Diese Resultate unterstreichen den
Zusammenhang zwischen vaskuldrer Funktion, Blutdruckregulation und Leistungstahigkeit
bei Leistungssportlern und bestitigen unsere vorhergehenden Untersuchungen.

In einer weiteren Studie konnten wir festhalten, dass das Konzept der Arbeitslast-indexierten
Beurteilung der Blutdruckantwort sowohl fiir Nichtsportler als auch fiir Sportler zur
Beurteilung der Blutdruckregulation unter Belastung geeignet ist (Publikation 6). Zudem
konnten wir hierbei fiir die neu eingefiihrten Parameter SBP/W-slope und peak SBP/W-ratio
erste Normwerte und obere Maximalwerte definieren und zugleich nachweisen, dass
méannliche Athleten andere Referenzwerte fiir die peak SBP/W-ratio im Vergleich zu
Nichtsportlern benotigen. Dieser Unterschied manifestierte sich auch im Vergleich weiblicher

Athleten mit der weiblichen Referenzkohorte (Publikation 7). Aufgrund der von uns erstmals

63



ermittelten stdrkeren Abweichungen zu den alters- und geschlechtsspezifischen
Referenzwerten miissen fiir die peak SBP/W-ratio bei Athletinnen eigene Referenzwerte
etabliert werden. Zwischen miéannlichen und weiblichen Athleten wurden zudem
geschlechtsspezifische Unterschiede der neuen Parameter SBP/W-slope und peak SBP/W-
ratio aufgezeigt. So wiesen weibliche Athleten im Vergleich zu minnlichen Athleten einen
steileren Blutdruckanstieg auf. Zudem waren deutliche Unterschiede des SBP/W-slope
zwischen Sportlerinnen und der weiblichen Referenzpopulation zu erkennen, was darauf
schlieBen lédsst, dass dieser Marker bei Frauen zudem stdrker von der korperlichen Fitness
beeinflusst wird als bei Ménnern, bei denen dieser Unterschied nicht nachweisbar war. Somit
sollten fiir weibliche Athleten eigene Referenzwerte definiert werden. Im Gegensatz dazu
haben wir den SBP/MET-slope als geschlechtsunabhingigen Parameter fiir die Arbeitslast-
indexierte Blutdruckantwort identifiziert. Da er zudem vergleichbar mit den publizierten
Referenzwerten der Normalbevilkerung war, kann er zur Beurteilung der Blutdruckantwort
bei einer Sporttauglichkeitsuntersuchung bei Méannern und Frauen verwendet werden.

Trotz der in Ruhe bestehenden Unterschiede der vaskuldren Funktionsparameter konnten
diese allerdings in beiden Studien (Publikationen 6 und 7) die individuelle Blutdruckantwort
nicht vorhersagen. Dieses Ergebnis war geschlechtsunabhéngig und zudem auch bei den
Kontrollpersonen nachweisbar. Hier wird die Bedeutung der vaskuldren Funktion wéhrend
der Belastung deutlich, die sich nicht mit Hilfe des genutzten validierten oszillometrischen
Verfahrens ermitteln ldsst. In Zukunft sollten weitere Anstrengungen zur validen
nichtinvasiven Untersuchung der vaskuldren Funktion wéhrend der Belastung unternommen
werden.

Zusammenfassend konnten wir mit unseren Studien einen wertvollen Beitrag zur besseren
klinischen Beurteilung der Blutdruckregulation bei Athleten leisten. Dies erleichtert die
klinische Einschétzung eines Belastungstestes im Rahmen einer
Sporttauglichkeitsuntersuchung. Zudem haben wir den Zusammenhang zwischen der

vaskuldren Funktion, Blutdruckregulation und Leistungsfahigkeit bei Athleten nachgewiesen.
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7. Summary

The focus of this work was blood pressure regulation and the applicability of new workload-
indexed markers of the blood pressure response to exercise in elite athletes. In addition, the
influence of central haemodynamics and vascular function on blood pressure regulation and
their association with performance was investigated. Measurements of central
haemodynamics and vascular functional parameters were carried out non-invasively at rest

using a validated oscillometric device.

Since the study participants were healthy, highly trained elite athletes with a homogeneous
fitness level, it was also possible to investigate associations between the vitamin D level and
blood pressure regulation independent of the level of physical fitness as a potentially
confounding factor. We were able to prove that there is a high prevalence (44.3%) of 25-OH
vitamin D insufficiency in elite handball athletes. Furthermore, our results support the
hypothesis that 25-OH vitamin D levels should not be lower than 30 ng/mL in order to ensure
skeletal health (Publication 1). In our studies on the influence of vitamin D on central blood
pressure, higher central blood pressure values were found in the group of athletes with
insufficient (<30 ng/mL) vitamin D levels than in those with sufficient (>30 ng/mL)
concentrations. The central blood pressure values of elite athletes with insufficient vitamin D
values were in the range of the age-matched normal population, whereas sufficient vitamin D
levels in elite athletes were associated with a lower central blood pressure (Publication 2).
This emphasizes the impact of vitamin D on blood pressure regulation, which is mediated by

effects on the tonus of resistance vessels. A high fitness level seems to mitigate these effects.

These compensatory mechanisms also operate under exercise conditions. Even in individuals
with vitamin D insufficiency, no exaggerated blood pressure response was detected in elite
athletes. However, this study also confirms that a 25-OH vitamin D insufficiency is associated
with significantly poorer performance in athletes. The novel approach of analysing blood
pressure response to exercise with a workload-indexed method enabled a differentiated
analysis of the association of vitamin D with blood pressure regulation and performance in

elite athletes (Publication 3).

Vascular function during exercise plays an important role in performance and is closely
related to the exercise-induced blood pressure response. We demonstrated in a pilot study that
the resistance index measured at rest, as a physical parameter of global vascular resistance,

was an independent predictor of maximum power output in elite athletes (Publication 4). The
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maximum oxygen uptake (VO2 max) and the resistance index were the only parameters that
were able to predict the maximum power output in male elite athletes, whereas this was not
the case in the sex- and age-matched control group. These results suggest that the differences
in vascular function between athletes and controls become apparent under exercise conditions

and lead to a different blood pressure regulation and performance.

The newly established workload-indexed characterization of the blood pressure response to
exercise using the SBP/MET slope takes this into account. We examined this marker for the
first time in a larger cohort of male elite athletes (n= 142) and were able to show that it can be
used in such a population to characterize the blood pressure response to exercise. In addition,
we demonstrated that a SBP/MET slope of 10 mmHg/MET, which was previously suggested
to be normal, does not represent a normal blood pressure response in elite athletes. Instead, it
should be regarded as an upper limit. Furthermore, we were able to demonstrate for the first
time that in male elite athletes an increasing SBP/MET slope is associated with a higher
maximum systolic blood pressure, a higher maximum pulse pressure, and a higher ASBP,
albeit with a lower absolute and relative performance (Publication 5). These results underline
the connection between vascular function, blood pressure regulation, and performance in male

elite athletes and confirm our previous studies.

In another study, we were able to establish that the workload-indexed assessment of the blood
pressure response to exercise is suitable for both male athletes and male non-athletes
(Publication 6). In addition, for the first time, we were able to define normal values and upper
maximum values for the newly introduced markers SBP/W slope and peak SBP/W ratio in
athletes, and we demonstrated that reference values of the peak SBP/W ratio differed between
male elite athletes and male non-athletes. This difference was also evident in comparing

female elite athletes with a female reference cohort (Publication 7).

Due to the greater deviations from the age- and sex-specific reference values that we
determined for the first time, separate reference values must be established for the peak
SBP/W ratio in female athletes. In addition, we observed sex-specific differences in the new
markers SBP/W slope and peak SBP/W ratio between male and female athletes. Female
athletes showed a steeper increase in blood pressure during exercise than their male
counterparts. In addition, we detected differences in the SBP/W slope between female athletes
and the female reference population, which suggests that this marker is more influenced by
physical fitness in women than in men, for whom this difference was not present. Separate

reference values should therefore be defined for female athletes. In contrast, we identified the
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SBP/MET slope as a sex-independent marker for the workload-indexed blood pressure
response to exercise. Since it was also comparable to the published reference values for the
normal population, it can be used to assess the blood pressure response in a clinical exercise

test for both men and women.

Despite the differences in vascular functional parameters that exist at rest, two studies
(Publications 6 and 7) showed that these are not able to predict the individual workload-
indexed blood pressure response to exercise in athletes and non-athletes. These results
highlight the impact of the dynamic vascular functional changes during exercise for these
markers. Unfortunately, vascular functional parameters cannot be determined under exercise
conditions using oscillometric devices, due to the measurement technique. In the future,
further efforts should be directed toward the development of a valid, non-invasive

examination of vascular function during exercise.

In conclusion, we were able to make a valuable contribution to improving the clinical
assessment of blood pressure regulation in athletes. This facilitates the assessment of a
clinical exercise test, which is an important part of a pre-participation examination of athletes.
We also demonstrated the relationship between vascular function, blood pressure regulation,

and performance in athletes.
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Unterschiedliches systolisches Blutdruckverhalten bei einem Ausbelastungstest

zwischen Athleten und Kontrollgruppe.

Systolisches Blutdruckverhalten von Athleten und Kontrollgruppe, indexiert auf

die individuell erreichte maximale Arbeitslast.

84



11. Danksagung

Zahlreiche Personen haben mich auf dem Weg zur Erstellung dieser Arbeit in vielfdltiger

Weise unterstiitzt. Fiir diese Hilfe mochte ich mich ganz herzlich bedanken.

Mein besonderer Dank gilt Herrn Prof. Dr. med. Christian Hamm, der mir durch die
Grindung einer sportkardiologischen Sektion die Moglichkeit gab, in meinem
wissenschaftlichen Interessensgebiet zu forschen. Zudem brachte er mir durch die
Ubertragung der Leitung der Sportkardiologie hohes Vetrauen entgegen. Nicht
selbstverstindlich ist ebenfalls der groBe Handlungsspielraum in der Forschungsausrichtung,

den er mir in den Jahren gewéhrte.

Ein grofler Dank gilt meinen klinischen Lehrern Prof. Dr. med. Harald Tillmanns, Prof. Dr.
med. Christian Hamm und Dr. med. Bernd Henkel. Die Kenntnisse und Fertigkeiten, die ich
mir durch Thre Ausbildung aneignen konnte, bilden die Grundlage meiner

Forschungsprojekte.

Fiir die stetige Unterstiitzung, konstruktive Diskussion und bereichernden Tipps sei Dr. Lutz

Kraushaar und Dr. Astrid Most gedankt.

Die Athleten, die freiwillig an den Studien teilgenommen und mir Thr Vertrauen geschenkt

haben, ermdglichten erst diese Arbeit. Dafiir mochte ich mich herzlich bedanken.

Der grofite Dank gebiihrt meiner Familie und meiner Partnerin Astrid fiir Ihr Verstindnis, Thre

Liebe und Ihre vorbehaltlose und stetige Unterstiitzung in jeder Lebenslage.

85



12.

THE PHYSICIAN AND SPORTSMEDICINE
https://doi.org/10.1080/00913847.2018.1520055

Zugrundeliegende Publikationen

Taylor & Francis
Taylor & Francis Group

CLINICAL FEATURES
ORIGINAL RESEARCH

’ W) Check for updates ‘

High prevalence of vitamin D insufficiency in professional handball athletes

Pascal Bauer?, Samir Henni®, Oliver Dorr?, Timm Bauer?, Christian W. Hamm?< and Astrid Most?

aMedizinische Klinik I, Kardiologie und Angiologie, Universitdtsklinikum Giessen, Germany; *Explorations fonctionelles vasculaires, centre
hospitalier universitaire, Angers, France; “Kardiologie, Kerckhoff-Klinik, Bad Nauheim, Germany

ABSTRACT

Objectives: Vitamin D affects multiple body functions through the regulation of gene expression. In
sports medicine, its influence on musculoskeletal health and performance is of particular interest.
Vitamin D insufficiency might decrease athletic performance and increase the risk of musculoskeletal
injuries. Several studies have demonstrated vitamin D deficiency in professional athletes; however, the
prevalence of vitamin D insufficiency in professional handball players is yet unknown.

Methods: The study was planned as a prospective, non-interventional study. We examined 70 male
elite handball athletes (first league) in a pre-competition medical assessment in July. Age, height,
weight, body mass index, 25-OH vitamin D, calcium, and parathyroid hormone were evaluated, and a
sun exposure score was calculated. Players were then divided into two groups of vitamin D levels:
insufficient (<30 ng/mL) and sufficient (=30 ng/mL).

Results: The mean 25-OH vitamin D level of the 70 players was 33.5 = 10.9 ng/mL (median 32.2, IQR
26.5-38.9 ng/mL). Thirty-nine (55.7%) had sufficient and 31 (44.3%) insufficient levels. Athletes with
sufficient vitamin D levels had significantly lower parathyroid hormone levels than athletes with
insufficiency (24.9 £ 12.1 vs. 33.5 £ 15.1 ng/mL, p = 0.02). All other parameters evaluated demonstrated
no significant difference between the two groups.

Conclusion: Vitamin D insufficiency is a common finding in professional handball athletes even in summer,
which might negatively affect physical performance. Furthermore, it might lead to an increased risk of
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musculoskeletal injuries and infections. This should be evaluated in further studies.

Introduction

Vitamin D is a fat-soluble hormone that is extremely important
for bone health and immune function [1]. Recently, other rele-
vant effects of vitamin D have been suggested, since vitamin D
receptors have been identified in numerous human tissues [1,2].
Research on these extra-skeletal effects is currently increasing,
and unexpected associations of low vitamin D levels with
impaired health or several diseases have been reported [2,3].

Vitamin D plays a unique role compared with that of other
vitamins and in reality is considered to be a hormone [1]. The
human supply is mainly maintained through the production of
vitamin D3 in the skin through the influence of ultraviolet B
radiation from natural sunlight [4]. In the liver, vitamin Ds is
converted into 25-hydroxyvitamin D3 (25-OH vitamin D), which
is the major circulating metabolite. Finally, the active form 1,25-
dihydroxyvitamin D3 (1,25-OH vitamin D) is produced via another
hydroxylation reaction in the kidney [1]. The assessment of 25-
OH vitamin D is currently seen to be the best reflection of vitamin
D status [2,5-7].

Dietary vitamin D intake through natural food sources
often cannot compensate for insufficient sun exposure due
to low vitamin D amounts in typical Western nutrition [8].
Even an increased intake of fatty fish, which is seen to provide
one of the highest amounts of vitamin D in nutrition, is not

able to increase 25-OH vitamin D levels substantially [9].
Hence, the fortification of food with vitamin D to increase
nutritional uptake in the general population is promoted in
some countries [7,8].

Another approach for the prevention and treatment of
vitamin D insufficiency in the general population is the use
of oral supplements [9-11]. Despite the proven effectiveness
of this procedure in different populations to improve vitamin
D status [10-14], concerns about the safety considering poten-
tial overdosing have been raised [7]; also the treatment adher-
ence within the general population was questioned [7].

Exposure to natural sunlight is seen to be the most effec-
tive way to increase 25-OH vitamin D levels [1,4,6,15]. Hence,
vitamin D levels are lower in winter than in summer and
depend on the specific local sunshine duration [15].
Nevertheless, even in summer, due to modern lifestyles and
the consistent use of sun lotion to prevent skin cancer [16],
vitamin D deficiency is a common finding in Western societies
[2,4,15,17]. Furthermore, dark skin color, living in northern
latitudes (>35° North), poor dietary intake, higher body mass
index, and lack of physical activity are risk factors that have
been identified [4,15].

In sports medicine, the effect of vitamin D on athletic per-
formance is a topic of growing interest [10,18-21]. There is
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increasing evidence that vitamin D influences athletic perfor-
mance via both its musculoskeletal and cardiovascular effects
[21-24]. It was shown that lower vitamin D levels are associated
with lower muscle strength and an increasing risk of muscle
and bone injuries [11,22]. In young male military personnel, it
was shown that the risk of bone fracture was significantly
associated with lower 25-OH vitamin D levels and increased
parathyroid hormone levels [25]. In professional athletes, stress
fractures are common injuries, leading to long sport pauses.
Additionally, vitamin D deficiency causes a prolonged recovery
in these athletes [20]. Oral vitamin D supplementation
improved muscle function and muscle strength in athletes in
prospectively randomized, placebo-controlled trials [11,14,23]
and was able to decrease injury occurrence in elite ballet
dancers [11].

In addition, the immunologic and pleiotropic effects of
vitamin D are of increasing relevance in the medical care of
professional athletes [2,20,26]. Athletes with insufficient vita-
min D status are at higher risk for upper respiratory infections
[14,26], which contributes to an increased risk for training and
competition pauses. Supplementation of vitamin D has posi-
tive effects on antimicrobial peptides [12], which emphasizes
the immunologic effects of vitamin D [2].

Despite these findings, the prevalence of vitamin D insuffi-
ciency and deficiency in elite athletes is still high, comparable
to that of non-athletes [21,27-29] with the same associated
risk factors.

A major problem in the interpretation of published research
is the fact that there are no accepted guidelines for the opti-
mum level of vitamin D to ensure normal athletic performance
[10,22,27]. Today, vitamin D assessment is mainly performed by
measurement of serum 25-OH vitamin D levels [5,21,22,27,30],
which contains the summation of 25-OH D, and 25-OH Dj
levels [5]. Recently, the measurements of many more vitamin
D metabolites are possible [5]. With this, new discussions about
the way to assess vitamin D status occurred and are ongoing,
promoting further research efforts in this field [5]. Yet, so far,
the assessment of 25-OH vitamin D levels is widely used and
commonly accepted to reflect vitamin D status [5]. However,
the classification of 25-OH vitamin D levels as deficient, insuffi-
cient, or normal is still controversial, with recommendations for
the general population being inconsistent [19,21-23,27,30]. One
study, which included histomorphometric analysis of bone
biopsies, recommended a minimum threshold of 30 ng/mL of
25-OH vitamin D levels to maintain skeletal health [31]. Some
authors regard levels >50 ng/mL to be necessary for optimal
performance in athletes [10,19].

Team handball is an indoor sport with intense physical
contact throughout the game. This leads to a significant bur-
den for the musculoskeletal system and, consequently, high
rates of musculoskeletal injuries can be found [32,33].
Additionally, it is a indoor sport with a higher risk of vitamin
D deficiency [34]. Interestingly in this context is the fact that
beach handball, which is played outdoors, has lower injury
rates than indoor handball [35]. Unfortunately, there are no
data about vitamin D status in beach handball compared to
indoor handball available [35].

As described, an improved understanding of risk factors
and possible health consequences of vitamin D deficiency in
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competitive athletes may help to maintain health, prevent
injuries, and probably to provide an optimal performance
level [11,12,21,27]. As data regarding vitamin D levels in
elite handball players are currently lacking, and considering
the previous published studies that revealed a high rate of
vitamin D insufficiency and deficiency in competitive athletes
of different sports [17,34,36,37], we hypothesized that there
may be a high percentage of vitamin D insufficiency among
handball athletes. We conducted this prospective study to
evaluate vitamin D levels in elite handball athletes in summer,
when peak levels should be reached [34,37].

Materials and methods

The following criteria for serum 25-OH vitamin D concentra-
tions were chosen according to recently published studies and
recommendations [6,13,30,31].

Values of <30 ng/mL were defined as insufficient and values
>30 ng/mL were defined as sufficient 25-OH vitamin D levels.

To ensure comparisons to other studies, we additionally
divided the athletes into four subgroups, according to the
respective 25-OH vitamin D levels: <20 ng/mL, >20-30 ng/mL,
>30-50 ng/mL and =50-75 ng/mL.

The study was carried out at the university hospital in
Giessen, Germany, which is located near 50° N latitude. It
was conducted as a prospective study during the routine
pre-season medical monitoring program of the first German
handball division in the second half of July 2016 and July 2017
after a six-week competition-free interval.

Study population

The participants were 70 healthy, injury-free professional
handball athletes of varying nationalities playing in the first
German handball division. All athletes were Caucasians with
white skin and none of them was a regular sunbed user. None
took vitamin D supplements or other multivitamin supple-
ments. All individuals were subjected to a physical examina-
tion, 12-lead electrocardiogram, cardiopulmonary exercise
test, and blood testing. Age, height, weight, body mass
index, serum 25-OH vitamin D, calcium, and parathyroid hor-
mone levels were evaluated. Players were then divided into
groups according to vitamin D levels as described above, and
statistical analyses were performed.

Blood samples were drawn from an antecubital vein in a
sitting position. Blood samples for plasma analyses were col-
lected into two 7.5 mL S-Monovette® tubes (Sarstedt AG & Co.
KG, Germany), one containing lithium heparin. An additional
2.7 mL sample, with dipotassium ethylene diamine tetra-acetic
acid (K2EDTA) as anticoagulant, was acquired (Sarstedt AG &
Co. KG, Germany). Within 30 min of drawing automated ana-
lysis was performed in the laboratory of the university hospital
Giessen. Serum 25-OH vitamin D concentrations were deter-
mined with a Liaison diagnostic system (DiaSorin, Stillwater,
MN, USA) by chemiluminescent immunoassay (CLIA). The
range of detection is 4-150 ng/mL with a precision of 5.0%
CV and an accuracy SD of 1.2. Parathyroid hormone was
analyzed using an electrochemiluminescent immunoassay
(Elecsys PTH (1-84)®, Roche Diagnostics, Germany), which



measures the circulating active parathyroid hormone. The
range of detection is 5.5-2300 pg/mL with a precision range
of 2.5-3.4% CV. Furthermore, calcium levels, a complete blood
cell count and a basic metabolic panel including electrolytes,
were assessed and analyzed by a Modular Analytics E 170
module (Roche Diagnostics, Mannheim, Germany).

All participants received a clear explanation of the study
and provided their written informed consent. The local ethics
committee of the University of Giessen approved the study
protocol. The study meets the ethical standards [38].

Sun exposure

Medical history, nutrition supplementation, and sun exposure
were investigated with standardized questionnaires. The sun
exposure questionnaire concerning individual daily sun expo-
sure during the two weeks prior to the examination was
validated for healthy Caucasians [39]. There were three choices
for the amount of time spent outdoors each day, and the
answers were scored using a point system (0 points for
<5 min, 1 point for 5-30 min, and 2 points for =30 min).
Four choices for clothing or skin exposure while outdoors
were assigned points (1 point for face and hands only; 2 points
for face, hands and arms; 3 points for face, hands and legs; and
4 points for bathing suit). A total score to estimate their mean
weekly sun exposure resulting from the answers was then
calculated. The sum of the daily products of time outdoors
and skin exposure defined the score for one day, with a
minimum score of ‘0’ (lowest amount of time spent outdoors
and lowest amount of skin exposed) and a maximum score of
‘8’ (outdoors for more than 30 min in a bathing suit every day).
All seven-day sun exposure scores were summed to give the
weekly sun exposure score (min = 0, max = 56).

Statistical analysis

All data for continuous variables are expressed as means + stan-
dard deviation (SD) and as median and interquartile range (IQR),
as appropriate. Categorical variables are reported as numbers
and percentages. After testing for normal distribution, values
were compared with the unpaired Student’s t-test or Mann-
Whitney test, as appropriate. Fisher's exact test or a chi-square
test was used for categorical variables with nominal scales.
Intergroup comparisons were made using the Mann-Whitney
test, ANOVA, or correlations and multiple linear regressions
models. All statistical tests were performed two-tailed. The
statistical significance level was set at p < 0.05. Statistical ana-
lysis was performed with the statistical software SPSS 20.0
(Statistical Package for the Social Sciences, Chicago, IL, USA)
for Macintosh.

Results

A total of 70 professional handball athletes were included in
the study. They were experienced athletes and had partici-
pated in professional training for 10.1 £ 3.3 y (median 10.3,
IQR 8.8-12.1 y) with a current mean training time of
17.1 £ 1.1 h (median 17.5, IQR 16.8-19.6 h) per week.
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The anthropometric characteristics and specific training
data of the handball players are displayed in detail in Table 1.

The mean 25-OH vitamin D level of the 70 athletes was
33.5 + 10.9 ng/mL (median 32.2, IQR 26.5-38.9 ng/mL). The
lowest measured value was 8.4 ng/mL, and the highest was
70.7 ng/mL. A total of 31 players (44.3%) were considered to
have insufficient levels of 25-OH vitamin D (<30 ng/mL). Of
these, 5 (7%) displayed levels <20 ng/mL, which constitutes a
deficiency. In contrast, 39 players (55.7%) were considered to
have sufficient levels >30 ng/mL, whereby only 4 (5.7%) of
these had levels =50 ng/mL.

We used Spearman correlation coefficients to determine
whether there were correlations between vitamin D levels
and player demographics (Table 2). We found highly signifi-
cant correlations between 25-OH vitamin D levels and height
(r = —0.281, p = 0.019), weight (r = —0.393, p < 0.001), and
body mass index (r = —-0.317, p = 0.008) but not for age
(r = —0.056, p = 0.65), history of training (r = -0.025,
p = 0.24), or sun exposure (r = 0.126, p = 0.335).

After dividing the players into the groups ‘insufficient’ and
‘sufficient’ based on the 25-OH vitamin D levels, we found
statistically significant differences only for the parathyroid
hormone levels, which were significantly higher in the ‘insuffi-
cient’ group than in the group with sufficient levels
(33.5 £ 15.1 vs. 24.9 + 12.1 ng/mL, p = 0.02) (Table 3). There
were no significant differences regarding age, height, weight,
body mass index, sun exposure points, or training history.

Finally, we divided the athletes into additional groups of
25-OH vitamin D levels as described above (<20 ng/mL, =220-
30 ng/mL, =30-50 ng/mL and =50 —75 ng/mL) and made
comparisons between the different groups (Tables 4 and 5).
We did not detect any statistically significant differences in
various parameters between athletes with levels <20 ng/mL
and those with levels 220-30 ng/mL. However, players with
25-OH vitamin D levels =50 —75 ng/mL had a significantly
lower weight than athletes with levels =20-30 ng/mL
(p = 0.028) and those with levels <20 ng/mL (p = 0.003).
Additionally, they were significantly shorter (p = 0.005) than

Table 1. Characteristics of all 70 handball athletes.

Mean + SD Median (IQR)
Age, years 263 + 49 25 (23-30)
Height, cm 1925 £ 6.3 193 (190-197)
Weight, kg 96.7 £ 9.2 97 (92-102)
Body mass index, kg/m? 26+ 1.7 26 (25-26.6)
Training time per week, h 171 £ 1.1 17.5 (16.8-18.6)
Professional training, y 10.1 £ 3.3 10.3 (8.8-12.1)

Values are given as means + standard deviation (SD) and median with inter-
quartile ranges (IQR).

Table 2. Spearman correlation coefficients for each variable.

Correlation (r) with vitamin D level p
Age —0.056 0.65
Height —0.281 0.019*
Weight —-0.393 0.0008*
Body mass index -0.317 0.013*
Parathyroid hormone -0.297 0.02*
Professional training —-0.025 0.242
Sun exposurepoints 0.126 0.335

*Statistically significant correlation (p < 0.05).
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Table 3. Characteristics of athletes with insufficient and sufficient vitamin D levels.

Insufficient (< 30 ng/mL)

Sufficient (= 30 ng/mL)

(n=31) (n =39) p value
Mean + SD Median (IQR) Mean + SD Median (IQR)

Age, years 273 +54 26.5 (23.3-31) 254 + 42 25 (22.5-27.5) 0.14
Height,cm 194 + 5 195 (190-198) 1916 192 (189-196) 0.13
Weight, kg 989 + 6.9 98 (96.3-103.8) 95+ 94 95 (89.5-99.5) 0.09
BMI, kg/m? 263 + 1.29 26.4 (25.8-27.1) 258+ 1.8 25.5 (25-26.3) 0.33
PTH, ng/mL 335+ 151 29.3 (21.4-42) 249 + 121 22.4 (17-33.1) 0.02°
Calcium, mmol/L 2.36 + 0.12 24 (23-24) 232 £ 0.1 23 (2.2-2.4) 0.57
Vitamin D, ng/mL 232 +54 25.9 (20.3-26.5) 39.1 +£87 37.1 (32.3-42.9) < 0.01°
SEP, points 75.5 + 20.7 76 (76-86,5) 84.8 + 19.8 88 (70-102) 0.09

2Significant difference (p < 0.05)

Values are given as means + standard deviation (SD) and as median with interquartile ranges (IQR). BMI = body mass index; PTH = parathyroid hormone; SEP = sun
exposure points (measured over the two weeks prior to examination; maximum 112 points).

athletes with levels <20 ng/mL. Participants with 25- OH vita-
min D levels =30 ng/mL (=30-50 ng/mL and =50-75 ng/mL)
had a significantly higher (p < 0.05) sun exposure
score (83.6 = 19 and 95.5 + 23.2) than athletes with levels
<20 ng/mL (53.2 + 22.9). All other parameters examined
showed no differences between groups.

Discussion

This is the first prospective study to evaluate 25-OH vitamin D
levels in male professional handball players in Germany. We
report a high prevalence of insufficiency (44%) even in sum-
mer, when peak levels are to be expected [34,37]. The 25-OH
vitamin D levels we measured (33.5 + 10.9 ng/mL) were lower
than those of Mehran et al. [29], who found a mean level of
458 + 13.7 ng/mL in male hockey players of the North
American NHL (national hockey league), and lower than
those of Morton et al. [37], who reported a mean level of
41.8 + 8.4 ng/mL in professional soccer players. These studies
both found a lower incidence of insufficiency and deficiency
compared with our cohort. Similar to our investigation, these
studies took place in a routine pre-season examination pro-
gram after a competition-free interval. It is conceivable that
their athletes, similar to ours, were on holidays in the weeks
immediately prior to the examination. Therefore, to minimize
confounders, we assessed a sun exposure score for the last 2
weeks before the examination took place. We found a high
amount of sun exposure in our athletes, as the majority of
them were on summer holidays. Hence, we expected higher

levels of 25-OH vitamin D, as it is known that natural sunlight
is the major source of vitamin D [4]. Unfortunately, these
potential confounders were not raised in the other published
studies [29,37]. Furthermore, there are no data given about
nutrition or supplement use in their athletes. In our cohort, we
assessed nutrition supplementation; none of the athletes
examined took vitamin D supplements or multivitamins.
Nutrition supplementation is widely used in professional
sports and might contribute to the higher levels of 25-OH
vitamin D levels they found.

In contrast, some investigators found lower levels of 25-OH
vitamin D than we did. Maroon et al. examined athletes of the
United States national football league (NFL) and reported a
mean level of 27.4 + 11.7 ng/mL [28]. Differences in the
cohorts investigated might explain this result. A major differ-
entiating factor is racial composition. In our cohort, we had
exclusively white Caucasians, whereas the participants of
Maroon et al. were predominantly African Americans (84%).
Dark skin constitutes a well-known risk for vitamin D defi-
ciency [4], and dark skinned athletes displayed significantly
lower levels than white athletes [28]. Accordingly, in the sub-
group of white athletes 25-OH vitamin D levels of
37.4 £ 8.6 ng/mL were cited [28], which is even higher than
the mean levels in our study.

Krzywanski et al. [34] reported a mean level of 27 + 1 ng/mL
in Polish indoor elite athletes in summer. Interestingly, the
25-OH vitamin D levels varied significantly depending on the
type of sport. Indoor athletes displayed significantly lower 25-
OH vitamin D levels than outdoor athletes throughout the year,

Table 4. Characteristics of athletes according to the different 25-OH vitamin D levels.

25-0H vitamin D levels

<20 ng/mL 220-30 ng/mL 230-50 ng/mL >50-75 ng/MI
(n=26) (n = 25) (n = 35) (n=14)
Mean + SD Median (IQR) Mean + SD Median (IQR) Mean + SD Median (IQR) Mean + SD Median (IQR)

Age, years 242+ 6 22 (20-26) 282 + 48 29 (25-31) 256 + 43 25 (22-27.5) 268 + 6.6 25 (24.8-27)
Height,cm 197 +1 197 (196-198) 1935 193 (190-196) 192+ 6 193 (190-197) 187 + 4 187 (184-190)*
Weight, kg 102 + 3.1 100 (100-105) 98.1+75 98 (94-99) 95.7 + 94 95 (90-100) 88.3 + 5.1 88 (84.3-92)***
BMI, kg/m? 26.1 + 0.78 26 (25.7-26.5) 263+ 14 26.6 (26-27.2) 26 £ 19 25.6 (25-26.4) 25.1+ 03 25 (24.8-25.3)
PTH, ng/mL 33.6 £ 12.1 32 (24.8-40) 335+ 16 26.5 (21.4-42) 248 + 114 242(175-33.1) 263 +173 17.6 (15.9-28.2)
Calcium, mmol/L 2.36 + 0.1 2.4 (23-2.4) 233 +£ 0.1 2.35(2.2-2.4) 2.36 + 0.08 24 (23-24) 2.4 +0.07 2.4 (2.38-2.43)
Vitamin D, ng/mL 152 + 4.2 146 (13.7-19.3) 257 £ 25 26.1 (25.6-26.7) 36.8 £ 49 36.9 (32.2-40) 59.8 + 6.9 58.3 (55.9-62.2)
SEP, points 532+ 229 52 (28-76) 755 + 223 76 (76-88) 83.6 + 19 80 (70-102)* 95.5 + 23.2 107 (90.5-112)*

*Significant difference vs. levels of <20 ng/mL (p < 0.05); **Significant difference vs. levels of =20-30 ng/mL (p < 0.05). See Table 5 for specific p-values. Bold text
signifies significant differences. Values are given as means + standard deviation (SD) and as median with interquartile ranges (IQR). BMI = body mass index;
PTH = parathyroid hormone; SEP = sun exposure points (measured over the 2 weeks prior to examination; maximum 112 points).
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Table 5. p-values for comparison of values for each variable from Table 4 with
the different groups, according to the respective 25-OH vitamin D levels.

25-0H vitamin D levels

<20 vs. 220- <20 vs. 230- <20 vs. =50- =20-30 vs. =50-
30 ng/mL 50 ng/mL 75 ng/mL 75 ng/mL

Age 0.152 0.638 0.532 0.585
Height 0.091 0.060 0.005* 0.093
Weight 0310 0.172 0.003* 0.028*

BMI 0.760 0.837 0.058 0.104

PTH 0.984 0.124 0.528 0.455
Calcium 0.51 0.94 0.57 0.18

SEP 0.077 0.003* 0.046* 0.144

*Significant difference (p < 0.05). BMI = body mass index; PTH = parathyroid
hormone; SEP = sun exposure points (measured over the two weeks prior to
examination; maximum 112 points).

even in summer [34]. The Polish study seems to be the most
suitable to compare with our own results as it was conducted in
Poland, which encompasses the same latitude (between 49 and
53° N) as the location of our own examination (50° N). Like our
study and others [40], it raises concerns about indoor athletes
being at higher risk for vitamin D deficiency. Furthermore, the
findings of other researchers [31] that overall solar exposure is
not sufficient to synthesize enough 25-OH vitamin D from 7-
dehydrocholesterol in Germany are supported.

In our investigation, 25-OH vitamin D levels showed signifi-
cant correlations with height, weight, and body mass index.
Thus, like other researchers [41], we found a correlation
between decreased height, increased weight, or increased
body mass index with lower 25-OH vitamin D levels. However,
when we compared the group with insufficient to those with
sufficient 25-OH vitamin D levels, we could not find any sig-
nificant differences in height, weight, body mass index and sun
exposure score. In contrast to other published findings [29], we
did not detect a significant age difference between athletes
with insufficient and sufficient 25-OH vitamin D levels.

Parathyroid hormone levels, however, were significantly
higher in athletes with insufficient 25-OH vitamin D levels than
in those with sufficient levels. This finding is consistent with
persisting bone turnover activity and constitutes a risk for bone
mineralization defects [31]; bone demineralization and osteoma-
lazia could have severe consequences for professional athletes.

Unfortunately, most other studies evaluating vitamin D levels in
elite athletes did not determine parathyroid hormone levels
[28,29,34,36]. In this context, it is important to mention that it is
currently unclear what level of 25-OH vitamin D is necessary to
maintain skeletal health. Currently, most researchers regard 30 ng/
mL as an appropriate level [31]. It has been shown that levels
above 30 ng/mL minimize the risk for bone mineralization defects
[31]. As a consequence, we, like other researchers [28,29], chose to
designate 25-OH vitamin D levels <30 ng/mL as being insufficient
for our elite athletes. Our results support our strategy, since the
players with sufficient levels had significantly lower parathyroid
hormone levels than the players with insufficient levels and para-
thyroid hormone elevation was seen as risk factor for stress bone
fractures in healthy young men [25]. However, more data should
be obtained in the future to establish an accepted threshold of 25-
OH vitamin D levels for professional athletes.

Our study also raises questions about the best strategies to
maintain normal vitamin D levels to ensure skeletal health in
professional handball athletes. Our investigation took place in
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the summer, and the participants had a high sun exposure
level in the weeks before the evaluation of serum 25-OH
vitamin D. We did not detect significant differences in the
sun exposure of athletes with sufficient and insufficient vita-
min D levels in the two weeks prior to the investigation. Yet,
the prevalence of vitamin D insufficiency, defined as described
above, was high. We used a standardized sun exposure ques-
tionnaire to assess sun exposure [39]. Though it was validated
and has shown to predict 25-OH vitamin D levels in summer in
Caucasian hospital workers, several limitations of this method
have to be regarded. First, it reflects only the sun exposure
during the last 2 weeks. Therefore the influence of the sun
exposure prior to this time frame is neglected. Further, the
widespread use of sunscreen is not represented, as well as
other barrier factors (e.g. atmospheric pollution in the area). A
recently published study found a low accuracy of the used sun
exposure score questionnaire to estimate 25-OH vitamin D
levels in young Brazilian men and women [42].

However, low solar exposure in Germany [31], consistent use
of sun lotion [4], and the higher risk for indoor athletes [40]
support the assumption that insufficient 25-OH vitamin D levels
are partly caused by an insufficient exposure to natural sunlight.
The implementation of training camps in southern regions in
winter or the targeted use of sunbeds were suggested as a
solution to increase 25-OH vitamin D levels in athletes [34],
although this would be more complex, expensive and might
cause complications like erythema in case of improper use.

Given the low amounts of vitamin D in the typical western
nutrition, a vitamin D-enriched diet [8], as described before,
seems to be ineffective to prevent vitamin D insufficiency [9].
Supplementation of vitamin D is an effective approach to
maintain or reach sufficient 25-OH vitamin D levels in athletes
[10,11,14,34]. Thus, a vitamin D supplementation only during
winter, which has been proposed by other researchers [40],
would also seem to be ineffective to prevent vitamin D insuf-
ficiency in professional handball athletes in Germany.

Hence, an individual vitamin D supplementation for ath-
letes at risk throughout the year with repetitive assessment of
25-OH vitamin D levels might be a safe and sufficient solution
to maintain skeletal health [31], to reduce musculoskeletal
injuries [11] and to prevent upper respiratory infections [26].
Whether an improved vitamin D status influences physical
performance or injury rates in professional handball players
positively has to be examined in future studies.

Limitations

Several limitations should be considered in interpreting our
results. First, we did not have a control group (recreational
athletes or untrained persons) and assessed the 25-OH vita-
min D levels at a single time point in summer. Hence, long-
itudinal data and information about 25-OH vitamin D levels
in spring, fall and winter are missing. Second, we did not
evaluate normal food behavior of the athletes to assess
nutritional vitamin D uptake. This might have affected our
results. Third, self-reported data via questionnaire to obtain
information about sun exposure might not be the most
accurate method to assess the real impact of natural sunlight
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on the 25-OH vitamin D levels in our athletes. Especially the
lack of evaluating sunscreen use has to be seen as a major
limitation in this setting. Moreover, our study participants
were all Caucasians with white skin, so that the results of
our study cannot be transferred to other professional hand-
ball players in general.

Finally, we did not correlate the evaluated 25-OH vitamin D
levels to physical performance or injury rate. Therefore, no
such conclusion can be drawn from this study.

Conclusion/Summary

To the best of our knowledge, this is the first report on the
high prevalence of vitamin D insufficiency among professional
handball players in Germany. It demonstrates that elite hand-
ball players are at high risk of developing insufficiency and
makes the case for an increased awareness in this athletic
population. Furthermore, it raises concerns about athletes in
other indoor sports who may be at high risk and should
consider prevention strategies. More research efforts in these
professional athlete populations are needed to investigate the
clinical consequences of vitamin D levels. In further trials an
assessment of sun exposure, nutrition supplementation, and
parathyroid levels will be necessary to eliminate potential
confounders shortly before the investigation. Whether low
levels of 25-OH vitamin D contribute to an impaired perfor-
mance in handball athletes or increase the risk of musculoske-
letal injuries or infections should be evaluated in further
prospective interventional studies.
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Abstract

Purpose Low vitamin D levels have been associated with elevated blood pressure in the general population. Prospective stud-
ies, however, have produced conflicting evidence about the blood pressure-lowering effects of vitamin D supplementation.
Cardiorespiratory fitness may modulate the vitamin D-blood pressure association. We therefore examined this association
in professional athletes, whose high training load serves as a biological control for physical fitness.

Methods 50 male professional handball players (age 26 + 5 years) were examined. We assessed the central aortic pressure
parameters using transfer function-based analysis of oscillometrically obtained peripheral arterial waveforms. Serum 25-OH
vitamin D concentrations were determined by chemiluminescent immunoassay. The threshold for insufficiency was set at
values of < 30 ng/mL.

Results Central blood pressure (cBP) was 98 +7/60 + 10 mmHg. The aortic pulse wave velocity (PWV) was 6.3 + 1.0 m/s.
Nine athletes (18%) displayed insufficient 25-OH vitamin D levels and had a significantly (p <0.01) higher cBP compared
with the 41 (82%) athletes with sufficient 25-OH vitamin D levels (106 +5/68 + 8 vs. 97 +7/58 + 9 mmHg). Central sys-
tolic blood pressure (cSBP) in vitamin D-sufficient athletes was significantly lower in comparison to the healthy reference
population (97 mmHg vs. 103 mmHg, p <0.001). This significance of difference was lost in vitamin D-insufficient athletes
(106 mmHg vs. 103 mmHg, p=0.12).

Conclusion Significantly raised central systolic and diastolic blood pressure in vitamin D-insufficient elite athletes implicates
vitamin D as a potential modifier of vascular functional health.

Keywords Vascular function - Elite athletes - Handball - Pulse pressure wave analysis - Vitamin D - Central blood pressure -
Central hemodynamics

Abbreviations cSBP Central systolic blood pressure
Aix Augmentation index CRF Cardiorespiratory fitness
Aix@75  Augmentation index at heart rate of 75 beats CLIA Chemiluminescent immunoassay
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BMI Body mass index K2EDTA Dipotassium ethylene diamine tetra-acetic acid
cBP Central blood pressure min Minute
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Introduction

Many observational studies associated vitamin D defi-
ciency with arterial hypertension (Kunutsor et al. 2013),
increased cardiovascular events, impaired vascular func-
tion (Al Mheid et al. 2011) and mortality (Wang 2016;
Anderson et al. 2010). Vitamin D receptors were found
on smooth muscle cells (Somjen et al. 2005), myocytes
and endothelial cells (Norman 2008). Supplementation
of vitamin D in asymptomatic deficient subjects leads
to an improved endothelial function (Tarcin et al. 2009).
Further, anti-inflammatory effects of vitamin D (Norman
2008) could be shown and a vitamin D-regulated reduction
of the activity of the renin—angiotensin—aldosterone sys-
tem was found (Forman et al. 2010). All of these mecha-
nisms potentially mediate a blood pressure-regulating
effect of vitamin D.

Hence, a causal link between 25-OH vitamin D concen-
trations and cardiovascular function has been hypothesized
(Christakos et al. 2013; Anderson et al. 2010; Arora and
Wang 2017). The sound physiological rationale for this
association finds support in a genetic study (Vimaleswaran
et al. 2014) and in a Mendelian randomization study of the
association between vitamin D deficiency and all-cause
mortality (Aspelund et al. 2019).

However, two meta-analyses have shown that vitamin D
supplementation in deficient adults was ineffective in low-
ering peripheral or central blood pressure (Beveridge et al.
2015; Rodriguez et al. 2016). In contrast, a recently pub-
lished randomized controlled trial revealed that high dose
vitamin D supplementation, given monthly over 1 year,
lowered central blood pressure parameters significantly in
vitamin D-deficient adults (Sluyter et al. 2017).

This lack of corroborating evidence is unsurprising
given that cardiorespiratory fitness (CRF), measured as
maximal oxygen uptake, is a dominant predictor of cardio-
vascular health (Davidson et al. 2018; Lee et al. 2010). In
the general population regular exercise, performed at mod-
erate intensity, is a well-known therapeutic tool to prevent
cardiovascular events and to lower blood pressure (Lau-
rent et al. 2011; Lee et al. 2012; Yoshikawa et al. 2019).
It constitutes a cornerstone of preventive medicine (Lee
et al. 2012). In this context, it is easy to see how failure
to control for 25-OH vitamin D status and for CRF may
yield conflicting results about the benefits of 25-OH vita-
min D supplementation on blood pressure. We therefore
hypothesize that 25-OH vitamin D status acts as an effect
modifier of the CRF-blood pressure association. We sug-
gest to investigate this hypothesis in populations ideally
drawn from the highest CRF strata of a given age bracket.
Recruiting professional elite athletes from within a speci-
fied sports discipline presents such an opportunity. These
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athletes’ maximal training load, designed to elicit maximal
fitness and sports performance, constitutes a strategy of
effectively controlling for CRF. It is therefore conceivable
that studying the correlations between fitness, vitamin D
and cardiovascular function in an elite athletic population
may yield insights that would not be attainable in non-
athletic normal populations whose typically wide range of
physical activity behaviors and fitness levels are potential
confounders to these correlations.

So far, only few studies addressed the association
between 25-OH vitamin D concentration, central hemo-
dynamics and vascular function in professional athletes, a
population repeatedly reported to be vitamin D insufficient
and deficient (Owens et al. 2015; He et al. 2016; Meh-
ran et al. 2016; Maroon et al. 2015). Our group recently
discovered a high prevalence of vitamin D insufficiency
(25-OH vitamin D <30 ng/mL) in professional handball
athletes in Germany (Bauer et al. 2018). We conducted
this study to evaluate the associations between vitamin
D levels and central hemodynamics in elite handball ath-
letes. Handball is a team sport that exposes athletes to a
high hemodynamic stress with its many interval sprints.
It was classified as a sport with a high dynamic compo-
nent (>75% VO,,,,) and a moderate static component
(10-20%) (Levine et al. 2015).

Athletes were studied during summer, when 25-OH
vitamin D levels are expected to have reached their peak
(Morton et al. 2012; Krzywanski et al. 2016). We focused
our investigation on measures of central (aortic) blood pres-
sure (cBP). cBP is more strongly related to vascular disease
and outcome (Roman et al. 2007) than peripheral (brachial)
blood pressure, and therefore has a greater prognostic value
(Cheng et al. 2013; Fan et al. 2016; Herbert et al. 2014;
Roman et al. 2007).

Materials and methods

The following criteria for serum 25-OH vitamin D concen-
trations were chosen according to recently published studies
and recommendations (Holick et al. 2012, 2011; Pludowski
et al. 2013; Priemel et al. 2010).

Values of <30 ng/mL were defined as insufficient and
values > 30 ng/mL were defined as sufficient 25-OH vitamin
D levels.

The study was carried out at the university hospital in
Giessen, Germany, which is located near 50°N latitude. It
was conducted as a prospective study during the routine
pre-season medical monitoring program of the first German
handball division in the second half of July 2016 and July
2017 after a 6-week competition-free interval.
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Study population

The participants were 50 healthy, injury-free professional
handball athletes of varying nationalities playing in the first
German handball division. All athletes were Caucasians
with white skin and none of them was a regular sunbed user.
None took vitamin D supplements or other multivitamin
supplements. All individuals were subjected to a physical
examination, 12-lead electrocardiogram, cardiopulmonary
exercise test, and blood testing. Age, height, weight, body
mass index, serum 25-OH vitamin D, calcium, magnesium
and parathyroid hormone levels (PTH) were evaluated.
Players were then divided into groups according to vitamin
D levels as described above, and statistical analyses were
performed.

Blood samples were drawn from an antecubital vein in
a sitting position. Blood samples for plasma analyses were
collected into two 7.5-mL S-Monovette® tubes (Sarstedt
AG & Co. KG, Germany), one containing lithium hepa-
rin. An additional 2.7 mL sample, with dipotassium ethyl-
ene diamine tetra-acetic acid (K2EDTA) as anticoagulant,
was acquired (Sarstedt AG & Co. KG, Germany). Within
30 min of drawing, automated analysis was performed in
the laboratory of the university hospital Giessen. Serum
25-OH vitamin D concentrations were determined with a
Liaison diagnostic system (DiaSorin, Stillwater, MN, USA)
by chemiluminescent immunoassay (CLIA). The range of
detection is 4-150 ng/mL with a precision of 5.0% CV and
an accuracy SD of 1.2. Parathyroid hormone was analyzed
using an electrochemiluminescent immunoassay [Elecsys
PTH (1-84)®, Roche Diagnostics, Germany], which meas-
ures the circulating active parathyroid hormone. The range
of detection is 5.5-2300 pg/mL with a precision range of
2.5-3.4% CV. Furthermore, calcium levels, a complete blood
cell count and a basic metabolic panel including electrolytes,
were assessed and analyzed by a Modular Analytics E 170
module (Roche Diagnostics, Mannheim, Germany).

All participants received a clear explanation of the study
and provided their written informed consent. The local eth-
ics committee of the University of Giessen approved the
study protocol. The study meets the ethical standards (Har-
riss et al. 2017).

Exercise testing

A progressive maximal cycling ergometer test with con-
current brachial blood pressure measurement and ECG
recording was performed (Schiller AG®, Switzerland). The
exercise test protocol started with a load level of 100 W
after a 2-min warm-up period, which was conducted with
50 W. Loads were increased by 50 W every 2 min until
exhaustion, which was defined as the participants’ ina-
bility to maintain the load for 2 min. Next, the load was

95

decreased to 25 W for 3 min of active recovery, followed
by a cool-down period at rest of 2 min. The test concluded
with a final ECG recording and a brachial blood pressure
measurement. We assessed the maximum power output
(MPO) of the athletes, maximum heart rate, heart rate at
rest and after the exercise test, and systolic and diastolic
brachial blood pressure at rest, during and after exercise.

Noninvasive assessment of peripheral and central
blood pressure and pulse pressure waveforms

We used the noninvasive vascassist2® device (isymed
GmbH, Butzbach, Germany) to acquire pulse pressure
waveforms by means of oscillometry. The device uses a
validated model (Schumacher et al. 2018) of the arterial
tree, representing all central and peripheral arterial sec-
tions. By modulating the circuits’ capacitance, resistance,
inductance, and voltage, the system replicates an individ-
ual’s acquired pulse pressure waves. The system is based
on the premise that the parameters used to replicate the
pulse pressure waves are a quantitative representation of
the functional parameters that gave rise to the pulse pres-
sure wave in the biological original. The vascassist2® sys-
tem uses genetic algorithms to optimize the fidelity of the
pulse pressure wave replication (Schumacher et al. 2018).
Fidelity replications of 99.6% or above were included in
the analysis.

The noninvasive vascular evaluation was performed
before the exercise testing in all athletes. After a 15-min
rest, measurements were performed in a supine position
using four conventional cuffs adapted to the arm and fore-
arm circumference of the athletes. Radial and brachial
pulse pressure waves were acquired on both arms with
step-by-step deflation of the cuffs. The measurements took
place in a room with a comfortable temperature of 22 °C
and a lack of external stress influences. Participants were
advised not to move during the acquisition of pulse pres-
sure waves. Two brachial and three radial measurements
were performed to guarantee stable and valid results. The
total duration of the examination was 15 min. The acquired
pulse pressure waves then were analyzed with a validated
electronic model of the arterial tree to assess vascular
functional parameters. Brachial and radial systolic and
diastolic blood pressure, central systolic and diastolic
blood pressure, pulse wave velocity (PWV), augmentation
index (Aix), augmentation index at a heart rate of 75 bpm
(Aix@75), resistance index, and ejection duration were
calculated. cBP was determined with a transfer function
that was based on the peripheral arterial waveform. Calcu-
lation of Aix@75 was also based on the pulse waveform.
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Comparison with reference population

We compared central blood pressure values with those
published for a reference population of 20- to 29-year-old
healthy adults (Herbert et al. 2014). As the authors reported
the distribution as percentiles, we used the z-scores that
correspond to the 10th and 90th percentiles to extract the
standard deviation of the distribution. As these percentiles
were located symmetrically around the mean the assumption
of normality of the distribution, as a pre-requisite for the
z-score transformation, is justified.

Statistical analysis

Data are presented as mean =+ standard deviation (SD). The
Shapiro—Wilk test was used to determine normal distribu-
tion. In case of skewed distribution of the data, all analy-
ses were performed on normalized data. Between-group
comparisons were performed using independent-samples
t tests. Bivariate relations were analyzed using Pearson’s
product-moment correlation coefficient.

Statistical significance was set at p <0.05 two-tailed for
all measurements. All statistical analyses were performed
using Stata Statistical Software: Release 15. (StataCorp.
2017. College Station, TX: StataCorp LLC) for Macintosh.

Results

A total of 50 professional handball athletes were included
in the study. They were experienced athletes and had par-
ticipated in professional training for 9.8 +4.5 years (median
8.5, IQR 7-13 years) with a current mean training time of
18.6+3.0 h (median 19, IQR 16.7-20 h) per week (Table 1).

41 athletes (82%) displayed sufficient 25-OH vitamin D
levels of > 30 ng/mL and 9 athletes (18%) were found to be
vitamin D insufficient (<30 ng/mL).

There were no significant between-group differences
in age and anthropometrics. As expected, the 25-OH vita-
min D levels between the sufficient and insufficient groups
(41.3+8.7 ng/mL vs 21.1+7.9 ng/mL) were significantly

Table 1 Characteristics of all 50 handball athletes

Mean SD
Age (years) 25.7 5
Height (cm) 191.2 6.4
Weight (kg) 94.8 8.9
Body mass index (kg/m?) 259 1.5
History of training (years) 10.2 4.9
Training per week (h) 18.95 22
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different at #(48)=6.37, p<0.001). Table 2 shows the
between-group comparison for all measured parameters.

Of the hemodynamic parameters, all central and periph-
eral blood pressure values were significantly higher in ath-
letes with insufficient 25-OH vitamin D levels compared to
those with sufficient levels. Amplification of systolic pres-
sure was not significantly different between groups (Table 2).

Athletes with sufficient 25-OH vitamin D levels dis-
played both a significant lower central diastolic (58 +9 vs.
68 + 8 mmHg, p=0.002) and central systolic blood pres-
sure (97+7 vs. 106 +5 mmHg, p <0.001) compared to those
athletes with insufficient levels. Further, the mean central
blood pressure of the group with sufficient 25-OH vitamin
D levels was significantly lower (73 + 8 vs. 83 +6.5 mmHg,
p=0.001) (Fig. 1).

Calcium, magnesium and PTH concentrations were
not significantly different between groups. Lack of power
was the probable reason for the lack of between-group dif-
ferences in PTH. As there exists an inverse relationship
between vitamin D and PTH levels, we used Pearson prod-
uct-moment correlation coefficient to examine the relation-
ships between 25-OH vitamin D and PTH and calcium lev-
els across the entire group. There were moderate negative
correlations between 25-OH vitamin D and PTH levels,
r(48)=— 0.35, p=0.015, and between PTH and Calcium,
r(48)=—0.30, p<0.05.

c¢SBP in our vitamin D-sufficient athletes was sig-
nificantly lower than in the healthy reference population
[97 mmHg vs. 103 mmHg, #(919)=— 4.36, p <0.001]. This
significance of difference was lost in vitamin D-insufficient
athletes with 106 mmHg vs. 103 mmHg [#(886)=1.17,
p=0.12]. Detailed data are given in Table 3.

Systolic pressure amplification was significantly higher
both in vitamin D sufficient and insufficient athletes
compared to the reference population, with 26 mmHg
(£5 mmHg) and 25 mmHg (+3 mmHg) vs. 15 mmHg
(=7 mmHg) at #(919)=9.94, p<0.001 and #(886)=4.04,
p<0.001, respectively.

Also, none of our athletes exceeded the upper norma-
tive limit for maximal systolic blood pressure response of
247 mmHg that has been established for Olympic athletes
during maximal exercise testing (Caselli et al. 2016).

Discussion

To the best of our knowledge, our study is the first to inves-
tigate central blood pressure (cBP) of elite handball players
in Germany and its correlation to 25-OH vitamin D status.
Our main findings are that there exists a strong corre-
lation between vitamin D insufficiency and elevation of
cBP in professional handball athletes with a significantly
lower cBP in athletes with sufficient compared to those with
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Table 2 Comparison of
the different characteristics

25-OH vitamin D levels

according to 25-OH vitamin D 30 ng/mL <30 ng/mL p value
levels
n=41 n=9
Mean SD Mean SD

25-OH vitamin D (ng/mL) 41.3 8.7 21.1 7.9 <0.001

Age (years) 25.7 5 27.5 4.6 0.325

Weight (kg) 93.9 9.9 94.3 11.2 0911

Height (cm) 190.1 5.6 191.9 9.2 0.689

BMI (kg/m?) 25.7 2.13 255 1.3 0.800

Heart rate at rest (bpm) 55.4 9.1 55.7 6.0 0.931

Central systolic blood pressure (mmHg) 97 7.1 105.8 54 <0.001

Central diastolic blood pressure (mmHg) 57.9 8.7 67.8 8.1 0.002

Central mean arterial blood pressure (mmHg) 73.2 7.8 82.9 6.5 0.001

Aortic pulse pressure (mmHg) 39.5 7 38 6.5 0.575

Systolic blood pressure amplification (mmHg) 259 5 24.8 3 0.533

Brachial systolic blood pressure (mmHg) 122.9 8.3 130.6 7.2 0.013

Brachial diastolic blood pressure (mmHg) 58.6 8.6 67.4 8.4 0.008

Mean brachial arterial blood pressure (mmHg) 74.4 8.2 83.7 6.7 0.003

Brachial pulse pressure (mmHg) 64.3 10.9 63.2 8.9 0.776

Pulse pressure amplification (mmHg) 24.9 53 25.2 32 0.863

Aortic pulse wave velocity (m/s) 6.3 1 6.9 0.9 0.105

Augmentation index @75 (%) -0.2 0.1 -0.2 0.1 0.446

Maximum heart rate (bpm) 175.8 9.2 167.4 17.2 0.079

Maximum systolic brachial blood pressure (mmHg) 189 19.5 191 26.9 0.799

Maximum diastolic brachial blood pressure (mmHg) 87.3 8.7 86.7 7.4 0.842

Parathyroid hormone (pg/mL) 322 21 44.9 13 0.107

Calcium (mmol/L) 2.37 0.09 2.36 0.24 0.824

Magnesium (mmol/L) 0.83 0.05 0.79 0.07 0.090

Bold text signifies significant differences. Values are given as means + standard deviation (SD)
Central Blood Pressure compared with age-matched non-athletic healthy persons, as
Vitamin D Sufficient vs. Insufficient Athletes reported in literature (Herbert et al. 2014). Further, we found
1207 * that this hemodynamic advantage was lost in the vitamin
i D-insufficient athletes.

1007 . These findings strongly support the acknowledged
o : association between vitamin D insufficiency and markers
£ 80 of impaired vascular function, such as arterial stiffening,

endothelial dysfunction (Norman 2008; Tarcin et al. 2009)
60 and up-regulation of the renin—angiotensin—aldosterone sys-
tem (RAAS) (Forman et al. 2010).
401 Our focus on cBP rather than peripheral BP has been

cSBP cDBP MAP
25-OH vitamin D = 30 ng/ml

cSBP cDBP MAP
25-OH vitamin D < 30ng/ml
*p<0.01

Fig. 1 Central blood pressure according to 25-OH vitamin D levels

insufficient 25-OH vitamin D levels. In addition, athletes
with sufficient 25-OH vitamin D concentrations displayed
a significantly lower central systolic blood pressure (cSBP)

97

guided by three considerations. First, as described by
Poiseuille’s law, pressure is the product of flow and sys-
temic resistance. Second, systemic resistance and vascular
compliance are the main regulators of pressure and flow,
thereby reflecting the functional integrity of the vascular
system. Third, cBP is determined by the complex interaction
between aortic compliance and elasticity and the resistance
arteries’ ability to channel blood flow in accordance with
tissue needs (Stephen Hedley and Phelan 2017). Hence,

@ Springer



2270

European Journal of Applied Physiology (2019) 119:2265-2274

Table 3 Systolic central blood
pressure and amplification of

Athletes according to 25-OH vitamin D levels

systolic blood pressure of the Reference group >30 ng/ml <30 ng/mL
athletes according to 25-OH
vitamin D levels in comparison Mean SD Mean SD Mean SD
with the published data of the Central systolic blood 103 8.6 97 71 105.8 5.4
age-matched healthy reference H
group (Herbert et al. 2014) pressure (mmkHe)

Systolic blood pressure 15 7 259 5 24.8 3

amplification (mmHg)

Bold text signifies significant differences compared to values of the reference group. Values are given as

means =+ standard deviation (SD)

central blood pressure is superior to brachial blood pres-
sure in identifying changes of vascular functional parameters
(Hodson et al. 2016) and cardiovascular risk (CVD) (Wil-
liams et al. 2006; Roman et al. 2007; Cheng et al. 2013; Fan
et al. 2016; Herbert et al. 2014). A loss of distensibility in
the central elastic arteries compromises their ability to buffer
the ejected blood volume from the left ventricle, leading
to an increase in cBP and to compromised coronary flow
(Roman et al. 2007; Thijssen et al. 2016). Elevated periph-
eral resistance resulting from increases in vessel constriction
and/or blood viscosity may amplify cBP elevations (Ashor
et al. 2014). The impact of aortic stiffness on the devel-
opment of cardiovascular disease has been documented in
several studies (Mitchell 2009; Roman et al. 2007). An early
return of the reflected pressure wave contributes to increases
in cBP and arterial wall stress (Kaess et al. 2012; Green and
Smith 2018), which constitutes an increased risk for car-
diovascular and cerebrovascular events (Roman et al. 2007;
Fan et al. 2016).

Our observation of significantly raised central systolic
and diastolic pressure in vitamin D-insufficient athletes
implicates vitamin D as a potential modifier of vascular
functional health. As diastolic pressure is largely determined
by peripheral resistance, one may speculate that vitamin D
possibly affects the vascular tone of resistance vessels. Par-
ticularly in young men, cDBP, but not peripheral systolic
pressure, is a predictor of cardiovascular risk (Wilkinson
et al. 2001). This observation explains why brachial systolic
pressure in adults younger than 50 years may be an unsuit-
able marker for examining the hypothesized association
between vitamin D and cardiovascular risk.

Only few studies have been performed about the correla-
tion between central hemodynamic parameters and training
status in an athletic population, and none, to the best of our
knowledge, has been controlled for vitamin-D status.

One study that has recently been published (Denham
et al. 2016) presented evidence about significantly reduced
augmentation index (Aix) in endurance-trained athletes vs.
healthy untrained controls. In this mixed-gender population,
the difference in cSBP between athletes and controls was not
significant (106 +9 mmHg vs. 110 +9 mmHg, p=0.07). The
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presented cSBP in the athletic population was comparable to
our findings in the group of athletes with insufficient 25-OH
vitamin D levels, though in our study male athletes with
sufficient 25-OH vitamin D levels displayed a lower cSBP.
This is consistent with the data of Denham et al. (2016),
acknowledging the fact that their cohort was older than
our study population. Unfortunately, lack of assessment of
25-OH vitamin D precludes controlling for vitamin-D status
and limits the comparison to our results.

In a study investigating arterial stiffness in young
professional rowers (mean age 24 years), a cSBP of
107 + 11 mmHg was reported (Franzen et al. 2016) which
is even higher than in our handball athletes with insuffi-
cient 25-OH vitamin D levels. This study included female
athletes; cBP of healthy women should be lower than those
of men (Herbert et al. 2014). Unfortunately, the results are
not presented by gender. Therefore, the reported values
are assumable lower than those, if only the results of the
male athletes would have been presented. Interestingly, the
reported PWV in this study cohort was comparable to our
own results (6.6 + 1.2 vs. 6.3+ 1 m/s) (Franzen et al. 2016).
Thus, again, vitamin D status of the professional rowers was
not evaluated, which constitutes a major limitation in the
comparison of the results, too.

Sotiriou et al. (2019) recently published data inves-
tigating arterial adaptations in different sports. They
examined male athletes and found a lower cDBP (73 + 12
vs. 77+10.4 mmHg) and lower cSBP (99 +12 vs.
104 + 14 mmHg) in high- level static sports athletes com-
pared to high-level dynamic sports athletes (Sotiriou et al.
2019). The presented data of highly trained male athletes,
performing a dynamic sport, are the most suitable for com-
parison with our own results. Despite the fact that their
cohort was older than ours and vitamin D status was not
obtained; cBP was comparable to those of our group with
insufficient vitamin D levels.

Another study investigated central hemodynamics in
ultra-endurance triathlon athletes (mean age 34) (Knez
et al. 2008). The reported cDBP und ¢cSBP are compara-
ble with our results of the 25-OH vitamin-insufficient
group (106 +8/72+7 mmHg vs. 106 +5/68 + 8 mmHg),



European Journal of Applied Physiology (2019) 119:2265-2274

2271

but higher than the results of our 25-OH vitamin-sufficient
group (97 +7/58 £ 9 mmHg). Again, data about vitamin D
status are missing and mixed-gender data are presented. As
reported in this study, the influence of physical exercise on
cBP was higher than on brachial blood pressure (Knez et al.
2008).

All results of cBP presented in these studies did not
exceed the age-matched reference values for the healthy
general population (Herbert et al. 2014). Hence, our find-
ings of significantly lower cBP in a homogenous population
of healthy, vitamin D-sufficient and well-trained athletes,
highlights the potential blood-pressure-modifying influence
of vitamin D. In general, a major limitation in comparing our
results to those of the mentioned other studies is their lack
of control for 25-OH vitamin D status.

Conversely, studies investigating the effects of vitamin
D supplementation on central hemodynamics typically
lack controlling for training and fitness status, though the
blood pressure-lowering effects of exercise are well known,
and regular exercise, performed at moderate intensity, is a
recommended therapeutic tool in the treatment of arterial
hypertension (Laurent et al. 2011; Lee et al. 2012; Yoshi-
kawa et al. 2019). In this context, our study represents the
first attempt at disentangling the interaction between central
hemodynamics and 25-OH vitamin D status while effec-
tively controlling for training status using elite athletes.

The fact that our athletes with sufficient 25-OH vitamin
D levels displayed a significantly lower cBP compared to
an age-matched healthy cohort motivates us to hypothesize
that even the extreme exercise loads that characterize profes-
sional handball training correlate with increased cardiovas-
cular function compared to healthy age-matched reference
populations.

While exercise training typically improves markers of
arterial function in a dose-response relationship (Green
and Smith 2018; Rodriguez et al. 2016; Sluyter et al. 2017,
Scragg et al. 2017), one study has found significant eleva-
tions of cBP and PWV in endurance-trained marathon run-
ners (Vlachopoulos et al. 2010). Others have reported an
unexpectedly high incidence of atherosclerosis in these
endurance athletes (Merghani et al. 2017). These findings
have stimulated the discussion of sports-related cardiovascu-
lar damage in professional athletes, resulting in the “extreme
exercise hypothesis”, which suggests an upper threshold for
exercise. Exceeding this threshold may promote cardiac
injury and atherosclerosis (La Gerche and Heidbuchel 2014;
La Gerche et al. 2012; Eijsvogels et al. 2018). Our cohort of
elite handball athletes had a training amount of nearly 19 h
per week, though cBP and PWYV in the vitamin D-sufficient
athletes were lower than those of age-matched controls, sug-
gesting a better cardiovascular function compared to them.
Yet, this advantage was lost in the group with insufficient
25-OH vitamin D levels, as they displayed similar and not

99

statistically different cBP compared to the age-matched
reference group. This finding raises the question whether
vitamin D may act as a modifier of the association between
physical activity and its subsequent cardiovascular benefits.

Contrary to central and peripheral blood pressure, we
observed no between-group difference in pulse pressure
amplification. There exists a strong inverse linear relation-
ship between pulse pressure amplification and age (Wilkin-
son et al. 2001). Decreasing pulse pressure amplification
therefore is a strong correlate of the age-dependent decline
in vascular function, specifically impaired vessel compliance
(inverse of vessel stiffness) and increased systemic resist-
ance. Our athletes showed a mean pulse pressure amplifi-
cation ratio of 1.64 +0.1, which corresponds to 64% pulse
pressure amplification from central to brachial. This can be
considered normal compared to age-matched healthy per-
sons (Wilkinson et al. 2001) and similar results were found
in ultra-endurance triathlon athletes with 1.5+0.2 (Knez
et al. 2008). We found no significant differences in pulse
pressure amplification between vitamin D sufficient and
insufficient athletes, despite the fact of significantly differ-
ent brachial and cBP.

These findings of higher brachial and cBP in vitamin
D-insufficient athletes without a difference in pulse pres-
sure amplification might be explainable with vitamin D
insufficiency creating a functional environment that neces-
sitates a higher pressure (at rest) for optimal blood supply,
without impairment of the vasculature’s age-adequate func-
tional abilities. For example, an increase of vascular tone in
resistance vessels at rest may be offset by maintained vessel
compliance, ensuring the ability of maximal exercise capac-
ity when needed. This would explain why vitamin D sup-
plementation has largely failed as an ergogenic aid. Despite
increasing research efforts regarding the effects of vitamin D
on vascular cell function, cardiomyocytes and arterial func-
tion in different regions of the human vasculature, the exact
physiological impact of vitamin D is still unclear (Wang
2016; Tarcin et al. 2009; Somjen et al. 2005; Forman et al.
2010).

Hence, it might be possible that vitamin D and physi-
cal activity differentially affect cardiovascular functional
health. The exercise load to which our athletes have been
routinely exposed may compensate for the deleterious effects
of vitamin D insufficiency on the specific markers of vas-
cular function that determine pulse pressure amplification,
arterial stiffness and cBP. This potential compensatory effect
of exercise highlights its modifying role in the association of
vitamin D with cardiovascular risk in the general population.
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Limitations

Our study has noteworthy limitations. The number of par-
ticipants limited its power to uncover potential correlations
between 25-OH vitamin D status and markers of cardiac
and vascular function other than blood pressure. The focus
on elite handball players may limit the results’ extrapola-
tion to other sport disciplines. However, as a team sport that
exposes athletes to hemodynamic stresses of frequent inter-
val sprints, it represents similar sports with a high dynamic
component (>75% VO,,,,,) and a moderate static compo-
nent (10-20%) (Levine et al. 2015).

A further limitation is our exclusive focus on male ath-
letes, which precludes the extrapolation of our results to
female athletes. We are currently addressing all three issues
through extension of our research to include larger numbers
of professional male and female athletes from various sports
disciplines.

Conclusion

In conclusion, we have shown for the first time that elite
handball athletes with insufficient 25-OH vitamin D levels
display a significantly higher cBP compared to those with
sufficient 25-OH vitamin D levels, implicating vitamin D
as a potential modifier of cBP. Further, we demonstrated
that cBP was significantly lower in elite athletes with
sufficient 25-OH vitamin D levels compared to the age-
matched reference group, whereas this advantage was lost
in athletes with insufficient 25-OH vitamin D levels.

We suggest that highly trained athletic populations pre-
sent a unique opportunity to address the modifying effect
of CRF on the association of 25-OH vitamin D with cBP
and cardiovascular risk markers. Such investigations may
offer an effective means to generate hypotheses in a cost-
and time-efficient way that may subsequently be tested for
their applicability in preventing and treating cardiovascu-
lar risk in the general population.

While our group of elite athletes was too small to gen-
erate authoritative insights into the complex relationship
between fitness, exercise, vitamin D and cardiovascular
functions, our results serve to stimulate future investiga-
tions into the correlation of vitamin D with parameters of
vascular function and their response to vitamin D supple-
mentation in vitamin D insufficient athletes.

Acknowledgements The authors thank Elizabeth Martinson, PhD, for
editorial assistance.

Author contributions PB, AM, CH, OD, HN contributed to the con-
ception and design of the study. PB, AM, LK, SH, ST contributed to
the acquisition, analysis, or interpretation of data for the work. PB and
AM drafted the manuscript. PB, AM, LK, SH, ST, OD, HN critically

@ Springer

revised the manuscript. All gave final approval and agree to be account-
able for all aspects of work ensuring integrity and accuracy.

Compliance with ethical standards

Conflict of interest The authors declare no potential conflicts of inter-
est.

References

Al Mheid I, Patel R, Murrow J, Morris A, Rahman A, Fike L, Kavta-
radze N, Uphoff I, Hooper C, Tangpricha V, Alexander RW,
Brigham K, Quyyumi AA (2011) Vitamin D status is associated
with arterial stiffness and vascular dysfunction in healthy humans.
J Am Coll Cardiol 58(2):186-192. https://doi.org/10.1016/j.
jacc.2011.02.051

Anderson JL, May HT, Horne BD, Bair TL, Hall NL, Carlquist JF,
Lappe DL, Muhlestein JB, Intermountain Heart Collaborative
Study G (2010) Relation of vitamin D deficiency to cardiovas-
cular risk factors, disease status, and incident events in a general
healthcare population. Am J Cardiol 106(7):963-968. https://doi.
org/10.1016/j.amjcard.2010.05.027

Arora P, Wang TJ (2017) Effect of vitamin D supplementation on arte-
rial stiffness and central blood pressure indexes: demystifying
the evidence. J] Am Heart Assoc 6:10. https://doi.org/10.1161/
JAHA.117.007466

Ashor AW, Lara J, Siervo M, Celis-Morales C, Mathers JC (2014)
Effects of exercise modalities on arterial stiffness and wave reflec-
tion: a systematic review and meta-analysis of randomized con-
trolled trials. PLoS One 9(10):e110034. https://doi.org/10.1371/
journal.pone.0110034

Aspelund T, Grubler MR, Smith AV, Gudmundsson EF, Keppel
M, Cotch MF, Harris TB, Jorde R, Grimnes G, Joakimsen R,
Schirmer H, Wilsgaard T, Mathiesen EB, Njolstad I, Lochen ML,
Marz W, Kleber ME, Tomaschitz A, Grove-Laugesen D, Rejn-
mark L, Swart KMA, Brouwer IA, Lips P, van Schoor NM, Sem-
pos CT, Durazo-Arvizu RA, Skrabakova Z, Dowling KG, Cash-
man KD, Kiely M, Pilz S, Gudnason V, Eiriksdottir G (2019)
Effect of genetically low 25-hydroxyvitamin D on mortality risk:
Mendelian randomization analysis in 3 large European cohorts.
Nutrients 11:1. https://doi.org/10.3390/nul11010074

Bauer P, Henni S, Dorr O, Bauer T, Hamm CW, Most A (2018) High
prevalence of vitamin D insufficiency in professional handball
athletes. Phys Sportsmed 2018:1-7. https://doi.org/10.1080/00913
847.2018.1520055

Beveridge LA, Struthers AD, Khan F, Jorde R, Scragg R, Macdon-
ald HM, Alvarez JA, Boxer RS, Dalbeni A, Gepner AD, Isbel
NM, Larsen T, Nagpal J, Petchey WG, Stricker H, Strobel F,
Tangpricha V, Toxqui L, Vaquero MP, Wamberg L, Zittermann
A, Witham MD, Collaboration DP (2015) Effect of vitamin D
supplementation on blood pressure: a systematic review and
meta-analysis incorporating individual patient data. JAMA
Intern Med 175(5):745-754. https://doi.org/10.1001/jamaintern
med.2015.0237

Caselli S, Vaquer Segui A, Quattrini F, Di Gacinto B, Milan A, Assorgi
R, Verdile L, Spataro A, Pelliccia A (2016) Upper normal values
of blood pressure response to exercise in Olympic athletes. Am
Heart J 177:120-128. https://doi.org/10.1016/j.ahj.2016.04.020

Cheng HM, Chuang SY, Sung SH, Yu WC, Pearson A, Lakatta EG,
Pan WH, Chen CH (2013) Derivation and validation of diagnos-
tic thresholds for central blood pressure measurements based on
long-term cardiovascular risks. J Am Coll Cardiol 62(19):1780-
1787. https://doi.org/10.1016/j.jacc.2013.06.029

100


https://doi.org/10.1016/j.jacc.2011.02.051
https://doi.org/10.1016/j.jacc.2011.02.051
https://doi.org/10.1016/j.amjcard.2010.05.027
https://doi.org/10.1016/j.amjcard.2010.05.027
https://doi.org/10.1161/JAHA.117.007466
https://doi.org/10.1161/JAHA.117.007466
https://doi.org/10.1371/journal.pone.0110034
https://doi.org/10.1371/journal.pone.0110034
https://doi.org/10.3390/nu11010074
https://doi.org/10.1080/00913847.2018.1520055
https://doi.org/10.1080/00913847.2018.1520055
https://doi.org/10.1001/jamainternmed.2015.0237
https://doi.org/10.1001/jamainternmed.2015.0237
https://doi.org/10.1016/j.ahj.2016.04.020
https://doi.org/10.1016/j.jacc.2013.06.029

European Journal of Applied Physiology (2019) 119:2265-2274

2273

Christakos S, Hewison M, Gardner DG, Wagner CL, Sergeev IN, Rut-
ten E, Pittas AG, Boland R, Ferrucci L, Bikle DD (2013) Vita-
min D: beyond bone. Ann N 'Y Acad Sci 1287:45-58. https://doi.
org/10.1111/nyas.12129

Davidson T, Vainshelboim B, Kokkinos P, Myers J, Ross R (2018)
Cardiorespiratory fitness versus physical activity as predictors of
all-cause mortality in men. Am Heart J 196:156-162. https://doi.
org/10.1016/j.ahj.2017.08.022

Denham J, Brown NJ, Tomaszewski M, Williams B, O’Brien BJ, Char-
char FJ (2016) Aortic augmentation index in endurance athletes: a
role for cardiorespiratory fitness. Eur J Appl Physiol 116(8):1537-
1544. https://doi.org/10.1007/s00421-016-3407-x

Eijsvogels TMH, Thompson PD, Franklin BA (2018) The "Extreme
Exercise Hypothesis": recent findings and cardiovascular health
implications. Curr Treat Options Cardiovasc Med 20(10):84. https
://doi.org/10.1007/s11936-018-0674-3

Fan F, Qi L, JiaJ, Xu X, Liu Y, Yang Y, Qin X, Li J, Li H, Zhang
Y, Huo Y (2016) Noninvasive central systolic blood pressure is
more strongly related to kidney function decline than peripheral
systolic blood pressure in a Chinese community-based population.
Hypertension 67(6):1166—1172. https://doi.org/10.1161/HYPER
TENSIONAHA.115.07019

Forman JP, Williams JS, Fisher ND (2010) Plasma 25-hydroxyvita-
min D and regulation of the renin—angiotensin system in humans.
Hypertension 55(5):1283-1288. https://doi.org/10.1161/HYPER
TENSIONAHA.109.148619

Franzen K, Reppel M, Koster J, Mortensen K (2016) Acute and
chronic effects on central hemodynamics and arterial stiffness
in professional rowers. Physiol Meas 37(4):544-553. https://doi.
org/10.1088/0967-3334/37/4/544

Green DJ, Smith KJ (2018) Effects of exercise on vascular function,
structure, and health in humans. Cold Spring Harb Perspect Med
8:4. https://doi.org/10.1101/cshperspect.a029819

Harriss DJ, Macsween A, Atkinson G (2017) Standards for ethics in
sport and exercise science research: 2018 update. Int J Sports
Med 38(14):1126-1131. https://doi.org/10.1055/5-0043-124001

He CS, Aw Yong XH, Walsh NP, Gleeson M (2016) Is there an optimal
vitamin D status for immunity in athletes and military personnel?
Exerc Immunol Rev 22:42-64

Herbert A, Cruickshank JK, Laurent S, Boutouyrie P, Values Refer-
ence, for Arterial Measurements C, (2014) Establishing reference
values for central blood pressure and its amplification in a general
healthy population and according to cardiovascular risk factors.
Eur Heart J 35(44):3122-3133. https://doi.org/10.1093/eurheartj/
ehu293

Hodson B, Norton GR, Booysen HL, Sibiya MJ, Raymond A, Maseko
MJ, Majane OH, Libhaber E, Sareli P, Woodiwiss AJ (2016)
Brachial pressure control fails to account for most distending
pressure-independent, age-related aortic hemodynamic changes
in adults. Am J Hypertens 29(5):605-613. https://doi.org/10.1093/
ajh/hpv140

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley
DA, Heaney RP, Murad MH, Weaver CM, Endocrine S (2011)
Evaluation, treatment, and prevention of vitamin D deficiency: an
Endocrine Society clinical practice guideline. J Clin Endocrinol
Metab 96(7):1911-1930. https://doi.org/10.1210/jc.2011-0385

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley
DA, Heaney RP, Murad MH, Weaver CM (2012) Guidelines for
preventing and treating vitamin D deficiency and insufficiency
revisited. J Clin Endocrinol Metab 97(4):1153-1158. https://doi.
org/10.1210/jc.2011-2601

Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D,
Benjamin EJ, Vasan RS, Mitchell GF (2012) Aortic stiffness,
blood pressure progression, and incident hypertension. JAMA
308(9):875-881. https://doi.org/10.1001/2012.jama.10503

101

Knez WL, Sharman JE, Jenkins DG, Coombes JS (2008) Central hemo-
dynamics in ultra-endurance athletes. J Sci Med Sport 11(4):390-
395. https://doi.org/10.1016/j.jsams.2006.11.005

Krzywanski J, Mikulski T, Krysztofiak H, Mlynczak M, Gaczynska E,
Ziemba A (2016) Seasonal vitamin D status in Polish Elite ath-
letes in relation to sun exposure and oral supplementation. PLoS
One 11(10):e0164395. https://doi.org/10.1371/journal.pone.01643
95

Kunutsor SK, Apekey TA, Steur M (2013) Vitamin D and risk of future
hypertension: meta-analysis of 283,537 participants. Eur J Epide-
miol 28(3):205-221. https://doi.org/10.1007/s10654-013-9790-2

La Gerche A, Heidbuchel H (2014) Can intensive exercise harm
the heart? You can get too much of a good thing. Circulation
130(12):992-1002. https://doi.org/10.1161/CIRCULATIO
NAHA.114.008141

La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bogaert
J, Macisaac Al, Heidbuchel H, Prior DL (2012) Exercise-
induced right ventricular dysfunction and structural remodelling
in endurance athletes. Eur Heart J 33(8):998-1006. https://doi.
org/10.1093/eurheartj/ehr397

Laurent P, Marenco P, Castagna O, Smulyan H, Blacher J, Safar ME
(2011) Differences in central systolic blood pressure and aortic
stiffness between aerobically trained and sedentary individu-
als. ] Am Soc Hypertens 5(2):85-93. https://doi.org/10.1016/j.
jash.2011.01.003

Lee DC, Artero EG, Sui X, Blair SN (2010) Mortality trends in the gen-
eral population: the importance of cardiorespiratory fitness. J Psy-
chopharmacol 24(4 Suppl):27-35. https://doi.org/10.1177/13597
86810382057

Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT,
Lancet Physical Activity Series Working G (2012) Effect of
physical inactivity on major non-communicable diseases world-
wide: an analysis of burden of disease and life expectancy.
Lancet 380(9838):219-229. https://doi.org/10.1016/S0140
-6736(12)61031-9

Levine BD, Baggish AL, Kovacs RJ, Link MS, Maron MS, Mitchell
JH, American Heart Association E, Arrhythmias Committee of
Council on Clinical Cardiology CoCDiYCoC, Stroke Nursing
CoFG, Translational B, American College of C (2015) Eligibil-
ity and disqualification recommendations for competitive athletes
with cardiovascular abnormalities: task force 1: classification of
sports: dynamic, static, and impact: a scientific statement from
the American Heart Association and American College of Car-
diology. Circulation 132(22):e262-266. https://doi.org/10.1161/
CIR.0000000000000237

Maroon JC, Mathyssek CM, Bost JW, Amos A, Winkelman R, Yates
AP, Duca MA, Norwig JA (2015) Vitamin D profile in National
Football League players. Am J Sports Med 43(5):1241-1245.
https://doi.org/10.1177/0363546514567297

Mehran N, Schulz BM, Neri BR, Robertson WJ, Limpisvasti O (2016)
Prevalence of vitamin D insufficiency in professional hockey play-
ers. Orthop J Sports Med 4(12):2325967116677512. https://doi.
org/10.1177/2325967116677512

Merghani A, Maestrini V, Rosmini S, Cox AT, Dhutia H, Bastiae-
nan R, David S, Yeo TJ, Narain R, Malhotra A, Papadakis M,
Wilson MG, Tome M, AlFakih K, Moon JC, Sharma S (2017)
Prevalence of subclinical coronary artery disease in masters
endurance athletes with a low atherosclerotic risk profile. Cir-
culation 136(2):126-137. https://doi.org/10.1161/CIRCULATIO
NAHA.116.026964

Mitchell GF (2009) Arterial stiffness and wave reflection: biomark-
ers of cardiovascular risk. Artery Res 3(2):56-64. https://doi.
org/10.1016/j.artres.2009.02.002

Morton JP, Igbal Z, Drust B, Burgess D, Close GL, Brukner PD (2012)
Seasonal variation in vitamin D status in professional soccer

@ Springer


https://doi.org/10.1111/nyas.12129
https://doi.org/10.1111/nyas.12129
https://doi.org/10.1016/j.ahj.2017.08.022
https://doi.org/10.1016/j.ahj.2017.08.022
https://doi.org/10.1007/s00421-016-3407-x
https://doi.org/10.1007/s11936-018-0674-3
https://doi.org/10.1007/s11936-018-0674-3
https://doi.org/10.1161/HYPERTENSIONAHA.115.07019
https://doi.org/10.1161/HYPERTENSIONAHA.115.07019
https://doi.org/10.1161/HYPERTENSIONAHA.109.148619
https://doi.org/10.1161/HYPERTENSIONAHA.109.148619
https://doi.org/10.1088/0967-3334/37/4/544
https://doi.org/10.1088/0967-3334/37/4/544
https://doi.org/10.1101/cshperspect.a029819
https://doi.org/10.1055/s-0043-124001
https://doi.org/10.1093/eurheartj/ehu293
https://doi.org/10.1093/eurheartj/ehu293
https://doi.org/10.1093/ajh/hpv140
https://doi.org/10.1093/ajh/hpv140
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1210/jc.2011-2601
https://doi.org/10.1210/jc.2011-2601
https://doi.org/10.1001/2012.jama.10503
https://doi.org/10.1016/j.jsams.2006.11.005
https://doi.org/10.1371/journal.pone.0164395
https://doi.org/10.1371/journal.pone.0164395
https://doi.org/10.1007/s10654-013-9790-2
https://doi.org/10.1161/CIRCULATIONAHA.114.008141
https://doi.org/10.1161/CIRCULATIONAHA.114.008141
https://doi.org/10.1093/eurheartj/ehr397
https://doi.org/10.1093/eurheartj/ehr397
https://doi.org/10.1016/j.jash.2011.01.003
https://doi.org/10.1016/j.jash.2011.01.003
https://doi.org/10.1177/1359786810382057
https://doi.org/10.1177/1359786810382057
https://doi.org/10.1016/S0140-6736(12)61031-9
https://doi.org/10.1016/S0140-6736(12)61031-9
https://doi.org/10.1161/CIR.0000000000000237
https://doi.org/10.1161/CIR.0000000000000237
https://doi.org/10.1177/0363546514567297
https://doi.org/10.1177/2325967116677512
https://doi.org/10.1177/2325967116677512
https://doi.org/10.1161/CIRCULATIONAHA.116.026964
https://doi.org/10.1161/CIRCULATIONAHA.116.026964
https://doi.org/10.1016/j.artres.2009.02.002
https://doi.org/10.1016/j.artres.2009.02.002

2274

European Journal of Applied Physiology (2019) 119:2265-2274

players of the English Premier League. Appl Physiol Nutr Metab
37(4):798-802. https://doi.org/10.1139/h2012-037

Norman AW (2008) From vitamin D to hormone D: fundamentals
of the vitamin D endocrine system essential for good health.
Am J Clin Nutr 88(2):4915-499S. https://doi.org/10.1093/
ajcn/88.2.491S

Owens DJ, Fraser WD, Close GL (2015) Vitamin D and the athlete:
emerging insights. Eur J Sport Sci 15(1):73-84. https://doi.
org/10.1080/17461391.2014.944223

Pludowski P, Karczmarewicz E, Bayer M, Carter G, Chlebna-Sokol
D, Czech-Kowalska J, Debski R, Decsi T, Dobrzanska A, Franek
E, Gluszko P, Grant WB, Holick MF, Yankovskaya L, Konstan-
tynowicz J, Ksiazyk JB, Ksiezopolska-Orlowska K, Lewinski A,
Litwin M, Lohner S, Lorenc RS, Lukaszkiewicz J, Marcinowska-
Suchowierska E, Milewicz A, Misiorowski W, Nowicki M, Povo-
roznyuk V, Rozentryt P, Rudenka E, Shoenfeld Y, Socha P, Sol-
nica B, Szalecki M, Talalaj M, Varbiro S, Zmijewski MA (2013)
Practical guidelines for the supplementation of vitamin D and the
treatment of deficits in Central Europe—recommended vitamin
D intakes in the general population and groups at risk of vitamin
D deficiency. Endokrynol Pol 64(4):319-327

Priemel M, von Domarus C, Klatte TO, Kessler S, Schlie J, Meier S,
Proksch N, Pastor F, Netter C, Streichert T, Puschel K, Amling
M (2010) Bone mineralization defects and vitamin D deficiency:
histomorphometric analysis of iliac crest bone biopsies and cir-
culating 25-hydroxyvitamin D in 675 patients. J] Bone Miner Res
25(2):305-312. https://doi.org/10.1359/jbmr.090728

Rodriguez AJ, Scott D, Srikanth V, Ebeling P (2016) Effect of vitamin
D supplementation on measures of arterial stiffness: a system-
atic review and meta-analysis of randomized controlled trials.
Clin Endocrinol (Oxf) 84(5):645-657. https://doi.org/10.1111/
cen.13031

Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T,
Umans JG, Howard BV (2007) Central pressure more strongly
relates to vascular disease and outcome than does brachial pres-
sure: the Strong Heart Study. Hypertension 50(1):197-203. https
://doi.org/10.1161/HYPERTENSIONAHA.107.089078

Schumacher G, Kaden JJ, Trinkmann F (2018) Multiple coupled reso-
nances in the human vascular tree: refining the Westerhof model
of the arterial system. J Appl Physiol 1985 124(1):131-139. https
://doi.org/10.1152/japplphysiol.00405.2017

Scragg R, Stewart AW, Waayer D, Lawes CMM, Toop L, Sluyter J,
Murphy J, Khaw KT, Camargo CA Jr (2017) Effect of monthly
high-dose vitamin D supplementation on cardiovascular disease
in the vitamin D assessment study : a randomized clinical trial.
JAMA Cardiol 2(6):608-616. https://doi.org/10.1001/jamacardio
.2017.0175

Sluyter JD, Camargo CA Jr, Stewart AW, Waayer D, Lawes CMM,
Toop L, Khaw KT, Thom SAM, Hametner B, Wassertheurer S,
Parker KH, Hughes AD, Scragg R (2017) Effect of monthly, high-
dose, long-term vitamin D supplementation on central blood pres-
sure parameters: a randomized controlled trial substudy. J Am
Heart Assoc 6:10. https://doi.org/10.1161/JAHA.117.006802

Somjen D, Weisman Y, Kohen F, Gayer B, Limor R, Sharon O, Jac-
card N, Knoll E, Stern N (2005) 25-Hydroxyvitamin D3-1alpha-
hydroxylase is expressed in human vascular smooth muscle
cells and is upregulated by parathyroid hormone and estrogenic
compounds. Circulation 111(13):1666-1671. https://doi.
org/10.1161/01.CIR.0000160353.27927.70

Sotiriou P, Kouidi E, Karagiannis A, Koutlianos N, Geleris P, Vassi-
likos V, Deligiannis A (2019) Arterial adaptations in athletes of
dynamic and static sports disciplines—a pilot study. Clin Physiol
Funct Imaging 39(3):183-191. https://doi.org/10.1111/cpf.12554

Stephen Hedley J, Phelan D (2017) Athletes and the aorta: normal
adaptations and the diagnosis and management of pathology. Curr

@ Springer

Treat Options Cardiovasc Med 19(11):88. https://doi.org/10.1007/
$11936-017-0586-7

Tarcin O, Yavuz DG, Ozben B, Telli A, Ogunc AV, Yuksel M, Toprak
A, Yazici D, Sancak S, Deyneli O, Akalin S (2009) Effect of
vitamin D deficiency and replacement on endothelial function in
asymptomatic subjects. J Clin Endocrinol Metab 94(10):4023—
4030. https://doi.org/10.1210/jc.2008-1212

Thijssen DH, Carter SE, Green DJ (2016) Arterial structure and func-
tion in vascular ageing: are you as old as your arteries? J Physiol
594(8):2275-2284. https://doi.org/10.1113/JP270597

Vimaleswaran KS, Cavadino A, Berry DJ, R, Jorde, Dieffenbach AK,
Lu C, Alves AC, Heerspink HJ, Tikkanen E, Eriksson J, Wong A,
Mangino M, Jablonski KA, Nolte IM, Houston DK, Ahluwalia
TS, van der Most PJ, Pasko D, Zgaga L, Thiering E, Vitart V,
Fraser RM, Huffman JE, de Boer RA, Schottker B, Saum KU,
McCarthy MI, Dupuis J, Herzig KH, Sebert S, Pouta A, Laitinen
J, Kleber ME, Navis G, Lorentzon M, Jameson K, Arden N,
Cooper JA, Acharya J, Hardy R, Raitakari O, Ripatti S, Billings
LK, Lahti J, Osmond C, Penninx BW, Rejnmark L, Lohman KK,
Paternoster L, Stolk RP, Hernandez DG, Byberg L, Hagstrom E,
Melhus H, Ingelsson E, Mellstrom D, Ljunggren O, Tzoulaki I,
McLachlan S, Theodoratou E, Tiesler CM, Jula A, Navarro P,
Wright AF, Polasek O, H, International Consortium for Blood
P, Cohorts for H, Aging Research in Genomic Epidemiology c,
Global Blood Pressure Genetics ¢, Caroline, Wilson JF, Rudan I,
Salomaa V, Heinrich J, Campbell H, Price JF, Karlsson M, Lind
L, Michaelsson K, Bandinelli S, Frayling TM, Hartman CA,
Sorensen TI, Kritchevsky SB, Langdahl BL, Eriksson JG, Florez
JC, Spector TD, Lehtimaki T, Kuh D, Humphries SE, Cooper C,
Ohlsson C, Marz W, de Borst MH, Kumari M, Kivimaki M, Wang
TJ, Power C, Brenner H, Grimnes G, van der Harst P, Snieder H,
Hingorani AD, Pilz S, Whittaker JC, Jarvelin MR, Hypponen E
(2014) Association of vitamin D status with arterial blood pres-
sure and hypertension risk: a mendelian randomisation study. Lan-
cet Diabetes Endocrinol 2(9):719-729. https://doi.org/10.1016/
S2213-8587(14)70113-5

Vlachopoulos C, Kardara D, Anastasakis A, Baou K, Terentes-Print-
zios D, Tousoulis D, Stefanadis C (2010) Arterial stiffness and
wave reflections in marathon runners. Am J Hypertens 23(9):974—
979. https://doi.org/10.1038/ajh.2010.99

Wang TJ (2016) Vitamin D and cardiovascular disease. Annu Rev Med
67:261-272. https://doi.org/10.1146/annurev-med-051214-02514
6

Wilkinson IB, Franklin SS, Hall IR, Tyrrell S, Cockcroft JR (2001)
Pressure amplification explains why pulse pressure is unrelated to
risk in young subjects. Hypertension 38(6):1461-1466

Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Col-
lier D, Hughes AD, Thurston H, O’Rourke M, Investigators C,
Trial Anglo-Scandinavian Cardiac Outcomes, I, Committee CS,
Writing C, (2006) Differential impact of blood pressure-lowering
drugs on central aortic pressure and clinical outcomes: principal
results of the Conduit Artery Function Evaluation (CAFE) study.
Circulation 113(9):1213-1225. https://doi.org/10.1161/CIRCU
LATIONAHA.105.595496

Yoshikawa T, Kumagai H, Myoenzono K, Tsujimoto T, Tanaka K,
Maeda S (2019) Aerobic exercise training normalizes central
blood pressure regulation after oral glucose loading in over-
weight/obese men. Clin Exp Hypertens 41(1):28-35. https://doi.
org/10.1080/10641963.2018.1441857

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

102


https://doi.org/10.1139/h2012-037
https://doi.org/10.1093/ajcn/88.2.491S
https://doi.org/10.1093/ajcn/88.2.491S
https://doi.org/10.1080/17461391.2014.944223
https://doi.org/10.1080/17461391.2014.944223
https://doi.org/10.1359/jbmr.090728
https://doi.org/10.1111/cen.13031
https://doi.org/10.1111/cen.13031
https://doi.org/10.1161/HYPERTENSIONAHA.107.089078
https://doi.org/10.1161/HYPERTENSIONAHA.107.089078
https://doi.org/10.1152/japplphysiol.00405.2017
https://doi.org/10.1152/japplphysiol.00405.2017
https://doi.org/10.1001/jamacardio.2017.0175
https://doi.org/10.1001/jamacardio.2017.0175
https://doi.org/10.1161/JAHA.117.006802
https://doi.org/10.1161/01.CIR.0000160353.27927.70
https://doi.org/10.1161/01.CIR.0000160353.27927.70
https://doi.org/10.1111/cpf.12554
https://doi.org/10.1007/s11936-017-0586-7
https://doi.org/10.1007/s11936-017-0586-7
https://doi.org/10.1210/jc.2008-1212
https://doi.org/10.1113/JP270597
https://doi.org/10.1016/S2213-8587(14)70113-5
https://doi.org/10.1016/S2213-8587(14)70113-5
https://doi.org/10.1038/ajh.2010.99
https://doi.org/10.1146/annurev-med-051214-025146
https://doi.org/10.1146/annurev-med-051214-025146
https://doi.org/10.1161/CIRCULATIONAHA.105.595496
https://doi.org/10.1161/CIRCULATIONAHA.105.595496
https://doi.org/10.1080/10641963.2018.1441857
https://doi.org/10.1080/10641963.2018.1441857

European Journal of Applied Physiology (2020) 120:1931-1941
https://doi.org/10.1007/500421-020-04421-6

ORIGINAL ARTICLE q

Check for
updates

Association of 25-hydroxy vitamin D level with the blood pressure
response to a maximum exercise test among professional indoor
athletes

Pascal Bauer'® . Lutz Kraushaar? - Oliver Dorr' - Timm Bauer? - Holger Nef' - Christian W. Hamm'# . Astrid Most'

Received: 20 December 2019 / Accepted: 13 June 2020 / Published online: 25 June 2020
© The Author(s) 2020

Abstract

Purpose Low vitamin D levels have been associated with elevated blood pressure (BP) in the general population. However,
whether there is an association of vitamin D insufficiency with BP changes during maximum exercise in athletes is currently
unclear.

Methods A total of 120 male professional indoor athletes (age 26 + 5 years) were examined. BP was measured at rest and
during a graded cycling test. We assessed the BP response (BPR) during maximum exercise and the respective load. BP and
BPR (peak-baseline BP) were analysed with respect to 25-OH vitamin D levels, with levels < 30 ng/mL defining vitamin D
insufficiency.

Results 35 athletes were classified as being vitamin D insufficient. BP was not different between sufficient and insufficient
vitamin D groups (122 +10/75+7 vs. 120+ 12/77 +9 mmHg). At maximum exercise, however, systolic BP (198 +17 vs.
189+ 19, p=0.026) and the pulse pressure (118 +18 vs. 109 +21 mmHg, p=0.021) were higher in the sufficient group; the
BPR was not different between groups (76 +20/5 +6 vs. 69 +22/3 + 6 mmHg, p=0.103). Athletes with sufficient levels had
a higher maximum power output (3.99 +0.82 vs. 3.58 +0.78 W/kg, p=0.015) and achieved higher workloads (367 + 78 vs.
333+80 W, p=0.003). The workload-adjusted BPR (maximum systolic BP/MPO) was not different between athletes with
sufficient and insufficient vitamin D levels (51 + 10 vs. 56 + 14 mmHg X kg/W, p=0.079).

Conclusion Athletes with sufficient vitamin D achieved a higher maximum systolic BP and a higher maximum power output.
The workload-adjusted BPR was not different between groups, which suggests that this finding reflects a better performance
of athletes with sufficient vitamin D.

Keywords Exercise test - Professional athletes - Indoor sports - Performance - Vitamin D - Blood pressure response -
Hypertension

Abbreviations cBP Central blood pressure

BP Blood pressure ECG Electrocardiogram

BPR Blood pressure response K2EDTA Dipotassium ethylenediamine tetra-acetic acid
MPO Maximum power output
SD Standard deviation

Communicated by Massimo Pagani. VO2max Maximum oxygen uptake
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pascal.bauer @innere.med.uni-giessen.de

Introduction

! Department of Cardiology and Angiology, Justus- Liebig-

University Giessen, Giessen, Germany Insufficiency and deficiency of 25-OH vitamin D have been
2 Adiphea GmbH, Werbach, Germany shown to be associated with arterial hypertension (Kunutsor
3 Department of Cardiology and Intensive Care Medicine, et al. 2013; Wang 2016), increased cardiovascular events,

Sana Clinic Offenbach, Offenbach, Germany impaired vascular function (Al Mheid et al. 2011), and even
4 Department of Cardiology, Kerckhoff Clinic GmbH, cardiovascular mortality (Wang 2016; Anderson et al. 2010;

Bad Nauheim, Germany Vimaleswaran et al. 2014). The fact that vitamin D receptors
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are found throughout the cardiovascular system, in particu-
lar in smooth muscle cells (Somjen et al. 2005), myocytes,
and endothelial cells (Norman 2008), suggests an impact of
vitamin D on cardiovascular function. Further, it was found
that supplementation of vitamin D in asymptomatic deficient
subjects leads to improved endothelial function and evokes a
relaxation of smooth muscle cells (Tarcin et al. 2009). Vita-
min D regulated reduction of the activity of the renin—angio-
tensin—aldosterone system also bespeaks a crucial role of
vitamin D in the cardiovascular system (Forman et al. 2010).
Taken together, all of this evidence points to mechanisms
that potentially mediate a blood pressure-regulating effect
of vitamin D.

Healthy individuals with normal blood pressure (BP)
at rest but an exaggerated BP response (BPR) during exer-
cise are at higher risk of developing arterial hypertension
(Lewis et al. 2008; Holmgqvist et al. 2012). In addition, a
recent meta-analysis revealed that exercise-induced systolic
BP > 196 mmHg predicted cardiovascular events with a
sensitivity of 62% and a specificity of 75% (Percuku et al.
2019). The clinical impact of BP response during exercise,
however, remains a controversial issue (Kim and Ha 2016;
Schultz et al. 2015), and upper reference values for the gen-
eral population are not well established (Schultz et al. 2013;
Gupta et al. 2007; Weiss et al. 2010; Currie et al. 2018). The
European Society of Cardiology states in its latest guideline
that there is currently no consensus on normal BPR during
exercise (Williams et al. 2018). In previous guidelines, a
systolic peak BP of 210 mmHg for men and 190 mmHg
for women were proposed as diagnostic thresholds for the
general population (Mancia et al. 2013). Recommendations
for athletes are absent in both guidelines, yet recently pub-
lished studies proposed different thresholds for defining an
exaggerated BPR to exercise (Caselli et al. 2019; Pressler
et al. 2018). A higher exercise-induced BP response in
athletes was explained as representing a superior exercise
performance compared with that of the general population
(Caselli et al. 2016). Thus far, there is no consensus about
“normal” and “exaggerated” BPR in athletes. In addition,
the clinical relevance of “exaggerated” exercise-induced BP
in athletes is currently unclear, although a higher risk for
development of arterial hypertension in these athletes was
suggested (Caselli et al. 2019). In competitive triathletes, an
exaggerated BPR to exercise testing was associated with a
higher prevalence of myocardial fibrosis (Tahir et al. 2018),
raising concerns about potential arrhythmic consequences,
including sudden cardiac death (Zorzi et al. 2016).

To date, only a few studies have addressed the BPR to
maximum exercise in elite athletes (Pressler et al. 2018;
Caselli et al. 2019), and none of these studies reported
25-OH vitamin D status. Vitamin D insufficiency and defi-
ciency is commonly found in athletic populations (Owens
et al. 2015; He et al. 2016; Mehran et al. 2016; Maroon
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et al. 2015). Our group recently discovered a high preva-
lence of vitamin D insufficiency (25-OH vitamin D <30 ng/
mL) in professional handball athletes in Germany (Bauer
et al. 2018). Further, we recently demonstrated that vitamin
D-insufficient elite handball athletes displayed a significantly
higher peripheral and central BP compared with the val-
ues in athletes with sufficient vitamin D levels (Bauer et al.
2019).

Given the acknowledged physiological influences of vita-
min D on endothelial and smooth muscle cells (Somjen et al.
2005), the haemodynamic effects of vitamin D insufficiency
might be amplified during exercise. As regular exercise, per-
formed at moderate intensity, is a well-known therapeutic
tool for lowering BP (Williams et al. 2018), it is obvious that
controlling for both vitamin D and cardiorespiratory fitness
status is necessary to gain reliable insights about the impact
of vitamin D on BP at rest and the BPR to exercise.

Therefore, this study was undertaken to evaluate the asso-
ciation between 25-OH vitamin D levels, brachial BP at rest,
and the BPR to a maximum exercise test in elite indoor ath-
letes. Both handball and ice hockey, with their many interval
sprints, are team sports that expose athletes to a high haemo-
dynamic stress. Both were classified as a sport with a high
dynamic component (>75% VO2max) and a moderate static
component (10-20%) (Levine et al. 2015). In addition, both
are indoor sports with a higher risk of vitamin D insuffi-
ciency compared to outdoor sports (Krzywanski et al. 2016).

Materials and methods

The study was carried out at the university hospital in Gies-
sen, Germany, which is located near 50° N latitude. It was
conducted as a cross-sectional study of professional athletes
during the routine pre-season medical monitoring program
of the first German handball division and the second German
ice hockey division. Data were collected in the second half
of July in the years 2015-2018. Athletes were studied dur-
ing the summer, when 25-OH vitamin D levels are expected
to have reached their peak (Morton et al. 2012; Krzywanski
et al. 2016).

The following criteria for serum 25-OH vitamin D con-
centrations were chosen according to recently published
studies and recommendations (Holick et al. 2011, 2012;
Pludowski et al. 2013; Priemel et al. 2010): values <30 ng/
mL were defined as insufficient and values > 30 ng/mL were
defined as sufficient 25-OH vitamin D levels.

The examination took place at noon between 12:00 and
14:00 o’clock and was scheduled in the 1st week of the
new season after a 6-week competition-free interval. The
last time athletes had trained was 36 h prior to the study
beginning; the last meal was breakfast approximately 3 h
before the investigation. There was no restriction of caffeine
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intake provided. Thus, alcohol consumption was prohibited
the two days prior to the study beginning. The day before
the examination was filled with commercial dates without
physical effort.

Study population

The participants were 120 healthy, injury-free professional
handball and ice hockey athletes of varying nationalities.
All athletes included were Caucasians with white skin and
none of them was a regular sunbed user. None took vitamin
D supplements or other multivitamin supplements. All indi-
viduals were subjected to a physical examination, 12-lead
electrocardiogram (ECG), cardiopulmonary exercise test,
and blood testing. Age, height, weight, body mass index,
serum 25-OH vitamin D, calcium, magnesium and parathy-
roid hormone levels were determined. Body surface area was
calculated using the formula of DuBois (Du Bois and Du
Bois 1989). Maximum workload, maximum power output,
heart rate at rest, brachial BP at rest, maximum heart rate,
and maximum BP were assessed. Players then were divided
into groups according to vitamin D levels as described
above, and statistical analyses were performed.

Laboratory testing

Blood samples were drawn from an antecubital vein in a
sitting position. Blood samples for plasma analyses were
collected into two 7.5 mL S-Monovette® tubes (Sarstedt
AG & Co. KG, Germany), one containing lithium heparin.
An additional 2.7 mL sample, with dipotassium ethylenedi-
amine tetra-acetic acid (K2EDTA) as anticoagulant, was
acquired (Sarstedt AG & Co. KG, Germany). Automated
analysis was carried out within 30 min of blood draw. Serum
25-OH vitamin D concentrations were determined with a
Liaison diagnostic system (DiaSorin, Stillwater, MN, USA)
by chemiluminescent immunoassay. The range of detection
is 4-150 ng/mL with a precision of 5.0% CV and an accu-
racy SD of 1.2. Parathyroid hormone was analysed using
an electrochemiluminescent immunoassay (Elecsys PTH
(1—84)®, Roche Diagnostics, Germany), which measures the
circulating active parathyroid hormone. The range of detec-
tion is 5.5-2300 pg/mL with a precision range of 2.5-3.4%
CV. Furthermore, calcium levels, a complete blood cell
count, and a basic metabolic panel including electrolytes
were assessed and analysed by a Modular Analytics E 170
module (Roche Diagnostics, Mannheim, Germany).

All participants received a clear explanation of the
study and provided their written informed consent. The
local ethics committee of the University of Giessen
approved the study protocol. The study meets current ethi-
cal standards (Harriss et al. 2017).

Blood pressure measurements at rest
before the exercise testing

Resting brachial BP was measured before the exercise
testing using a validated automatic device based on a
standard sphygmomanometer technique (Boso clinicus,
Bosch 4+ Sohn GmbH & Co. KG, Germany). The cuff used
for measurement was adjusted to the individual’s arm cir-
cumference. Measurements were performed by a trained
research associate on both arms in a sitting position after
a resting period of 5 min and repeated after 2 min. The
average BP for each arm was calculated and the highest
value was used for statistical analyses. Athletes with a rest-
ing BP > 140 mmHg systolic or > 90 mmHg diastolic were
excluded from the study.

Exercise testing and assessment of maximum blood
pressure

Athletes underwent a progressive maximal cycling ergom-
eter test with concurrent automatic brachial BP measurement
and ECG recording (Schiller AG®, Switzerland). The exer-
cise test protocol started with a load level of 100 W after a
2-min warm-up period that was conducted with 50 W. Loads
were increased by 50 W every 2 min until exhaustion, which
was defined as the participant’s inability to maintain the load
for 2 min. Next, the load was decreased to 25 W for 3 min
of active recovery, followed by a 2-min cool-down period
at rest. The test concluded with a final ECG recording and
a brachial BP measurement. BP (systolic and diastolic) was
measured once a minute during test and recovery periods,
including at the maximum workload, immediately after the
maximum workload, immediately after the end of the test,
and after 5 min of recovery. Heart rate was measured with
continuous ECG recording throughout the test and recov-
ery periods. We assessed the absolute maximum power
output (MPO) of the athletes as well as the MPO adjusted
to individual body weight. Other measurements included
maximum heart rate and heart rate at rest and 5 min after
the exercise test.

Increases in systolic and diastolic BP were calculated
from peak and baseline (resting) values and determined
as blood pressure response (BPR). Further, the workload-
adjusted BPR was calculated via maximum systolic BP/
MPO. Pulse pressure was calculated as systolic—diastolic
BP at rest and at maximum exercise conditions. In addition,
mean BP was determined as: diastolic BP + (systolic BP-
diastolic BP)/3.
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Statistical analysis

Descriptive analyses were carried out on all study vari-
ables for the total sample. Further, descriptive statis-
tics were used on all study variables by 25-OH vitamin
D status (with <30 ng/mL classified as “insufficient”
and > 30 ng/mL regarded as “sufficient”). All data are
presented as mean =+ standard deviation (SD). The Shap-
iro—Wilk test was used to determine normal distribution.
In case of skewed distribution of the data, all analyses
were performed on normalized data. Between-group com-
parisons (insufficient vs. sufficient 25-OH vitamin D lev-
els) were made using independent sample ¢ tests. Bivariate
relations were analysed using Pearson’s product-moment
correlation coefficient. Statistical significance was set at
p <0.05 (two-tailed) for all measurements. All statistical
analyses were performed using the statistical software
SPSS 25.0 for Mac (Statistical Package for the Social Sci-
ences, Chicago, IL, USA).

Results
Cohort characteristics

The 120 professional handball and ice hockey athletes
(mean age of 25.8 +£5.2 year) included in the study were
experienced athletes and had participated in professional
training for 9.6 + 5 year with a current mean training time
of 17.5+3.0 h per week. The height was 189.9+7.2 cm
and the mean weight was 92.9 +10.6 kg, resulting in mean
body mass index of 25.7 + 1.85 kg/m? (Table 1).

The mean 25-OH vitamin D level of the 120 athletes
was 37+ 11.9 ng/mL. Eighty-five athletes (71%) displayed
sufficient vitamin D levels of > 30 ng/mL and 35 (29%)
were found to be vitamin D insufficient (<30 ng/mL).
There were no significant between-group differences in
age and characteristics. As expected, the 25-OH vitamin
D levels between the sufficient and insufficient groups
(42.3 +£8.9 ng/mL vs. 22.95+5.1 ng/mL) were different

Table 1 Characteristics of all 120 professional indoor athletes

Mean SD
Age (years) 25.8 52
Height (cm) 189.8 7.2
Weight (kg) 92.9 10.6
Body mass index (kg/m?) 25.7 1.85
History of training (years) 9.6 5
Training per week (h) 17.5 3
@ Springer

(p<0.001). Table 2 shows the between-group comparison
for all parameters measured.

25-0OH vitamin D and resting blood pressure

The mean systolic/diastolic BP in all 120 athletes was
121 £ 10/75+7 mmHg. The level of 25-OH vitamin D was
positively correlated with systolic BP (+>=0.186, p =0.045),
whereas 25-OH vitamin D level and diastolic BP were not
correlated (7*=— 0.10, p=0.28). Further, there was a posi-
tive correlation of 25-OH vitamin D level and pulse pressure
at rest (> =0.2009, p=0.024). None of the other measured
BP parameters correlated with the 25-OH vitamin D status
(Table 3).

There were no differences in resting systolic and dias-
tolic BP, pulse pressure, and mean BP between athletes with
insufficient and sufficient 25-OH vitamin D levels. Detailed
data are given in Table 2.

25-0H vitamin D and blood pressure response
during maximum exercise

The mean maximum BP in all athletes was
193 +21/80+7 mmHg, with a mean systolic BP increase
of 72+22 mmHg and a mean diastolic BP increase
of 4+ 6 mmHg. The maximum pulse pressure was
113+ 18 mmHg.

Athletes with sufficient 25-OH vitamin D levels had a
higher maximum systolic BP compared with those with
insufficient levels (198 £17 vs. 189+ 19, p=0.026).
In addition, the maximum pulse pressure (118 + 18 vs.
109+21 mmHg, p=0.021) was higher in athletes with
sufficient 25-OH vitamin D levels, whereas the individual
BPR was not different between groups (76 +20/5+6 vs.
69 +22/3+6 mmHg, p=0.103). Detailed data are given in
Table 2. In the total sample, 25-OH vitamin D levels did
not correlate with any of the exercise-induced changes in
BP (Table 3).

25-0OH vitamin D and performance

All athletes completed the maximum exercise test until
exhaustion and a maximum heart rate above the calcu-
lated individual 85% threshold (of individually calculated
maximum heart rate). The mean maximum heart rate in
all athletes was 184 +8 bpm and the mean workload was
349 +85 W with a corresponding maximum power out-
put (MPO) of 3.77 +0.85 W/kg. The workload-adjusted
BPR, calculated via maximum systolic BP/MPO, was
53.5+ 12 mmHg X kg/W. Levels of 25-OH vitamin D cor-
related positively with maximum workload (r*=0.373,
p<0.001) as well as maximum power output (r>=0.327,
p <0.001), whereas 25-OH vitamin D levels and the
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Tablg 2 Comparison 9f . 25-OH vitamin D levels p value

the different characteristics

according to 25-OH vitamin D > 30 ng/mL < 30 ng/mL

levels

n =285 n =235
Mean SD Mean SD

25-OH vitamin D (ng/mL) 423 8.9 22.95 5.1 < 0.001
Age (years) 25.5 4.8 27.5 5.8 0.063
Weight (kg) 92.5 10.5 94 11 0.505
Height (cm) 189.6 7.0 190 8.1 0.661
BMI (kg/m?) 25.7 1.9 25.9 1.5 0.611
Body surface area (m?) 22 0.15 222 0.17 0.532
Heart rate at rest (bpm) 58.4 10.5 59.1 94 0.748
Brachial systolic blood pressure (mmHg) 122.1 10 120 11.6 0.333
Brachial diastolic blood pressure (mmHg) 75.1 7.4 76.8 8.6 0.362
Mean brachial blood pressure (mmHg) 91 6.3 90.7 6.5 0.862
Brachial pulse pressure (mmHg) 47 11 43.5 133 0.152
Maximum heart rate (bpm) 184 8.4 183.7 7.2 0.862
Maximum systolic brachial blood pressure (mmHg) 197.8 17.5 189.3 19.4 0.026
Mean maximum brachial blood pressure (mmHg) 116.7 8 119.1 8.2 0.169
Increase from resting systolic blood pressure (mmHg) 75.7 20 69.3 21.6 0.103
Brachial pulse pressure exercise (mmHg) 118 18 108.9 20.8 0.021
Maximum diastolic brachial blood pressure (mmHg) 79.7 7.4 80.4 7.3 0.651
Increase from resting diastolic blood pressure (mmHg) 4.6 5.7 34 6.3 0.621
Maximum work load (W) 367.2 78.4 332.8 79.9 0.039
Maximum power output (MPO) (W/kg) 3.99 0.82 3.58 0.78 0.015
Max. systolic blood pressure/MPO (mmHg X kg/W) 51.3 10.2 55.5 14.1 0.079
Parathyroid hormone (pg/mL) 31.2 17.5 423 17.5 0.003
Calcium (mmol/L) 2.38 009 234 0.14 0.142
Magnesium (mmol/L) 0.82 0.05 0.82 0.06 0.713
Hemoglobin (g/dL) 14.9 1 15.1 0.85 0.402
Hematocrit (Vol%) 42.7 2.4 42.9 2.2 0.699

Bold text signifies significant differences. Values are given as means + standard deviation (SD)

workload-adjusted maximum systolic BP (#2=— 0.222,
p=0.015) were negatively correlated. All other exercise-
induced BP measurements did not correlate with 25-OH
vitamin D levels (Table 3).

As shown in Table 2, athletes with sufficient vitamin D
levels had a higher maximum power output and achieved
higher workloads than those with insufficient levels. The
workload-adjusted BPR was not different between vitamin
D-sufficient and -insufficient athletes. Maximum heart rate
was also not different between the groups.

Linear regression analyses revealed that a higher level of
25- vitamin D (p <0.001) is a statistically significant pre-
dictor of a higher maximum output (+>=0.123, corrected
?=0.115, p<0.001, F(1120) = 16, Durbin-Watson statistic
2.123) and of a higher maximum workload (+*=0.126, cor-
rected 2=0.118, p<0.001, F(1120) =16.5, Durbin-Watson
statistic 2.065). Thus, 25- OH vitamin D levels were not able
to predict the workload-adjusted BPR (2=0.078, corrected

#=0.070, p=0.12,F(1120)=92.3, Durbin-Watson statistic
1.23).

25-0OH vitamin D and blood parameters

Mean parathyroid hormone levels were 34 + 18 ng/mL,
calcium levels were 2.37 +0.11 mmol/L, and magnesium
levels were 0.82 +0.05 mmol/L for all athletes. Mean hae-
moglobin levels were 15+0.89 g/dL and the mean haema-
tocrit was 42.8 +2.24%. We found a negative correlation of
25-OH vitamin D with parathyroid hormone (r*= — 0.330,
p<0.001) and a positive correlation with calcium levels
(*=0.229, p=0.013). The other parameters tested did not
correlate with the 25-OH vitamin D status (Table 3).
Athletes with insufficient 25-OH vitamin D levels dis-
played higher parathyroid hormone levels compared
with athletes with sufficient vitamin D (42.3+17.5 vs.
31.2+17.5 ng/mL, p=0.003). The other measured blood
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Table 3 Spearman correlation coefficients for each variable for 120
athletes

Variable Correlation with p value
25-OH Vitamin D
Concentration

Age - 0.072 0.439
Weight —0.011 0.90

Height —0.052 0.577
BMI 0.049 0.594
History of training —0.032 0.733
Training per week 0.049 0.599
Resting heart rate 0.012 0.905
Systolic blood pressure 0.186 0.045
Diastolic blood pressure —0.101 0.280
Pulse pressure at rest 0.209 0.024
Mean brachial blood pressure 0.014 0.881
Maximum heart rate 0.081 0.387
Maximum systolic blood pressure 0.078 0.401
Maximum diastolic blood pressure 0.010 0.915
Pulse pressure exercise 0.095 0.308
Mean blood pressure exercise 0.071 0.527
Increase from resting systolic BP —0.026 0.777
Increase from resting diastolic BP 0.113 0.223
Increase from resting mean BP 0.059 0.527
Maximum workload 0.373 < 0.001
Maximum power output (MPO) 0.327 < 0.001
Maximum systolic BP/ MPO —-0.222 0.015
Parathyroid hormone —0.330 < 0.001
Calcium 0.229 0.013
Magnesium -0.077 0.422
Hemoglobin 0.067 0.477
Hematocrit 0.014 0.877

Bold text signifies a significant correlation

parameters did not show differences between the two groups
(Table 2).

Discussion

To the best of our knowledge, our study is the first to investi-
gate the blood pressure response to a standardized maximum
exercise test in professional indoor athletes in Germany and
its correlation with 25-OH vitamin D status. Our main find-
ings are that athletes with sufficient vitamin D levels dis-
played a higher maximum systolic BP and maximum pulse
pressure during exercise compared with athletes with insuf-
ficient vitamin D levels. Further, the achieved maximum
workload and MPO were higher in athletes with sufficient
vitamin D levels. The BP increases during exercise (BPR)
and the workload-adjusted BPR were not different between
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the sufficient and insufficient groups, however, indicating
that the higher maximum systolic BP in sufficient athletes
was caused by the better MPO. This assumption is under-
pinned by the lack of a correlation of vitamin D levels with
both the maximum systolic BP and the BPR. Further, 25-OH
vitamin D levels predicted maximum workload and MPO,
but not the workload-indexed BPR.

These findings were surprising, since we hypothesized
that athletes with insufficient vitamin D levels would display
both a higher BP at rest and a higher BPR to a maximum
exercise test compared with athletes with sufficient vitamin
D levels. These assumptions were based on our own recently
published research results in which we demonstrated that
vitamin D-insufficient elite handball athletes displayed a
higher peripheral and central BP than those with sufficient
vitamin D levels (Bauer et al. 2019). Thus, contrary to our
hypothesis, the current study showed that vitamin D levels
were not associated with the BPR and the maximum BP
during a maximum exercise. Athletes with sufficient vita-
min D levels even had a higher maximum systolic BP than
insufficient athletes, which was explained by the better per-
formance of vitamin D-sufficient athletes.

Interestingly, the detected maximum systolic BP of our
professional indoor athletes (193 +21 mmHg) was lower
than that reported by Pressler et al. (Pressler et al. 2018), who
found a mean maximum BP of 204 +22 mmHg in their male
professional athletes. Accordingly, the mean increase from
resting systolic BP was lower in our cohort than in theirs
(72421 vs. 80+20 mmHg), and the maximum diastolic BP
was slightly higher in our cohort (80 +7 vs. 77 £9 mmHg)
both in the total cohort and in the vitamin D-sufficient group.
The study of Pressler at el. seems to be the most appropriate
study to compare with ours, since their male cohort was of
similar age and displayed a similar maximum heart rate (our
study 184 + 8 vs. Pressler et al. 186 + 12 bpm) and a compa-
rable MPO (3.77 +£0.85 vs. 4.15+0.61 W/kg). In addition,
resting heart rate (59 + 10 vs. 60+ 11 bpm) and resting BP
(122+10/75+7 vs. 124 +12/77 +7 mmHg) were compa-
rable in the two study populations. Unfortunately, the lack
of assessment of vitamin D levels in the report by Pressler
et al. (Pressler et al. 2018) limits the comparison with our
own results.

Another current study by Caselli et al. addressing the BPR
to a maximum exercise test in Olympic athletes reported a
maximum BP of 190 +20/75+ 8 mmHg (Caselli et al. 2016),
which is lower than the value we measured. Athletes per-
forming “mixed exercise” demonstrated the highest resting
BP in this study (Caselli et al. 2016), which is in line with
other publications (Berge et al. 2015; Pressler et al. 2018;
Hedman et al. 2019b). Further, male athletes have been
shown to display a higher resting BP than females (Hedman
et al. 2019b; Pressler et al. 2018; Berge et al. 2015). Our
cohort, consisting of male handball and ice hockey players
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can also be considered “mixed exercise” athletes. Unfortu-
nately, the data presented by Caselli et al. for mixed sports
are not divided by gender, which limits comparison. The
maximum workload in this study (Caselli et al. 2016) was
significantly lower compared to that of our group (268 +53
vs. 349 + 85 W) and, in addition, the maximum heart rate
was significantly lower (166 + 10 vs. 184 + 8 bpm). The
mean age of 25+ 6 years and the surprisingly low maxi-
mum heart rate raises the question whether the accomplished
exercise test can be really considered to be a maximum exer-
cise test. Further, lack of assessment of 25-OH vitamin D
precludes correlation with vitamin D status and thus limits
the comparison with our results.

Only a few studies have addressed the association of
25-OH vitamin D and BPR with exercise (Zaleski et al.
2019; Babur Guler et al. 2016). None, to the best of our
knowledge, have examined professional athletes, a popula-
tion that has been repeatedly reported to be vitamin D insuf-
ficient (Bauer et al. 2018; Owens et al. 2018, 2015). In 417
healthy adults (mean age 44), Zaleski et al. (Zaleski et al.
2019) reported that they found no difference in the BPR to
a maximal exercise test and in the maximum BP between
probands with insufficient and those with sufficient 25-OH
vitamin D concentrations. Only 52% of the participants dis-
played normal resting BP, however, and 22.5% were consid-
ered to have established hypertension. Further, the cohort
age was given as 20-76 years, data were not stratified by
sex, and > 50% of the participants were females, who display
a lower BPR than males (Zaleski et al. 2019). Therefore,
these results cannot be meaningfully compared with the
findings of our study. This previous study, however, was the
first to examine the association of vitamin D levels with the
BPR to exercise in a healthy population. Interestingly, the
reported maximum BP in this investigation (Zaleski et al.
2019) was considerably lower than in our study and the stud-
ies of Caselli et al. (Caselli et al. 2016) and Pressler et al.
(Pressler et al. 2018). This finding might be explained by the
lower performance of the participants (VO2 max. 34 mL/
kg X min), as a normal, healthy population was examined
instead of athletes (Zaleski et al. 2019).

In our study, we identified a highly significant correlation
of vitamin D levels and MPO. The influence of vitamin D
on physical performance levels of male professional ath-
letes has been described in several studies (Hamilton et al.
2014; Ksiazek et al. 2016), which can be explained via both
its musculoskeletal and cardiovascular effects (Cannell
et al. 2009; Owens et al. 2015; Wang 2016; Allison et al.
2015); however, the influence of vitamin D on the BPR to
exercise was not examined in athletes thus far. The higher
maximum BP that we measured in athletes with sufficient
25-OH vitamin D levels might be explained by a higher
performance. It is known that higher exercise performance
correlates with a higher BPR and higher maximum BP in

athletes. Therefore, the workload adjustment in the BPR to
exercise was proposed to identify athletes with an “exagger-
ated” BPR instead of using absolute cut-off values (Hedman
et al. 2019a). Several mechanisms have been discussed to
contribute to the excessive increase in BP during exercise,
including aortic distensibility (Roman et al. 2007; Thijssen
et al. 2016), endothelial dysfunction (Tzemos et al. 2009),
and increased activation of the renin—angiotensin—aldoster-
one system (Schultz et al. 2013). Interestingly, all of these
modifiers of the BPR to exercise are influenced by 25-OH
vitamin D (Norman 2008; Tarcin et al. 2009; Christakos
et al. 2013).

We could not detect correlations of vitamin D levels
with BP changes under exercise conditions. This might be
explained by the excellent fitness of our professional ath-
letes, since it is possible that vitamin D and physical fitness
differentially affect the cardiovascular system and the BPR
to exercise, with measurable differences only in individuals
who cannot compensate for the deleterious effects of vita-
min D insufficiency (Norman 2008; Tzemos et al. 2009).
Today, the ability to examine vascular function and central
haemodynamic parameters including central BP (cBP) via
non-invasive tools might offer new opportunities to reveal
the influence of 25-OH vitamin D on BP and the BPR to
exercise in an athletic population (Bauer et al. 2019). cBP
is determined by the complex interaction between aortic
compliance, elasticity and the resistance arteries’ ability to
channel blood flow in accordance with tissue needs (Stephen
Hedley and Phelan 2017). Hence, cBP is superior to brachial
blood pressure in identifying changes in vascular functional
parameters (Hodson et al. 2016) and cardiovascular risk
(Williams et al. 2006; Roman et al. 2007; Cheng et al. 2013;
Fan et al. 2016; Herbert et al. 2014). Particularly in young
men, central diastolic BP, but not peripheral systolic pres-
sure, is a predictor of cardiovascular risk (Wilkinson et al.
2001). Therefore, further studies that investigate the impact
of 25-OH vitamin D on vascular function, cBP, and the BPR
to exercise in athletes are needed.

Overall, the clinical importance of the BPR to exercise
and maximum systolic BP is obvious, as it has been shown
that a high BPR to exercise predicts future development
of hypertension in young athletes (Caselli et al. 2019) as
well as the normal population (Tzemos et al. 2015; Percuku
et al. 2019; Schultz et al. 2015). Athletes are more frequently
exposed to exercise-induced high BP than sedentary indi-
viduals, and exercise testing is frequently performed in the
cardiovascular evaluation of competitive athletes (Hedman
et al. 2019b). Therefore, reliable cut-off values have to be
established and, given the workload-dependent BPR to exer-
cise, a workload-adjusted approach instead of using absolute
cut-off values might be a good strategy for identifying ath-
letes with an exaggerated BPR (Hedman et al. 2019a). Thus
far, insufficient 25-OH vitamin D levels do not appear to be
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arisk factor for an exaggerated BPR to a maximum exercise
test in professional male indoor athletes.

Limitations

Our study has a few noteworthy limitations. The number
of participants limited its power to uncover potential cor-
relations between 25-OH vitamin D status and markers of
cardiac and vascular function other than brachial BP and the
BPR to a maximum exercise test. The focus on professional
indoor handball and ice hockey players may limit extrap-
olation of the results to other sport disciplines; however,
as these team sports expose athletes to the haemodynamic
stress of frequent interval sprints, they are representative
of other sports with a high dynamic component (>75%
VO2max) and a moderate static component (10-20%) (Lev-
ine et al. 2015). A further limitation is our exclusive focus
on male athletes, which precludes the extrapolation of our
results to female athletes. We are currently addressing all
three issues by extending our research to include larger num-
bers of professional male and female athletes from various
sports disciplines.

Conclusion

We have shown for the first time that professional male
handball and ice hockey players with sufficient 25-OH vita-
min D levels display a higher maximum systolic BP during
a maximum exercise test than do athletes with insufficient
25-OH vitamin D levels. This difference was an expression
of a significantly higher MPO in vitamin D-sufficient ath-
letes, highlighting the impact of vitamin D on physical per-
formance of these athletes. Thus, the BPR between athletes
with sufficient 25- OH vitamin D levels compared to those
with insufficient levels was not different. Further, in both
groups of athletes, the BPR to a maximum exercise did not
exceed the currently proposed thresholds for athletes.

We suggest that highly- trained athletic populations pre-
sent a unique opportunity to address the modifying effects
of cardiorespiratory fitness on the association of 25-OH vita-
min D with cardiovascular risk markers. Our results may
serve to stimulate future investigations into the correlation of
vitamin D with parameters of vascular function and central
haemodynamic parameters.
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ABSTRACT

Purpose: To evaluate vascular function and its relationship to cardiorespiratory fitness in
professional handball athletes. Method: We examined 30 male professional handball ath-
letes (age 27 = 4 y) and 10 male sedentary controls (age 26 + 5 y) at rest. The workup
included exercise testing via ergometry. To assess vascular function, a validated electronic
model of the arterial tree (vasc assist 2°) was used. It replicates noninvasively acquired pulse
pressure waves by modulating the relevant functional parameters of compliance, resistance,
inertia, pressure, and flow. The maximum oxygen uptake (VO2max) was estimated using the
validated heart rate ratio method. Results: Athletes had a significantly lower systolic and
diastolic central blood pressure (cBP) compared to controls (102 + 9/60 = 9 vs. 110 + 8/
74 £ 9 mmHg, p < .01), whereas aortic pulse wave velocity (PWV) (6.2 + 0.8 vs. 6.3 £ 0.5 m/s,
p = .45) and augmentation index at a heart rate of 75 (Aix@75) (-4 £ 12 vs. =13 £ 16%,
p = .06) were not different. Resistance index (R) (15.9 + 4.4 vs. 10.6 = 0.6, p = .001) and
maximum power output (MPO) (3.55 = 0.54 vs. 2.46 + 0.55 Watt/kg, p < .001) were
significantly higher in athletes compared to controls. We found no relevant correlation
between MPO, resting heart rate, PWV, Aix@75, and cBP. A higher VO2max (p = .02) and
a lower R (p < .01) were significant predictors of a higher MPO in athletes. Conclusion:
R had an independent and strong correlation to MPO in athletes, which might help to

KEYWORDS

Vascular function; elite
athletes; pulse pressure
wave; cardiovascular fitness

disentangle the contribution of aerobic capacity and arterial function to physical power.

Regular exercise performed at moderate intensity
decreases cardiovascular and overall mortality and
therefore constitutes a cornerstone in preventive
medicine (Lee et al., 2012). The improvement of
cardiorespiratory fitness is currently seen to be the
key factor in this setting (Davidson, Vainshelboim,
Kokkinos, Myers, & Ross, 2018; Lee, Artero, Sui, &
Blair, 2010), as it is known that decreased exercise
capacity is associated with increased mortality (Lee
et al., 2010).

The characteristics of sports-related adaptations of
the heart are now well established (Baggish, 2016;
Petek & Wasfy, 2018; Weiner & Baggish, 2012) and
include structural, neurohumoral, autonomic, and
metabolic mechanisms (Baggish, 2016; Weiner &
Baggish, 2012). Cardiac remodeling among athletes
has been investigated thoroughly, leading to the
term “athlete’s heart” (Baggish, 2016; Petek &
Wasty, 2018). The upper limit of exercise, however,
is frequently questioned, suggesting that high
amounts of intensive exercise may be harmful. (La

Gerche et al,, 2012; La Gerche & Heidbuchel, 2014).
Intensive bouts of exercise were shown to cause tem-
porary acute functional and biochemical cardiac dys-
function with unclear significance (La Gerche et al,,
2012). In line with these findings, an unexpectedly
high incidence of atherosclerosis in endurance ath-
letes was reported (Merghani et al, 2017). These
studies encouraged the discussion of sports-related
cardiovascular damage in professional athletes (La
Gerche & Heidbuchel, 2014).

Interestingly, despite intensive research -efforts
aimed at cardiac adaptations, little is known about
exercise-induced adaptations of the vascular system
(Green, Hopman, Padilla, Laughlin, & Thijssen, 2017;
Green & Smith, 2018). The aorta in particular is
exposed to great hemodynamic stress during pro-
longed intensive exercise and must withstand
a substantial elevation of central blood pressure
(cBP). Concurrently, the integrity of the aortic reser-
voir function must be maintained to ensure adequate
coronary perfusion (Stephen Hedley & Phelan, 2017).
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Resistance arteries are an additional crucial factor for
the regulation of blood flow during exercise (Stephen
Hedley & Phelan, 2017).

The role of arterial stiffness in the development of
cardiovascular disease has been demonstrated in sev-
eral studies (Mitchell, 2009; Roman et al., 2007).
A loss of distensibility in the central elastic arteries
compromises their ability to buffer the ejected blood
volume from the left ventricle. This leads to an
increase in ¢BP and compromised coronary flow
(Roman et al., 2007; Thijssen, Carter, & Green,
2016), which constitutes an increased risk for cardi-
ovascular events (Fan et al, 2016; Roman et al.,
2007). This effect is amplified if peripheral arteries
display elevated arterial stiffness (Ashor, Lara, Siervo,
Celis-Morales, & Mathers, 2014). An early return of
the reflected pressure wave contributes to increases in
cBP and arterial wall stress (Green & Smith, 2018;
Kaess et al., 2012).

In this context, it is obvious how a mismatch
between cardiovascular functional integrity, second-
ary to atherosclerotic load and other aortic pathol-
ogies, and the demands placed by exercise on the
heart and vasculature may expose the exercising
athlete to an increased risk of a sudden cardiovas-
cular event (Merghani et al, 2017). With only
0-3.1% of sudden cardiac deaths in athletes being
attributable to acute aortic pathologies (Stephen
Hedley & Phelan, 2017), the role of concealed car-
dio-arterial dysfunction as a potential predictor of
sudden cardiac events in athletes has become a valid
and important subject of research (Merghani et al,,
2017; Stephen Hedley & Phelan, 2017). It is fuelled
by the contradictory results of investigations about
the effects of intensive endurance exercise on arter-
ial stiffness and cBP (Green et al.,, 2017; Okamoto,
Min, & Sakamaki-Sunaga, 2018; Peres et al., 2018;
Sardeli, Gaspari, & Chacon-Mikahil, 2018;
Staniszewska, Pudlo, Ryterska, & Stachowska, 2016;
Vlachopoulos et al., 2010).

Recently, a new noninvasive diagnostic tool
(vascassist2®) (Schumacher, Kaden, & Trinkmann,
2018) has been validated for analyzing pulse pressure
waves in order to assess arterial stiffness, cBP, and
vascular resistance. This method might help to reveal
the impact of professional sports on cardiovascular
adaptations and its relationship to cardiorespiratory
fitness. Here we employed this tool in a pilot study to
examine the effects of professional sports on vascular
function in male professional handball players.
Furthermore, we hypothesized that measurable vascular
function correlates with the maximum power output
(MPO) of these athletes.

Methods
Participants

The participants were 30 healthy male professional
handball players of the first German division and 10
healthy male sedentary controls. All participants gave
their written informed consent and filled out
a questionnaire regarding health status, medication,
nutrition supplementation, training, and competition
history. The physical assessment of the athletes took
place after a six-week, competition-free period as part
of a regular preseason medical checkup. Controls
were examined in spring. All participants underwent
a physical examination, blood testing, electrocardio-
gram (ECG) at rest, and echocardiography.

Study design

This is a cross- sectional, single-center pilot study.
All the procedures were performed between 9:00 a.m.
and 12:00 p.m., at a constant room temperature of 22
degrees Celsius.

Exercise testing

A progressive maximal cycling ergometer test with
concurrent blood pressure and ECG recording was
performed (Schiller AG®, Switzerland). The exercise
test protocol of the athletes started with a load level
of 100 W after a 2-min warm-up period, which was
conducted with 50 W. Controls started with 50 Watt
after a warm up period conducted with 25 Watt.
Loads were increased by 50 W in athletes and
25 Watt in controls every 2 min until exhaustion,
which was defined as the participants’ inability to
maintain the load for 2 min. Next, the load was
decreased to 25 W for 3 min of active recovery,
followed by a cool-down period at rest of 2 min.
The test concluded with a final ECG recording and
a brachial blood pressure measurement. We assessed
the MPO of the participants, maximum heart rate,
heart rate at rest and after the exercise test, and
systolic and diastolic brachial blood pressure at rest
and during exercise. The VO2max was estimated
using the validated heart rate ratio method (Uth,
Sorensen, Overgaard, & Pedersen, 2004).

Noninvasive assessment of peripheral and central
blood pressure and pulse pressure waveforms

We used the noninvasive vascassist2® device (isymed
GmbH, Butzbach, Germany) to acquire pulse pressure
waveforms by means of oscillometry. The device uses
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a validated model (Schumacher et al., 2018) of the
arterial tree, which consists of 721 electronic circuits
representing all central and peripheral arterial sections.
By modulating the circuits’ capacitance, resistance,
inductance, and voltage, the system replicates an indi-
vidual’s acquired pulse pressure waves. The system is
based on the premise that the parameters used to repli-
cate the pulse pressure waves are a quantitative repre-
sentation of the functional parameters that gave rise to
the pulse pressure wave in the biological original. The
vascassist2® system is currently unique in the use of
genetic algorithms to optimize the fidelity of the of
pulse pressure wave replication (Schumacher et al.,
2018). Fidelity replications of 99.6% or above were
included in the analysis.

The noninvasive vascular evaluation was per-
formed before the exercise testing in all athletes.
After a 15-min rest, measurements were performed
in a supine position using four conventional cuffs
adapted to the arm and forearm circumference of
the athletes. Radial and brachial pulse pressure
waves were acquired on both arms with step-by-step
deflation of the cuffs. The measurements took place
in a room with a comfortable temperature of 22°C
and a lack of external stress influences. Participants
were advised not to move during the acquisition of
pulse pressure waves. Two brachial and three radial
measurements were performed to guarantee stable
and valid results. The total duration of the examina-
tion was 15 min. The acquired pulse pressure waves
then were analyzed with a validated electronic model
of the arterial tree to assess vascular functional para-
meters. Brachial and radial systolic and diastolic
blood pressure, central systolic and diastolic blood
pressure, aortic pulse wave velocity (PWV), augmen-
tation index (Aix), augmentation index at a heart rate
of 75 bpm (Aix@75), resistance index, and ejection
duration were calculated. cBP was determined with
a transfer function that was based on the peripheral
arterial waveform. Calculation of Aix@75 was also
based on the pulse waveform.

Statistical analysis

Data are presented as mean * standard deviation (SD)
in case of normal distribution of the data. The Shapiro-
Wilk test was used to determine normal distribution. In
case of skewed distribution of the data, data are given
as median and interquartile ranges. Between-group
comparisons were performed using independent-
samples t-tests. Bivariate relations were analyzed using
Spearman correlation coefficient. Pearson’s correlation
was used to determine linear correlations between
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vascular functional parameters and maximum power
output, assessed by ergometer and displayed as Watt/
kg. Linear regression was performed to evaluate max-
imum power output as a function of resistance index.

Statistical significance was set at p < .05 for all
measurements. All statistical analyses were performed
using Stata Statistical Software: Release 15. (StataCorp.
2017. College Station, TX: StataCorp LLC).

Results

We included 30 professional male handball players
(mean age of 27 + 4 y) and 10 healthy, age- matched,
male sedentary controls (26 + 4 y). Neither age
(p = .65) nor body mass index (p = .58) were signifi-
cantly different between the two groups. In contrast,
height (p < .001) and weight (p = .02) were significantly
higher in handball athletes.

The height of handball players was 191 + 4.7 cm and the
mean weight was 94.2 + 10.7 kg, resulting in mean body
mass index of 25.7 + 2.3 kg/m’. The players had partici-
pated in professional training for 10.7 + 4.3 years and had
a mean training time of 17.1 + 1.1 hours per week.

The height of the male controls was 182 + 7.8 cm and
the mean weight was 82.8 + 10.2 kg, mean body mass
index was 25 + 2.6 kg/m> The controls were non-
athletes with a mean training time of 0.3 + 0.3 hours
per week.

Three athletes and two controls were current smo-
kers, and none of the participants suffered from cardi-
ovascular diseases. All participants were free from any
medication. Twelve athletes used nutrition supplemen-
tation with magnesium and protein shakes on an irre-
gular basis.

The mean resting heart rate was 53 + 7 bpm in
athletes and 74 + 13 bpm in non- athletes. (p < .001).
Resting brachial blood pressure was 123 + 8 mmHg
systolic and 61 + 9 mmHg diastolic in athletes and
129 + 9 mmHg systolic and 74 + 9 mmHg diastolic in
controls. Both the systolic (p = .02) and the diastolic
blood pressure (p < .001) at rest were significantly
higher in non-athletes compared to athletes.

Athletes had a significantly lower systolic and diastolic
central blood pressure (cBP) compared to controls
(102 + 9/60 + 9 vs. 110 £+ 8/74 £ 9 mmHg, p < .01),
whereas aortic pulse wave velocity (PWV) was not dif-
ferent between groups (6.2 * 0.8 vs. 6.3 £ 0.5 m/s,
p = .45). The augmentation index at a heart rate of 75
(Aix@75) was determined to be —4 + 12% in athletes and
—13 + 16% in controls (p = .06). Resistance index (R) was
significantly higher (p = .001) in handball athletes
(159 + 4.4) compared to non- athletes (10.6 + 0.6).
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The mean maximum heart rate during the exhaus-
tive exercise test was significantly (p < .001) lower in
athletes (172 + 10 bpm) compared to controls (188 + 10
bpm). The mean test duration was 18 min 46 sec +
2.5 min in athletes and 10 min 27 sec + 3.5 min in
controls (p < .001). Athletes achieved a significant
(p < .001) higher maximum load (343 + 77 W) com-
pared to controls (203 + 24 W) with a corresponding
higher MPO (3.55 + 0.54 W/kg vs. 2.46 + 0.55 W/kg,
p < .001). All participants completed the test without
any symptoms and normal electrographic findings.
Non-athletes displayed a significantly (p = .044) higher
maximum systolic brachial blood pressure during the
exercise test compared to athletes (203 + 24 vs.
189 + 17.5 mmHg), whereas maximum diastolic blood
pressure was not different (926 * 94 s
89.9 + 8.5 mmHg). Detailled data of the vascular eva-
luation are given in Table 1.

We used Spearman’s correlation coefficient to deter-
mine whether there were correlations between MPO
values and participants’ demographics. We found no
significant correlations between anthropometric data,
history of training, or amount of training per week
and the MPO.

Conversely, the correlation between maximum
power output and resistance index was highly signifi-
cant (r = — 0.597, p < .01) in athletes, but not in the
group of sedentary controls.

Similarly, there was a significant correlation between
maximum power output and VO2max (r = —0.445,
p =.019) only in the athletic group.

We found no statistically significant correlation
between maximum power output and resting heart
rate, central diastolic blood pressure, mean central
blood pressure, pulse wave velocity and Aix@75 both
in athletes and sedentary controls. The results of the
athletic population are presented in Table 2.

Table 2. Spearman correlation coefficients for each variable.

Variable Correlation with MPO p values
Resistance Index —0.5335 .0042*
VO2max 0.4455 .0199*
Resting Heart Rate —-0.3100 1156
Aortic Syst. BP —-0.3620 .0635
Aortic Diast. BP —-0.1971 3245
Mean Aortic BP —0.2405 .2269
Aix@75 —-0.3553 .0689
PWV —-0.2221 .2656

*statistically significant correlation (p < .05).

Linear regression analysis revealed that a lower resis-
tance index (p = .01) is a statistically significant
(r* = 0.27, p = .005) predictor of a higher maximum
power output in male professional handball athletes
explaining 27% of the variance in maximum power
output. The regression result is shown in Figure 1.

Univariate linear regression analyses revealed that
resistance index and aerobic capacity individually and
significantly predicted maximum power output in
handball athletes. However, in bivariate linear regres-
sion with resistance and VO2max as predictors, only
VO2max remained statistically significant (Table 3).

Discussion

This is the first study to evaluate vascular function, cBP,
PWYV, and aortic augmentation index in professional
handball players in Germany. Furthermore, we are the
first to investigate the relationship of these parameters to
handball athletes’ physical performance, assessed as MPO.
The novel finding of our study is the inverse correlation of
resistance index with a higher MPO in these athletes, as
determined by an exhaustive exercise test. Further, central
blood pressure was significantly lower in athletes at rest
compared to sedentary controls. These findings emphasize
the link between vascular function and physical perfor-
mance in these athletes. The lower central blood pressure

Table 1. Results of vascular evaluation and exercise testing in athletes (n = 30) and controls (n = 10).

Athletes n = 30

Controls n = 10

Mean SD Mean D p value
Resting Heart Rate (bpm) 53 7 74 5 .01
Brachial systolic blood pressure (mmHg) 123 8 129 9 .02
Brachial diastolic blood pressure (mmHg) 61 9 74 9 <.001
Mean aortic blood pressure (mmHg) 74 8 88 10 <.001
Aortic systolic blood pressure (mmHg) 102 9 110 8 .01
Aortic diastolic blood pressure (mmHg) 60 9 74 9 <.001
Aortic pulse pressure (mmHg) 42 6.5 36 4.4 <.01
Aortic pulse wave velocity (m/s) 6.2 0.82 6.3 0.48 45
Augmentation index @75 bpm (%) -4 12 -13 15 .06
Resistance index 15.88 443 10.66 2.04 <.001
Maximum power output (Watt) 343 77 202 43 <.001
Maximum power output (Watt/kg) 3.55 0.54 2.46 0.55 <.001
VO2max (est.mlO,/kg*min) 50.88 6.8 374 5.1 <.001
Maximum systolic blood pressure (mmHg) 189 18 203 24 .04
Maximum diastolic blood pressure (mmHg) 89 8 93 9 24
Maximum heart rate (bpm) 172 10 188 10 <.001
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Maximum Power Output as a Function of Resistance Index
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Figure 1. Maximum power output as a function of resistance index in handball athletes.

Table 3. Regression analysis of MPO over resistance index and
V02 max.

(Model 1) (Model 2) (Model 3)
b/SE b/SE b/SE
Resistance Index —0.062%* —0.049*%
(0.020) (0.021)
VO2max 0.034* 0.021
(0.014) (0.014)
Cons 4.538** 1.808* 3.266%*
(0.329) (0.701) (0.898)
R-squared 0.285 0.198 0.347

Note. Standard errors are in parenthesis
**p<.01,*p<.05

in professional athletes compared to age- matched controls
might be the result of exercise- induced vascular adapta-
tions. Interestingly, the age- matched sedentary controls
displayed a lower resistance index at rest compared to
athletes. Though, resistance index was not associated to
a higher MPO in controls, but in athletes. One might
speculate that these findings represent an improved vascu-
lar function in athletes, which contributes to a better per-
formance under exercise conditions. Given the fact that
maximum blood pressure was significantly lower in ath-
letes compared to controls, emphasizes this assumption.
Our decision to investigate the relative predictive con-
tributions of VO2max and resistance was driven by the
fact that VO2max is a well-established and substantial
predictor of power output. Since individuals with higher
aerobic capacity tend to deliver higher power outputs (per
kilogram bodyweight), the univariate regression model
offers no way to tell us whether resistance may explain
variability in MPO that VO2max could not also explain.
The result of our bivariate regression strongly sup-
ports the hypothesis that resistance, being a physical

parameter of arterial function, has an independent and
strong correlation with MPO, and may therefore help
to disentangle the contributions of aerobic capacity and
arterial function to physical power in athletes.

Denham et al. (Denham et al., 2016) showed in their
study that Aix@75, but not ¢cBP or PWV, was inversely
correlated with the VO2 peak in endurance athletes.
Athletes with the lowest Aix@75 possessed a higher
VO2 peak, and the VO2 peak emerged as an indepen-
dent predictor of Aix@75 (Denham et al., 2016).
Therefore the authors concluded that Aix@75 plays
a role in the cardiorespiratory fitness of endurance
athletes (Denham et al., 2016). In our cohort of profes-
sional handball athletes, we did not detect statistically
significant correlations of Aix@75, cBP, and PWV with
MPO. Interestingly, the determined Aix@75 was even
lower in the sedentary control group. Though, it was
associated with maximum power output in this group,
too. The different groups of athletes and sports exam-
ined might explain this difference.

Our cohort consisted of professional handball players.
Handball is a team sport with many interval sprints. It was
classified as a sport with a high dynamic component
(>75% VO2max) and a moderate static component
(10-20%) (Levine et al., 2015). The participants in the
study of Denham et al. (Denham et al., 2016) were recrea-
tional endurance athletes with both a significantly lower
training volume and a lower mean training history than
our professional athletes. Furthermore, they were older
than our athletes (33.5 vs. 27 years).

In healthy Asian males with a mean age comparable to
that of our own study, carotid-femoral PWV was reported
to be 8.53 m/s and Aix@75 4.7% (Okamoto et al., 2018).
Unfortunately, no data about aortal PWV were presented,
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which limits comparison with our results. Our participants
were experienced elite athletes with a median professional
training history of 10 years, which might have had an
impact on our results. It is known that central arterial
stiffness increases with age (Green & Smith, 2018) and
that regular aerobic exercise is able to stop this ageing effect
(Ashor et al., 2014; Green et al., 2017). This could partly
explain the difference in PWV and Aix@75 between the
studies (Staniszewska et al., 2016). Staniszewska et al.
(Staniszewska et al., 2016) examined young male football
and water polo athletes. Their athletes were younger than
our participants (22 vs. 27 years), although they displayed
a higher PWV (8.98 vs. 6.1 m/s) and a lower Aix@75 (-11
vs. —4%) than our handball players. The type of exercise is
crucial to the interpretation of the studies, as aerobic exer-
cise was shown to have the greatest impact on arterial
stiffness (Ashor et al, 2014; Green & Smith, 2018). In
marathon runners who were older than our athletes (38
vs. 27 years), a PWV of 6.89 m/s was measured that is only
slightly higher than in our investigation (6.2 m/s)
(Vlachopoulos et al., 2010). Though, the measured PWV
of our age- matched sedentary control group was not
significantly different compared to athletes.

Most studies in the literature used applanation tono-
metry from the carotid and femoral arteries to assess
pule wave velocity and arterial stiffness, which is cur-
rently regarded as “gold standard” (Ashor et al., 2014).
Though, the measurement technique is error-prone, as
it requires a carefully adjusted transducer to obtain an
accurate pulse wave (Massmann et al., 2017; Miyata,
2018). This may increase the stress in the patient being
tested (Miyata, 2018). Recently, new validated methods
to measure arterial stiffness and ¢BP have emerged that
are able to evaluate vascular function noninvasively and
simply via oscillometry in routine medical practice
(Miyata, 2018). However, the characteristics and poten-
tial factors influencing the indices measured with the
new methods need further investigation, and adequate
cutoff values should also be established (Miyata, 2018).

Central blood pressure is more strongly related to
vascular disease and outcome (Roman et al., 2007) than
conventional brachial blood pressure, and therefore it has
a greater prognostic value (Cheng et al., 2013; Fan et al,,
2016; Herbert, Cruickshank, Laurent, Boutouyrie, &
Reference Values for Arterial Measurements, 2014;
Roman et al.,, 2007). Diagnostic thresholds for cBP mea-
surements, derived from noninvasive tools, have been
published recently: an optimal ¢BP of <110 mmHg sys-
tolic and <80 mmHg diastolic was proposed (Cheng et al.,
2013). The threshold for arterial hypertension was calcu-
lated to be 2130 mmHg/>90 mmHg in this study (Cheng
et al,, 2013) and 2124 mmHg/>90 mmHg by Hulsen et al.
(Hulsen et al,, 2006). In another large study a normal

systolic ¢cBP of 103 mmHg was determined for healthy
men aged 20-29 and 95 mmHg for healthy women,
respectively (Herbert et al., 2014). In younger football
and water polo athletes (mean age 22 years), a higher
cBP (112/66 mmHg) was reported (Staniszewska et al.,
2016). Our male elite athletes displayed a cBP of
102 mmHg systolic and 60 mmHg diastolic, which were
lower than what was reported in these studies and lower
than those measured in our age- matched healthy con-
trols. Our professional athletes displayed a brachial blood
pressure of 123/61 mmHg, which can be considered nor-
mal. The finding that the ¢BP is significantly lower than
the brachial blood pressure is compatible with conditions
for an increased coronary flow and thus for maintaining
a higher cardiac performance (Green et al., 2017; Sardeli
et al., 2018). Furthermore, it reflects the high compliance
of the aorta in these athletes. The elastic properties of
arteries are currently evaluated by employing pulse wave
reflection and are expressed as the Aix.

A recently published meta-analysis revealed
a significant reduction in PWV and Aix in endurance
athletes compared with controls; this was not the case
for resistance exercise (Ashor et al., 2014). The combina-
tion of aerobic and resistance exercise, which would best
describe team handball in this context, also did not lead to
alowering of PWV and Aix (Ashor et al., 2014). However,
as the authors of the meta-analysis pointed out, only two
trials addressed the impact of combined exercise on PWV
and Aix (Ashor et al.,, 2014). Furthermore, few studies
report the measurement of heart-rate adjusted Aix (Ashor
et al., 2014).

Young elite athletes are underrepresented in these
analyses, as the majority of published studies examined
the impact of exercise on older patients (>50 years)
with cardiovascular diseases (Ashor et al., 2014). In
young athletes participating in high intensity resistance
training, there was even an increase in arterial stiffness
observed, raising concerns about the cardiovascular
safety of intensive resistance training (Miyachi, 2013).

Taken together, these contradictory results highlight the
problems inherent to the use of surrogate markers for the
determination of arterial function. The acknowledged gold-
standard parameter PWV (Oh et al,, 2017) is affected by
heart rate and blood pressure (Tan, Butlin, Liu, Ng, &
Avolio, 2012), but also by mechanical properties of the
arterial wall, which vary across locations within the arterial
tree (Townsend et al., 2015). Aix could theoretically serve as
an indicator of the severity to which elevated PWV affects
the heart by modulating afterload. However, it has been
found that particularly in the case of negative Aix values
(which characterizes our athlete population), this para-
meter fails as a quantifier of arterial function and should
not be used for analyses (Hughes et al, 2013).
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Correspondingly the ACCF/AHA and ESC do not recom-
mend the use of PWV and Aix for routine risk screening in
asymptomatic adults (Greenland et al., 2010; Vlachopoulos
et al,, 2015).

In contrast, determination of cardiorespiratory fitness
significantly improves short-term and long-term predic-
tion of cardiovascular mortality risk when added to tradi-
tional risk factors (Gupta et al., 2011; Ross et al., 2016).
That in our athletic population we did not observe
a correlation between MPO, PWV and Aix@75, while
MPO was inversely correlated with resistance index,
bespeaks the potential of using direct physical parameters
of arterial function for the quantification of cardiovascu-
lar risk, even in apparently healthy populations.

Green et al. (Green et al., 2017; Green & Smith,
2018) hypothesized that global vascular resistance may
be related to MPO in athletes. We found an inverse
correlation between the resistance index and MPO in
professional handball athletes, but not in the control
group. Thus far, there exists no comparable tool for this
index, which is derived from electrohydraulic analogy
and a validated electronic model of the arterial tree
(Schumacher et al., 2018).

The inability to obtain functional global vascular resis-
tance using noninvasive methods is currently viewed to be
a major problem (Green & Smith, 2018). Thus, surrogate
markers like flow-mediated dilation are widely used to
gain information about changes in vasodilator capacity in
conduit arteries (Green et al., 2017). They mainly reflect
the NO dilator pathway, but little is known about the
prostaglandin-mediated vascular function, which consti-
tutes a major limitation in the assessment of global vas-
cular resistance in athletes (Green et al., 2017).

The newly introduced resistance index may help to
reveal global vascular resistance, as its recording is
independent of the user and can be performed with
a very low assessment error (Massmann et al., 2017;
Schumacher et al., 2018). However, the results of our
study should be considered as hypothesis generating.
This method to assess global vascular function in ath-
letes should be independently validated in athletes of
different sports and different intensities.

Limitations

Several limitations of this study should be mentioned.
First, we did not address the underlying mechanisms in
the development of arterial stiffness in athletes. Second,
we did not perform follow-up measurements to detect
vascular adaptations during the competitive season.
Third, we estimated VO2max using the validated heart
rate ratio method. We are aware that estimating maximal
oxygen consumption typically suffers from considerable
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inaccuracy when derived from, and applied to, in-
homogenous groups of individuals with large variances
in body composition, age and training status. Given our
athletes’ high and comparable training volume and his-
tory it is reasonable to assume that the calculated aerobic
capacity, while underestimating the actual capacity, is
nevertheless a reasonably reliable basis for estimating
the correlation between VO2max and arterial function.

Fourth, potential confounders like caffeine intake or
changes in diet were not assessed. Finally, we acknowl-
edge that the study cohort was limited to 30 athletes and
10 controls. However, we examined a homogeneous
group of professional handball athletes, which strength-
ens our analysis despite the small study group.

Conclusion

In summary, noninvasive assessment of vascular func-
tion delivers new insights about cardiovascular adapta-
tions in athletes. The newly introduced resistance index
reflects global vascular resistance and predicted max-
imum power output in professional handball athletes.

What does this article add?

The adaptations of the vasculature in elite athletes and
its impact on cardiovascular performance are poorly
understood. Noninvasive assessment of vascular func-
tion by means of oscillometry, using direct physical
parameters of arterial function, is a new and promising
way to gain insights into this topic. This method might
help to reveal the impact of professional sports on
cardiovascular adaptations and its relationship to car-
diorespiratory fitness. Furthermore, the potential of
using direct physical parameters of arterial function
for the quantification of cardiovascular risk, even in
apparently healthy populations, is encouraged.
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Workload-indexed blood pressure
response to a maximum exercise test
among professional indoor athletes
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Abstract

Background: Exercise testing is performed regularly in professional athletes. However, the blood pressure response
(BPR) to exercise is rarely investigated in this cohort, and normative upper thresholds are lacking. Recently, a workload-
indexed BPR (increase in systolic blood pressure per increase in metabolic equivalent of task (SBP/MET slope)) was
evaluated in a general population and was compared with mortality. We sought to evaluate the SBP/MET slope in
professional athletes and compare it with performance.

Design: This was a cross-sectional study.

Methods: A total of 142 male professional indoor athletes (age 26 =5 years) were examined. Blood pressure was
measured at rest and during a standardized, graded cycle ergometer test. Ve assessed the BPR during exercise, the
workload, and the metabolic equivalent of task (MET). Athletes were divided into groups according to their SBP/MET
slope quartiles (I <4.3; Il 4.3-6.2; Il >6.2-9; IV >9 mmHg/MET) and compared regarding systolic BP (sBP) and workload
achieved.

Results: Athletes in group | (n =42) had the lowest maximum sBP (180 4= I3 mmHg) but achieved the highest relative
workload (4.2 £ | W/kg). With increasing SBP/MET slope, the maximum sBP increased (Il (n=>56): 1954 |5 mmHg;
Il (n=44): 216+ 16 mmHg) and the workload achieved decreased (Il: 3.9 +0.7W/kg; lll: 3.3 £0.5W/kg). The
differences in sBP between these groups were significant (p <0.001). None of the athletes were assigned to
group IV (>9 mmHg/MET).

Conclusion: Athletes in the lowest SBP/MET slope quartile displayed the lowest maximum sBP but achieved a higher
workload than athletes classified into the other SBP/MET slope groups. This simple, novel metric might help to distin-
guish a normal from an exaggerated BPR to exercise, to identify athletes at risk of developing hypertension.

Keywords
Exercise test, professional athletes, indoor sports, performance, workload-indexed blood pressure, blood pressure
response, hypertension
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Introduction

Healthy individuals with normal blood pressure (BP) at
rest but an exaggerated BP response (BPR) during

exercise are reportedly at higher risk of developing
arterial hypertension." In addition, a recent meta-
analysis revealed that exercise-induced systolic BP
(sBP) >196mmHg predicted cardiovascular events
with a sensitivity of 62% and a specificity of 75%.*
Further, in men without a history of cardiovascular
disease, a heightened risk of sudden cardiac death
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associated with an exaggerated systolic BPR to exercise
testing (>210 mmHg) was reported.’

In contrast, other studies concluded that a high peak
exercise sBP was associated with a lower risk of future
cardiovascular events and mortality,> and the sBP at
maximum exercise was not found to be associated with
increased rates of cardiovascular events.” Further, a
lower exercise BP was found to be an independent pre-
dictor of cardiovascular events and mortality.®

Therefore, the clinical impact of BPR during exer-
cise remains a controversial issue,”!* and upper refer-
ence values have not been established.”'"'* The
European Society of Cardiology states in its latest
guideline that there is currently no consensus on
normal BPR during exercise.'* In previous guidelines,
a systolic peak BP of 210mmHg for men and
190mmHg for women were proposed as diagnostic
thresholds for the general population.'
Recommendations for athletes are lacking in both
guidelines, yet recently published studies proposed dif-
ferent thresholds for defining an exaggerated BPR to
exercise in athletes.'®'” A higher exercise-induced BPR
in athletes was explained as representing a superior
exercise performance compared with that of the general
population.'® Thus far, the clinical relevance of BPR in
athletes is unclear, although a higher risk of developing
arterial hypertension in these athletes was suggested.'®
Further, in competitive triathletes, an exaggerated BPR
to exercise testing was associated with a higher preva-
lence of myocardial fibrosis,'” raising concerns about
potential arrhythmic consequences, including sudden
cardiac death.?

Regarding the physiological linear relationship
between sBP and external workload via cardiac
output, a higher sBP response to maximum exercise is
observed in individuals with a high level of physical
fitness.'® In addition, a higher cardiorespiratory fitness
improves survival and lowers the risk of cardiovascular
events.”! However, upper limits of a normal BPR to
exercise need to be defined, and considering the specific
workload instead of using absolute thresholds might
help to distinguish normal from exaggerated BPR to
exercise. The guidelines of the American College of
Sports Medicine (ACSM) propose a normative increase
of 10mmHg of sBP per metabolic equivalent of task
(MET).?? Recently, these values were questioned,'® and
Hedman et al. found an increase in sBP per increase in
MET (SBP/MET slope) of >6.2mmHg/MET to be
associated with a 27% higher risk of mortality over
20 years in males (mean age 59 years) with a high fit-
ness level compared with those with a SBP/MET slope
of <4.3mmHg/MET.? The authors concluded that the
calculated SBP/MET slope, as a workload-indexed
measure of the relationship of systolic BPR to exercise,
may be of prognostic value in subjects with higher

fitness levels.> However, the SBP/MET slope has thus
far not been investigated in elite athletes.

Therefore, this study was undertaken to characterize
the SBP/MET slope and its association with the BPR
to a maximum exercise test in male elite indoor athletes
referred for clinical investigation. Both handball and
ice hockey, with their many interval sprints, are team
sports that expose athletes to high haemodynamic
stress. Both were classified as a sport with a high
dynamic component (>75% maximum oxygen uptake
VO,max) and a moderate static component
(10-20%).%

Methods

Study design

The study was conducted as a cross-sectional study of
professional athletes during the routine pre-season
medical monitoring program of the first German hand-
ball division and the second German ice hockey divi-
sion. Data were collected in the second half of July in
the years 2015 to 2019 after a six-week competition-free
interval. All participants received a clear explanation of
the study and provided their written informed consent.
The local ethics committee of the University of Giessen
approved the study protocol. The study meets current
ethical standards.**

Study population

The participants were 142 healthy, injury-free profes-
sional handball and ice hockey athletes of varying
nationalities. In total, 145 athletes were screened.
Three screened athletes were excluded from the study
because of an elevated sBP at rest.

All athletes included were male Caucasians. All indi-
viduals were subjected to a physical examination,
12-lead electrocardiogram (ECQG), and a progressive
maximal cycling ergometer test. Age, height, weight,
body mass index, history of professional training, and
amount of training per week were determined. Body
surface area was calculated using the formula of Du
Bois.”> Maximum workload, weight-adjusted work-
load, MET, heart rate at rest, brachial BP at rest, max-
imum heart rate, and maximum BP were assessed.

BP measurements

Resting brachial BP was measured before the exercise
testing using a validated automatic device based on a
standard sphygmomanometer technique (Boso clinicus,
Bosch+ Sohn GmbH & Co KG, Germany). The cuff
used for measurement was adjusted to the individual’s
arm circumference. Measurements were performed by
a trained research associate on both arms in a sitting
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position after a resting period of 5 min and repeated
after 2 min. The average BP for each arm was calcu-
lated and the highest value was used for statistical
analyses. Athletes with a resting sBP >140 mmHg or
diastolic BP (dBP) >90 mmHg were excluded from the
study.

Exercise testing and assessment of maximum BP

Athletes underwent a standardized progressive maxi-
mal cycling ergometer test with concurrent automatic
brachial BP measurement and ECG recording (Schiller
AG®, Switzerland). The exercise test protocol started
with a load level of 100 W after a 2-min warm-up
period that was conducted with 50 W. Loads were
increased by 50 W every 2 min until exhaustion, which
was defined as the participant’s inability to maintain
the load for 2min. Next, the load was decreased to
25W for 3min of active recovery, followed by a
2-min cool-down period at rest. The test concluded
with a final ECG recording and a brachial BP measure-
ment. BP was measured once a minute during test and
recovery periods, including at the maximum workload,
immediately after the maximum workload, immediate-
ly after the end of the test, and after 5 min of recovery.
Heart rate was measured with continuous ECG record-
ing throughout the test and recovery periods. We
assessed the absolute maximum workload of the ath-
letes as well as the workload adjusted to individual
body weight. Other measurements included maximum
heart rate and heart rate at rest and 5 min after the
exercise test.

Increases in sBP and dBP were calculated from peak
and baseline (resting) values. Pulse pressure was calcu-
lated as sBP — dBP at rest and at maximum exercise. In
addition, mean BP was determined as: dBP + (sBP —
dBP)/3.

MET was estimated using standard equations of the
ACSM for cycling ergometers.”” The AsBP was calcu-
lated as (systolic maximum BP — sBP at rest) and
indexed by the increase in METs from rest (AMETs
calculated as peak MET — 1) to obtain the SBP/MET
slope. Based on their SBP/MET slope, athletes were
allocated to quartiles, as proposed and examined by
Hedman et al’® Quartile I was defined as
<4.3mmHg/MET; quartile II as 4.3-6.2mmHg/MET;
quartile III as 6.2-9.0 mmHg/MET; and quartile IV as
>9mmHg/MET.

Statistical analysis

Descriptive analyses were carried out on all study var-
iables for the total sample. Further, descriptive statis-
tics were used on all study variables categorized by the
SBP/MET slope. All data are presented as mean
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+standard deviation. The Shapiro-Wilk test was
used to confirm a normal distribution. In case of
skewed distribution of the data, all analyses were per-
formed on normalized data. Intergroup comparisons
were made using analysis of variance and multiple
linear regression models categorized by the SBP/MET
slope, as described above. Bivariate relations were ana-
lysed using Pearson’s product-moment correlation
coefficient. Statistical significance was set at p <0.05
(two-tailed) for all measurements. All statistical analy-
ses were performed using the statistical software SPSS
25.0 for Mac (Statistical Package for the Social
Sciences, Chicago, IL, USA).

Results

Cohort characteristics

A total of 142 professional handball and ice hockey
athletes were included in the study. All participants
were healthy and none took medication or supplemen-
tation. The clinical characteristics, anthropometric
data, and specific training data of all athletes are dis-
played in Table 1. As expected, we found a significant
correlation of age with history of professional training
(r=0.965 p<0.001) and maximum heart rate
(r=0.35, p<0.01). Further, body weight was weakly
positively correlated with absolute workload (r=0.223,

Table I. Characteristics of all male 142 professional indoor
athletes.

Mean SD
Age (y) 26.1 5.0
Height (cm) 189.6 6.7
Weight (kg) 929 10.3
Body mass index (kg/m?) 25.8 1.9
Body surface area (m?) 2.2 0.15
History of professional training (y) 10.37 4.9
Training per week (h) 17.95 3.1
Heart rate at rest (bpm) 55.8 9.4
Systolic BP (mmHg) 122.6 9.7
Diastolic BP (mmHg) 76.3 72
Pulse pressure at rest (mmHg) 46.3 10.5
Maximum heart rate (bpm) 177.9 10.3
Maximum systolic BP (mmHg) 197 20.3
A systolic BP (mmHg) 743 19.8
A diastolic BP (mmHg) 85 8.7
Maximum diastolic BP (mmHg) 84.9 7.8
Maximum pulse pressure (mmHg) 1121 20.2
Absolute workload (WVatt) 351.6 788
Relative workload (Watt/kg) 3.8 0.85
Peak energy expenditure (MET) 15.1 3.1
SBP/MET slope (mmHg/MET) 5.4 1.7

SD: standard deviation; BP: blood pressure; MET: metabolic equivalent of
task; SBP/MET slope: increase in systolic BP per increase in MET.
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p=0.008), resting dBP (r=0.18, p =0.025), and height
(r=0.795, p<0.001) and negatively correlated with
MET (r=-0.336, p <0.001). MET was negatively cor-
related with weight (r=-0.264, p =0.002), height (r=
-0.176, p=0.037), body mass index (r=-0.24,
p=0.04), resting sBP (r=-0.199, p=0.018), and rest-
ing dBP (r=-0.169, p =0.045).

BP at rest

The mean resting BP was 123 + 10/76 = 7mmHg in all
athletes. The highest measured resting sBP value was
139mmHg and the highest measured dBP was
89 mmHg. None of the participants displayed a BP
>140/90 mmHg. Resting sBP was positively correlated
with maximum sBP (r=0.298, p <0.001), resting dBP
(r=0.270, p=0.001), and maximum dBP (r=0.29,
p=0.12). In addition, resting sBP was negatively asso-
ciated with relative workload (r=-0.170, p =0.043).

BPR to exercise

The mean maximum sBP/dBP in all athletes was 199 +
20/85+ 8 mmHg, with a mean sBP increase of 74 +
20mmHg and a mean dBP increase of 8 £ 8§ mmHg.
The highest measured sBP was 253 mmHg and the
highest dBP was 91 mmHg. The maximum pulse pres-
sure was 112+20mmHg. Mean AsBP was 74.3
+20mmHg and mean AdBP was 8.5+9mmHg
(Table 1).

Maximum sBP was positively correlated with resting
sBP (r=0.298, p<0.001) and maximum dBP
(r=0.212, p=-0.01). Further, we observed positive
correlations with maximum pulse pressure (r=0.92,
p <0.001), pulse pressure at rest (r=0.304, p <0.001),
and SBP/MET slope (r=0.74, p <0.001).

Workload-indexed BPRs with SBP/IMET
slope calculation

All athletes completed the maximum exercise test until
exhaustion and a maximum heart rate above the calcu-
lated individual 85% threshold (of individually calcu-
lated maximum heart rate). The mean maximum heart
rate in all athletes was 178 10 bpm and the mean
absolute workload was 351 +79 W, with a correspond-
ing relative workload of 3.8 +0.85W/kg and MET of
15.1£3.1. The mean workload-indexed BPR in
the participants, calculated as SBP/MET slope, was
5.4+ 1.7mmHg/MET.

The cohort was divided into four groups according
to SBP/MET slope quartile: 1 <4.3; II 4.3-6.2; III
>6.2-9; and IV >9mmHg/MET. As the highest SBP/
MET slope calculated was 8.8 mmHg/MET, none of
the athletes were assigned to the >9mmHg/MET
group. Forty-two athletes displayed a SBP/MET

slope <4.2mmHg/MET (I), 56 were assigned to the
4.3-6.2mmHg/MET group (II), and 44 to the >6.2—
9mmHg/MET group (III). The mean SBP/MET
slope values in these groups were 3.6 £0.6, 5.2 £0.5,
and 7.6 = 1 mmHg/MET, respectively.

There were no significant group differences in
anthropometrics, history of professional training,
heart rate at rest, BP at rest, maximum heart rate,
and maximum dBP (see Table 2). In contrast, athletes
in group IIT had a higher maximum sBP compared
with the other groups (p <0.001 for each) and those
athletes with the lowest SBP/MET slope displayed
the lowest maximum sBP (Figure 1). Further, the
maximum pulse pressure was higher in the highest
SBP/MET slope group III compared with the other
groups (p<0.001 for each). Significant differences
between the groups were also found for AsBP
(p<0.001 for each comparison) and AdBP (p=0.011
for comparison of I vs II and vs I11; p =0.042 for com-
parison of II vs III).

Athletes in group I achieved a higher absolute and
relative workload compared with those in the other
groups (Table 2; p<0.001). In contrast, the achieved
absolute (p=0.079) and relative workload (p =0.081)
of groups II and III were not significantly different.
The peak energy expenditure (MET) in athletes in
group III with the highest SBP/MET slope (>6.2—
9mmHg) was significantly lower than in those in
group II with 4.3-6.2mmHg/MET (p=0.041) and
those in group I with the lowest SBP/MET slope
(p<0.001). Detailed data are given in Table 2.

Correlations of SPBIMET slope with performance
and hemodynamic data

The SBP/MET slope was negatively correlated with
absolute workload (r=-0.463, p <0.001) as well as rel-
ative workload (r =-0.499, p < 0.001), whereas positive
correlations were observed with maximum sBP
(r=0.74, p <0.001), maximum dBP (0.204, p =0.015),
and maximum pulse pressure (r=0.662, p<0.001).
Further, the AsBP (r=0.784, p<0.001) and the
AdBP (r=246, p=0.03) correlated positively with the
SBP/MET slope.

Linear regression analyses revealed that a higher
AsBP (p<0.001) is a statistically significant predictor
of a higher SBP/MET slope (r*=0.616, corrected
»=0.612, p<0.001, F(1,140)=223.7, Durbin-
Watson statistic 1.934). The regression result is shown
in Figure 2. Thus, resting dBP, sBP, and maximum
pulse pressure were not able to statistically significantly
predict the SBP/MET slope.
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Table 2. Main clinical characteristics and exercise test results of the study population according to the SBP/MET slope classification.

<4.3 mmHg/MET 4.3-6.2 mmHg/MET >6.2-9 mmHg/MET p-value
Number of participants 42 (30%) 56 (39%) 44 (31%)
Age () 26.6 £4.7 26653 25.1 £5 ns
Height (cm) 190.1 £5.8 188.6 £7.1 1904 £7.1 ns
Weight (kg) 929+93 91.9£ 11 942+ 104 ns
BMI (kg/m?) 25.6 1.4 25.7+2 26+£22 ns
Body surface area (m?) 22+0.14 2.19+0.16 22+0.15 ns
Professional training (y) 10.5+4.4 10.8+5.3 9745 ns
Training per week (h) 184+3.3 17.5+3.2 182427 ns
Heart rate at rest (bpm) 553+9 58+9.8 53.6+9 ns
Systolic BP (mmHg) 1252+ 104 120.6 +9.4 123+9.5 ns
Diastolic BP (mmHg) 774+£7.6 76.6+7.3 75.1 £6.7 ns
Pulse pressure at rest (mmHg) 478 £ 11.1 44+9.6 47.8£10.7 ns
Maximum heart rate (bpm) 176.9+9.5 1776 £ 10 179.1£11.4 ns
Maximum systolic BP (mmHg) 180.1 & 13.427%** 195.1 + 14.9% 215.6+ 16.1 <0.001
Maximum diastolic BP (mmHg) 826+73 86.1 +8.7 85.7+79 ns
Maximum pulse pressure (mmHg) 97.6 £ 13.6%%* 109 £ 16.6* 129.8+ 16.4 <0.001
A systolic BP (mmHg) 55 4 | Fowk 74.5 £ 14* 926122 <0.001
A diastolic BP (mmHg) 5+6* 9.5+86 106+ 10 <0.05
Absolute workload (W) 392.2 £ 47. % 352.2+56.6 311.9+£45.6 <0.05
Relative workload (W/kg) 4.2 4 PR 39+07 33£05 <0.05
Peak energy expenditure (MET) 16.7 + 4%+ 154+26 134£1.7 <0.05
SBP/MET slope (mmHg/MET) 3.6 £0.6%%* 5.2+£0.5% 7.6t <0.001

BMI: body mass index; BP: blood pressure; MET: metabolic equivalent of task; SBP/MET slope: increase in systolic BP per increase in MET.

*p <0.001 vs >6.2-9 mmHg/MET.
*p < 0.001 vs 4.36.2 mmHg/MET.
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Figure |. Maximum systolic blood pressure according to SBP/MET slope.

Discussion

To the best of our knowledge, our study is the first to
investigate the BPR to a standardized maximum exer-
cise test in healthy male professional indoor athletes
and its correlation with the SBP/MET slope. Our
main findings are that athletes with the lowest
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SBP/MET slope displayed the lowest maximum sBP
and the lowest AsBP but achieved the highest absolute
and relative workload. Further, the energy expenditure
(MET) was higher in these athletes.

These findings were surprising, since we hypothe-
sized that athletes with a higher maximum sBP would
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10 # =0.616, p<0.001
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Figure 2. SBP/MET slope as a function of A systolic blood pressure.

have a better performance level than those with lower
maximum sBP, assuming a linear relationship between
sBP and external workload'® and, consequently, an
association of the highest sBP with the highest work-
load. Thus, contrary to our hypothesis, the current
study showed that athletes with the least sBP increase
and the lowest maximum sBP achieved the highest
absolute and relative workload, indicating a better per-
formance. These results are not consistent with the pre-
viously published data of Hedman et al.,> who found
that individuals with a peak sBP <210 mmHg had a
20% higher relative risk of mortality. However, in
this study, the mean age was 58 years and the partic-
ipants were non-athletes with several cardiovascular
risk factors, which limits comparison to our results.

In general, given the conflicting definitions of an
exaggerated BPR,*'*'* a comparison across studies is
challenging. Further, different exercise testing meth-
ods, BP measurement methods,'>?° and determinations
of sBP at submaximal'? workload or maximum work-
load?® limit meaningful comparisons. Therefore, to
enable comparison to other studies, a detailed descrip-
tion of the exercise testing modalities is recom-
mended.'*?” In trained individuals, cycling ergometry
has been shown to elicit higher maximum sBP com-
pared to treadmill testing,”® which was explained with
the addition of isometric work (hand gripping) and ele-
vated quadriceps muscle activity.'* Thus, the deter-
mined maximum sBP of our study might be higher
compared to treadmill testing.

Another important factor to consider when review-
ing recent literature is the baseline risk factor profile
and sex, especially in an athletic population, as the

BPR to exercise is more pronounced in males than in
females.!” Thus, an exaggerated BPR to exercise was
associated to a heightened risk for sudden cardiac
death in men without a history of cardiovascular dis-
ease” and may contribute to autonomic imbalance and
endothelial dysfunction, even in otherwise healthy
individuals.

Data concerning the BPR to exercise in athletes are
sparse, despite the fact that exercise testing plays a piv-
otal role in sports cardiology and is regularly per-
formed as part of pre-participation screening.”
Further, upper reference values are not defined,
although Caselli et al.'"® proposed a threshold of
220mmHg for male athletes. These same authors'®
reported a higher risk of developing arterial hyperten-
sion in male athletes with maximum sBP of 208
+22mmHg. Interestingly, the normal BPR was deter-
mined to be 185+20mmHg, which is comparable to
our own results in the group with the highest workload
(180 + 13 mmHg). The reported resting BP'® was lower
than in our study (116+10/74+7 vs 123+£10/76
+7mmHg). Athletes performing “mixed exercise”
demonstrated the highest resting BP,'® which is in
line with other publications.'”***! Further, male ath-
letes displayed a higher resting BP than females, as
reported previously.' ! Our cohort can also be con-
sidered “mixed exercise” athletes. Unfortunately, the
data presented by Caselli et al.'® for mixed sports are
not stratified by sex, which limits comparison. Further,
the maximum workload in this study'® was significantly
lower compared with that of our group (268 +53 vs
349 +85 W) and, in addition, the maximum heart
rate was significantly lower (166 + 10 vs 178 4+ 10 bpm).
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This surprisingly low maximum heart rate (mean 2546
years) raises the question whether the exercise test car-
ried out can be really considered to be a maximum
exercise test. Lack of assessment of a workload-
indexed BPR precludes correlation with SBP/MET
slope status and thus also limits comparison with our
results.

The maximum sBP of our professional indoor ath-
letes (197 20 mmHg) was lower than that reported by
Pressler et al..,!” who found a mean maximum BP of
204 +£22mmHg in their male professional athletes.
Accordingly, the mean increase from resting sBP was
lower in our cohort than in theirs (74+£20 vs 80
+20mmHg). The study of Pressler at el. seems to be
the most appropriate study to compare with ours, since
their male cohort was of similar age and displayed a
similar maximum heart rate (178 £ 10 vs 186 £ 12 bpm)
and a comparable maximum power output (3.8 £0.85
vs 4.15+0.61 W/kg). In addition, resting heart rate
(56£9 vs 60+ 11 bpm) and resting sBP/dBP (123 £
10/76 7 vs 124+ 12/77 £ 7TmmHg) were comparable
in the two study populations. However, as with the
study by Caselli et al.,'® the lack of a workload-
adjusted BPR assessment by Pressler et al.'” limits the
comparison with our own results.

In fact, a workload-indexed characterization of BPR
in elite athletes is not currently available in the litera-
ture. This is surprising, given the acknowledged diffi-
culties in determining an exaggerated BPR in these
populations, as a higher maximum sBP is linked to a
better performance level. The ACSM recommenda-
tions*? propose a normal increase in sBP per MET of
10mmHg. However, in our cohort, the median SBP/
MET slope was 5.4mmHg/MET with a maximum
SBP/MET slope of 8.7mmHg/MET. In other observa-
tions, a median of 6.4mmHg/MET® was observed,
indicating that the proposed threshold of a
10mmHg>* increase in sBP/MET represent an upper
limit rather than an average normal increase.
Considering the recently published study of Hedman
et al. in which a higher SBP/MET slope was associated
with worse survival, the proposed SBP/MET slope
might be a useful tool to identify individuals at risk.

In our study, we identified a highly significant cor-
relation between a lower SBP/MET slope and a higher
accomplished workload and MET. This was consistent
with the lower maximum sBP in athletes with a higher
performance level compared with those with a higher
maximum sBP and a lower performance level. Athletes
in the lowest SBP/MET slope quartile (<4.3 mmHg/
MET) displayed a higher MET despite a lower sBP.
At first glance, these findings are surprising given the
physiological increase in sBP with higher workloads.
Yet, in hypertensive male elite athletes (sBP
>130mmHg according to American guidelines) a
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lower exercise capacity was found than in those with
normal BP.?? Under maximum exercise conditions, the
maximum sBP in hypertensive athletes was 196+
18 mmHg compared with 182 + 18 mmHg in athletes
with a normal BP at rest.>? These findings are in line
with our own results, although our cohort was older
(26 vs 23 years) and, consequently, displayed a lower
maximum heart rate.

In summary, athletes with the lowest BPR displayed
the highest exercise capacity, the highest workload, and
a lower maximum heart rate than those with a higher
BP.** This result might be explained by the excellent
fitness of the professional athletes and the enhanced
vascular function. The vascular function influences
the maximum workload of male athletes*® and contrib-
utes to higher performance and concomitantly lower
BP, which is often not acknowledged in studies. The
complex and ambiguous association between the BPR
to exercise and sBP — with some studies indicating a
lower cardiovascular risk with a lower maximum sBP*
and other studies suggesting exactly the opposite®® —
might be explained by the often-neglected factors vas-
cular function and vascular adaptation to exercise.**

Our findings emphasize the link between vascular
function, BP, BPR, and physical performance in ath-
letes. Today, the ability to examine vascular function
and central haemodynamic parameters including cen-
tral BP (cBP) via non-invasive tools might offer addi-
tional new opportunities to define workload-adjusted
thresholds of a normal BPR to exercise in an athletic
population.®® Therefore, further studies that investigate
the impact of vascular function and cBP on the BPR to
exercise in athletes are needed to identify athletes at
risk of developing hypertension.

Limitations

Our study has a few limitations. The number of partic-
ipants limited its power to reveal potential correlations
between SBP/MET slope status and markers of cardiac
and vascular function other than brachial BP and the
BPR to a maximum exercise test. The focus on profes-
sional indoor handball and ice hockey players may
limit extrapolation of the results to other sport disci-
plines; however, as these team sports expose athletes to
the haemodynamic stress of frequent interval sprints,
they are representative of other sports with a high
dynamic component (>75% VO,max) and a moderate
static component (10-20%).>* A further limitation is
our exclusive focus on male athletes, which precludes
the extrapolation of our results to female athletes. We
are currently addressing all three issues by extending
our research to include larger numbers of professional
male and female athletes from various sport disciplines.



European Journal of Preventive Cardiology 0(0)

Conclusions

Athletes are more frequently exposed to exercise-
induced high BP than sedentary individuals, and
exercise testing is frequently performed in the cardio-
vascular evaluation of competitive athletes.’’
Therefore, reliable cut-off values have to be established
and, given the workload-dependent BPR to exercise, a
workload-adjusted approach instead of using absolute
cut-off values might be a good strategy for identifying
athletes with an exaggerated BPR.?

In our cohort, the AsBP was predictive of an
increase in SBP/MET slope and might be an additional
tool to identify athletes at risk of developing hyperten-
sion. Our athletes with the lowest SBP/MET slope dis-
played the lowest BPR but the best performance level.
Therefore, the SBP/MET slope might help to identify
athletes with an exaggerated BPR, which constitutes a
major risk of developing arterial hypertension in the
future. Further, a higher SBP/MET slope was associ-
ated with a lower physical performance level, which
compromises athletic performance.
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ABSTRACT

Workload-indexed blood pressure response (wiBPR) to exercise
has been shown to be superior to peak systolic blood pressure
(SBP) in predicting mortality in healthy men. Thus far, however,
markers of wiBPR have not been evaluated for athletes and the
association with vascular function is unclear. We examined 95
male professional athletes (265 y) and 30 male controls (26 +4
y). We assessed vascular functional parameters at rest and wiBPR
with a graded bicycle ergometer test and compared values for
athletes with those of controls. Athletes had a lower pulse wave
velocity (6.4+0.9vs. 7.2+ 1.5 m/s, p=0.001) compared to con-
trols. SBP/Watt slope (0.34£0.13 vs. 0.44 £0.12mmHg/W), SBP|
MET slope (6.2 1.8 vs. 7.85+ 1.8 mmHg/MET) and peak SBP/
Watt ratio (0.61+0.12 vs. 0.95+0.17 mmHg/W) were lower in
athletes than in controls (p<0.001). The SBP/Watt and SBP/MET
slope in athletes were comparable to the reference values, where-
as the peak SBP/Watt-ratio was lower. All vascular functional pa-
rameters measured were not significantly correlated to the wiBPR
in either athletes or controls. In conclusion, our findings indicate
the potential use of the SBP/Watt and SBP/MET slope in pre-par-
ticipation screening of athletes. Further, vascular functional pa-
rameters, measured at rest, were unrelated to the wiBPR in ath-
letes and controls.

Introduction vascular (CV) pathology and future CV risk in two different settings:

Blood pressure response (BPR) to exercise testing has been recog-  routine clinical investigations of the general population [1, 2], and
nized for its potential to uncover otherwise undetectable cardio-  in pre-participation screenings of athletes [3-5]. Hence, knowledge
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of what constitutes a normal or abnormal blood pressure response
(BPR) to exercise is a crucial component of the cardiovascular eval-
uation.

Though, studies investigating the BPR to exercise delivered in-
consistent results with some studies indicating a lower cardiovas-
cular risk with a lower maximum systolic blood pressure (SBP) [2]
and other studies suggesting exactly the opposite [6, 7]. In conclu-
sion, the clinical impact of blood pressure response (BPR) during
exercise still remains a controversial issue [8-10], and the Europe-
an Society of Cardiology states in its latest guideline that there is
currently no consensus on normal BPR during exercise [11].

Therefore a call to re-evaluate guidelines for BPR to exercise has
recently been made, intended to stimulate research into establish-
ing more reliable markers of BPR [12]. At the same time, novel
markers of vascular function have emerged whose feasibility for
acquisition at rest via noninvasive oscillometric devices could sim-
plify clinical assessment in uncovering functional impairment
[13, 14]. Functional vascularimpairment might lead to an exagger-
ated BPR to exercise even in the absence of hypertension at rest
[15,16]. Further, arterial stiffness predicted an exaggerated BPR in
young individuals [17], indicating that vascular functional assess-
ment might provide additional information for cardiovascular risk
classification.

Acknowledging these discoveries, Hedman et al. investigated a
workload-indexed BPR (wiBPR), expressed as the slope of systolic
blood pressure in response to workload (SBP/MET slope) [6], and
demonstrated that currently proposed thresholds for BPR to exer-
cise did not align well with observations in their middle-aged pop-
ulation. The 10 mmHg/MET benchmark that has been discussed to
constitute a normal increase [18] was farin excess of the 5 mmHg/
MET and 10 mmHg/MET observed by Hedman et al. [6] to repre-
sent the 50th and 95th percentile in their study’s low-risk sub-pop-
ulation. Moreover, a SBP/MET slope >6.2 mmHg/MET was associ-
ated with a 27 % higher risk of mortality over 20 years in males com-
pared with those with a SBP/MET slope <4.3 mmHg/MET [6].

These findings underscore that current threshold recommen-
dations for BPR to exercise lack clinical utility. Further, these obser-
vations highlight the need for the development of normative val-
ues of wiBPR for athletes’ pre-participation evaluation. We have
shown that male athletes present with a mean SBP/MET slope of
5.4mmHg/MET and that those with the lowest SBP/MET slope also
displayed the lowest maximum SBP and the highest performance
level [19]. Consistent with these results, we recently demonstrat-
ed that the resistance index, as a direct physical marker of global
vascular resistance, was able to predict maximum power outputin
elite athletes [20].

Therefore, we now investigated vascular function and the newly
introduced markers of wiBPR, specifically SBP/W slope and peak
SBP/W ratio [21] in a cohort of professional male athletes and male
controls. The peak SBP/W ratio represents the ratio of peak SBP to
maximum achieved watts (W) in response to bicycle ergometer,
whereas the SBP/W slope reflects the increase of SBP per W incre-
ment and thus the steepness of SBP in relation to workload, with
higher values representing a steeper increase [21].

We hypothesized that athletes would display an enhanced vas-
cular function compared to controls with measureable differences
at rest. Further, we anticipated finding a lower wiBPR in athletes

compared to controls and to recently published normative values
[21] as a result of this enhanced vascular function. In addition, we
expected to find significant correlations of vascular functional pa-
rameters with the wiBPR in athletes and controls.

Materials and Methods

Study design

The study was conducted as a cross-sectional, single-center pilot
study as part of the routine pre-season medical monitoring pro-
gram of the first German handball division. Data were collected in
the second half of July in the years 2017-2019 after a six-week com-
petition-free interval. Competitive team handball is classified as
high-intensity mixed sports with a high load for the cardiovascular
system. It is characterized by requiring the repetition of high-in-
tensity activities with brief recovery periods. Players need the abil-
ity to perform repeated maximal or near-maximal intensities such
as sprinting, jumping, and changing of directions throughout the
match.

Age-matched male controls were recruited as volunteers and
included in the study when they participated in sports activi-
ties <1 hour per week.

All participants received a clear explanation of the study and
provided their written informed consent. Further, they filled out a
questionnaire regarding health status, medication, nutrition sup-
plementation, amount of training, and history of training (pre-par-
ticipation questionnaire of the European Federation of Sports Med-
icine Associations). Only healthy individuals free of underlying car-
diovascular diseases, risk factors, and medication were included.
The local ethics committee approved the study protocol. The study
was performed in accordance with the ethical standards in sport
and exercise science research [22].

Study population

The participants were 95 healthy male professional handball play-
ers of the first German division and 30 healthy male controls. All
participants included were Caucasians, non-smokers, and none
took medication or multivitamin supplements. Age, height, weight,
and body mass index were determined. Body surface area was cal-
culated using the formula of DuBois and DuBois [23].

Exercise testing and assessment of blood pressure,
heart rate and performance

All individuals were subjected to a physical examination and 12-
lead electrocardiogram (ECG). Further, all participants underwent
a standardized progressive maximal cycling ergometer test with
concurrent automatic brachial BP measurement (Schiller AG, Baar,
Switzerland) and 12-lead ECG recording. The cuff used for meas-
urement was adjusted to the individual’s arm circumference. The
first BP measurement was performed on the right arm in a sitting
position on the ergometer after a resting period of 5 min (resting
BP). The participants were instructed to let their right arm hang
loosely during BP measurements, when possible. The exercise test
protocol of the athletes started with a load level of 100 W after a
2-min warm-up period that was conducted with 50 W. Controls
started with 50 W after a warm-up period conducted with 25 W.
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Loads were increased by 50 W in athletes and 25 W in controls every
2 min until exhaustion, which was defined as the participant’s in-
ability to maintain the load for 2 min. If participants could not com-
plete the last 2-min stage, the individual maximum workload was
calculated depending on the percentage duration of the last stage.
Further, the rating of perceived exertion (RPE, Borg) was evaluated
every 2 minutes, but not used as a termination criterion. Next, the
load was decreased to 25 W for 2 min of active recovery that was
followed by a 3-min cool-down period at rest. The test concluded
with a final ECG recording and brachial BP measurement. BP was
measured at every stage during test and recovery periods, includ-
ing at the maximum workload. Each BP measurement was record-
ed automatically with the corresponding time, heart rate, and
workload. The calculated maximum heart rate was determined with
the formula validated for cycling ergometries ((208-(age * 0.7)).
However, the predicted maximum heart rate was not used as a ter-
mination criterion.

Increases in systolic and diastolic BP were calculated from peak
and baseline (resting) values. Pulse pressure was calculated as SBP-
DBP at rest and during exercise. In addition, mean BP was deter-
mined as: DBP + (SBP-DBP)/3. MET values were estimated using
the following formula validated for cycling ergometers: MET =
(((Watt * 1.8 *6.12)/kg)) +7)/3.5 [18]. The ASBP was calculated as
(maximum SBP-resting SBP) and was indexed by the increase in
MET from rest (AMET calculated as peak MET-1) to obtain the SBP/
MET slope [6]. The peak SBP/W ratio was determined as peak SBP/
peak workload in W [21]. The SBP/W slope was calculated as the
ratio of the difference in SBP from the first to the last BP measure-
ment during exercise over the difference in workload in W between
these two measures (last SBP-first SBP)/(last W—first W) [21].

Non-invasive assessment of peripheral and central
blood pressure and pulse pressure waveforms

We used the non-invasive vascassist2 device (isymed GmbH, Butz-
bach, Germany) to acquire pulse pressure waveforms by means of
oscillometry. The device uses a validated model [14, 24] of the ar-
terial tree, which replicates an individual’s acquired pulse pressure
waves. The vascular evaluation was carried out before exercise test-
ing in a room with a comfortable and stable temperature of 22 °C
and a lack of external stress influences. After a 15-min rest period,
measurements were performed in a supine position using four con-
ventional cuffs adapted to the upper arm and forearm circumfer-
ences of the participants. Both radial and brachial pulse pressure
waves were acquired simultaneously on both arms with step-by-
step deflation of the cuffs and analyzed. Brachial and radial BP, cen-
tral blood pressure (CBP), aortic pulse wave velocity (PWV), aug-
mentation index at a heart rate of 75 bpm (Aix@75), resistance
index (R), total vascular resistance, stroke volume, cardiac output,
and ejection duration were calculated.

Statistical analysis

Descriptive analyses were carried out on all study variables for the
total sample and separated by athletes and controls. All data are
presented as mean + standard deviation (SD). The Shapiro-Wilk
test was used to determine normal distribution. Between-group
comparisons were made using independent sample t tests. Bivari-
ate relations were analyzed using the Spearman correlation coeffi-
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cient. Pearson’s product-moment correlation coefficient was used
to determine linear correlations between vascular functional pa-
rameters and exercise test results. Statistical significance was set
at p <0.05 (two-tailed) for all measurements. Relationships be-
tween wiBPR and vascular functional parameters were explored
using bivariate correlation and multiple linear regression analysis.
All statistical analyses were performed using the SPSS statistical
software (IBM SPSS Statistics for Macintosh, Version 25.0; IBM
Corp., Armonk, NY, USA).

Results

Cohort characteristics

A total of 125 male participants, 95 athletes and 30 healthy, age-
matched controls, were included in the study. Athletes were taller
and heavier and displayed a greater body surface area than controls
(» Table 1); however, age (p=0.292) and body mass index were
not different between groups (p=0.206). The mean resting heart
rate was lower in athletes than in controls (57+10vs. 70 £ 14 bpm,
p<0.001). Further clinical characteristics, anthropometric data,
and specific training data are displayed in » Table 1. As expected,
we found a significant correlation of age with history of profession-
al training (r= 0.956, p< 0.001) in athletes.

Blood pressure and vascular function at rest

The mean resting brachial SBP and the mean brachial BP was lower
in athletes than in controls. None of the participants displayed a
BP >140/90 mmHg. Athletes had a significantly lower diastolic CBP,
mean CBP and PWV compared with controls, whereas systolic CBP,
Aix@75, resistance index (R), and total vascular resistance were not
different between the groups. In contrast, the central pulse pres-
sure was higher in athletes than in controls. Detailed data are pre-
sented in > Table 2.

Heart rate and blood pressure response to exercise

The test duration between athletes and controls was not different
(1060+100vs. 1005 £ 150 sec, p=0.102). All participants achieved
amaximum heart rate above the threshold of 85 % of the individu-
al calculated maximum heart rate with significant differences be-
tween the two groups (athletes 94.4 +5.1 % vs. controls 98.6 £4.7 %,
p<0.001). In consequence, maximum heart rate during the exhaus-
tive exercise test was significantly lower in athletes than in controls
(179.4+9.8vs. 187.1+£9.9 bpm, p<0.001). However, the rating of

»Table 1 Clinical characteristics of athletes (n=95) and controls (n=30)

Athletes Controls
n=95 n=30 p value

Mean | SD Mean | SD
Age (years) 25.6 5 26.2 4.4 0.292
Height (cm) 188.5 | 7.2 183.8 | 6.2 0.002
Weight (kg) 91.5 10.7 | 85.1 8.3 0.003
Body mass index (kg/m?) | 25.7 2 25.17 | 1.9 0.206
Body surface area (m?) 2.18 0.16 | 2.08 0.12 0.001
Training history (years) 9.85 495 | 0.03 0.18 | <0.001
Training per week (hours) | 17.45 | 3.1 0.5 0.2 <0.001
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»Table 2 » Results of vascular evaluation in athletes (n=95) and controls (n=30)

Athletes Controls
n=95 n=30 p value
Mean SD Mean SD

Brachial systolic BP (mmHg) 123 10.2 129 11.5 0.013
Brachial diastolic BP (mmHg) 76 7 78 8.5 0.196
Mean brachial BP (mmHg) 91.8 6.8 95.1 8 0.053
Pulse pressure at rest (mmHg) 46.8 10 50.4 11.3 0.098
Heart rate at rest (bpm) 57.2 10.3 70.1 13.6 <0.001
Mean aortic blood pressure (mmHg) 76 10 82 9.8 0.005
Central systolic BP (mmHg) 99 8 102 9.3 0.052
Central diastolic BP (mmHg) 63 9.7 69 9.3 0.003
Central pulse pressure (mmHg) 38 6.6 34 6.4 0.019
Aortic pulse wave velocity (m/s) 6.4 0.92 7.2 1.5 0.001
Augmentation index @75 bpm (%) -18.6 10 -16 10 0.38
Resistance index 16.4 6.3 17.7 7.4 0.346
Total vascular resistance (dyn * sec/cm3) 1336 298 1267 333 0.294

perceived exertion was not different between the groups (18.5+ 1.1
vs. 19.2+£0.9 Borg scale, p=0.065).

The heart rate, SBP, DBP, mean brachial BP, and pulse pressure
were significantly lower in athletes compared to controls (<0.001)
at 100, 150 and 200 W workload. All controls completed the 150 W
stage, 22 (66 %) accomplished the 200 W stage, 8 (26 %) the 250 W
stage, and 1 (3 %) achieved the 300 W stage. All athletes (95) com-
pleted the 250 W stage, 86 (82 %) the 300 W stage, 48 (46 %) the
350 W stage, 21 (20 %) the 400 W stage, and 5 athletes (5 %) ac-
complished more than the 450 W stage, respectively.

Despite the differences throughout the stages of the graded ex-
ercise test, the maximum SBP (200 +20 vs. 197 + 19 mmHg,
p=0.358), maximum DBP (84.7 £7.1 vs. 86.4+10.1 mmHg,
p=0.391), mean brachial BP(123.5+9vs. 123.3+11.6 mmHg, p=
0.893) and maximum pulse pressure (115.4+19.8 vs. 110.6 =
13.6 mmHg, p=0.211) were not different between athletes and
controls at the individual peak exercise. ASBP and Apulse pressure
were higherin athletes, but ADBP and Amean brachial BP were not
different between groups. The complete data set is presented in
»Table 3. In addition, the blood pressure responses at each stage
are depicted in » Figure 1. Further, » Figure 2 shows the SBP ac-
cording to the achieved maximum workload.

Maximum SBP was positively correlated with resting SBP
(r=0.241, p=0.019) and maximum DBP (r=0.234, p=-0.022). In
addition, resting SBP was negatively associated with R (r=-0.289,
p=0.005).

Workload-indexed blood pressure responses

Athletes achieved a significantly higher absolute workload than con-
trols with a correspondingly higher relative workload and MET. All
markers of a workload-adjusted BPR were significantly lower in ath-
letes than in controls: SBP/MET slope (6.2+ 1.8 vs. 7.85+ 1.8 mmHg/
MET, p<0.001); SBP/W slope (0.35+0.13 vs. 0.44+0.12 mmHg/W,
p<0.001) and the peak SBP/W ratio (0.61+0.12 vs. 0.95+
0.17 mmHg/W, p<0.001) (» Table 3). The respective percentiles
for the BP increase and the wiBPR for athletes are displayed in
»Table 4.

All vascular functional parameters, measured at rest, were not
significantly correlated to SBP/MET slope, the peak SBP/W ratio, or
the SBP/W slope in either athletes or controls.

Regression analyses of the influence of the hemodynamic data
of athletes and controls on different markers of workload-indexed
blood pressure response

We performed multivariate regression analyses to explore possi-
ble linear associations across the vascular functional parameters
measured at rest with the workload- indexed markers of BPR. We
used brachial systolic BP, brachial diastolic BP, central systolic and di-
astolic BP, mean central BP, central pulse pressure, PWV, Aix@75
bpm, R and total vascular resistance as predictors of the regression
model and, separately, the SBP/MET slope, the peak SBP/W ratio, and
SBP/W slope as continuous dependent variables in both athletes and
controls. All evaluated regression models were unable to predict the
markers of workload- indexed BPR in both groups and neither of the
evaluated vascular functional parameters at rest were found to be
independent determinants of the workload-indexed BPR.

Discussion

The present study represents the first analysis of vascular function
and the newly introduced workload-adjusted markers of BPR, such
as SBP/MET slope, SBP/W slope, and peak SBP/W ratio, to a maxi-
mum exercise test in professional athletes and sedentary controls.

Our main findings are that 1) athletes displayed a significantly lower
wiBPR than did sedentary controls despite a higher achieved absolute
and relative workload; 2) all markers of wiBPR were markedly lowerin
athletes, although the absolute values of maximum SBP were not dif-
ferent between athletes and controls; 3) further, despite a lower PWV
and lower mean CBP at rest, all other vascular markers measured at
rest, including total vascular resistance and resistance index, were not
different between athletes and sedentary controls; 4) none of the
measured markers of vascular function were able to predict the wiBPR
in either athletes or controls; 5) in athletes, the SBP/Watt and the SBP/
MET slope, but not the peak SBP/W ratio, were comparable to the re-
cently published reference values for bicycle ergometers.
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»Table 3 » Results of vascular evaluation and exercise testing in athletes (n=95) and controls (n=30).

Athletes Controls
n=95 n=30 p value
Mean ‘ SD Mean SD

Rest
Brachial systolic BP (mmHg) 123 10.2 129 11.5 0.013
Brachial diastolic BP (mmHg) 76 7 78 8.5 0.196
Mean brachial BP (mmHg) 91.8 6.8 95.1 8 0.053
Pulse pressure at rest (mmHg) 46.8 9.9 50.4 11.3 0.098
Heart rate at rest (bpm) 57.2 10.3 70.1 13.6 <0.001
100 Watts
Brachial systolic BP (mmHg) 138 14.1 159 17.6 <0.001
Brachial diastolic BP (mmHg) 76 7.3 80.8 7.7 0.005
Mean brachial BP (mmHg) 97.2 7.4 107.2 9.5 <0.001
Pulse pressure (mmHg) 62.6 14.6 79.1 14.7 <0.001
Heart rate (bpm) 105.2 11.8 129.4 16.5 <0.001
150 Watts
Brachial systolic BP (mmHg) 155.4 15.6 178.4 17.5 <0.001
Brachial diastolic BP (mmHg) 77.5 8.7 83.4 7 <0.001
Mean brachial BP (mmHg) 103.5 9.3 115.1 9.1 <0.001
Pulse pressure (mmHg) 77.9 14.1 95 14.7 <0.001
Heart rate (bpm) 123.8 13.2 156.2 18.6 <0.001
200 Watts
Participants 95 (100 %) 22 (66 %)
Brachial systolic BP (mmHg) 168.7 17.9 193 19.3 <0.001
Brachial diastolic BP (mmHg) 80.6 11.6 88.3 9.3 <0.001
Mean brachial BP (mmHg) 110 10.8 1223 10.8 <0.001
Pulse pressure (mmHg) 89.3 16.2 102.7 13.9 <0.001
Heart rate (bpm) 143.7 13.8 177.1 17.7 <0.001
250 Watts
Participants 95 (100 %) 8 (26%)
Brachial systolic BP (mmHg) 181.6 18.8 195.1 12.4 0.012
Brachial diastolic BP (mmHg) 83.8 11.4 85.7 7.3 0.716
Mean brachial BP (mmHg) 116.4 12.8 123.5 141 0.024
Pulse pressure (mmHg) 97.1 14.3 112.8 12.1 0.001
Heart rate (bpm) 162.1 15.3 183.6 10.9 <0.001
Peak exercise
Time (sec) 1060 100 1005 150 0.102
Rating of perceived exertion (Borg scale) 18.5 1.1 19.2 0.9 0.065
Maximum heart rate (bpm) 179.4 9.8 187.1 9.9 <0.001
Max. heart rate (% of calculated max. heart rate) 94.4 5.1 98.6 4.7 <0.001
Absolute workload (watts) 339.2 64 211 35.2 <0.001
Relative workload (watts/kg) 3.73 0.8 2.5 0.44 <0.001
Peak energy expenditure (MET) 13.9 2.5 9.9 1.4 <0.001
Maximum systolic brachial BP (mmHg) 200.4 20.1 197 18.1 0.358
Maximum diastolic brachial BP (mmHg) 84.7 7.1 86.4 10.1 0.391
Mean brachial BP (mmHg) 123.5 9 123.3 11.6 0.893
Maximum pulse pressure (mmHg) 115.4 19.8 110.6 13.6 0.211
Changes from baseline
A systolic brachial BP (mmHg) 77 20 68 14 0.004
A diastolic brachial BP (mmHg) 8.8 9.3 7.5 6.5 0.395
A mean brachial BP (mmHg) 31.7 10.2 28.2 7.8 0.09
A pulse pressure (mmHg) 68.6 18.4 60.1 12.5 0.021
Workload- indexed blood pressure response
SBP/MET slope (mmHg/MET) 6.20 1.8 7.85 1.8 <0.001
SBP/Watt slope (mmHg/Watt) 0.34 0.13 0.44 0.12 <0.001
Peak SBP/Watt- ratio (mmHg/Watt) 0.61 0.12 0.95 0.17 <0.001
The SBP/Watt-slope was calculated as: (increase in systolic blood pressure (SBP) from first to last SBP measure during exercise) [ (the increase in
workload (watts) between those two measures). The peak SBP/Watt ratio was calculated as: (SBP at peak measure during exercise | (the workload
(watts) at last SBP). The SBP/MET slope was calculated as follows: (Peak SBP - first SBP)/ (peak MET - 1 MET). BP, blood pressure; MET, metabolic
equivalent of task; SBP, systolic blood pressure; SD, standard deviation.
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Systolic blood pressure response to a graded cycling exercise test in athletes and controls
220
210

----- controls
20 — athletes

190
180
170
160
150
140 -
130
120
110
100

Systolic blood pressure (mmHg)

0 50 100 150 200 250 300 350 400
Workload (watts)

Athletes (n) 95 95 95 95 95 95 86 48 21

Controls (n) 30 30 30 30 22 8 1 0 0

»Fig. 1 Systolic blood pressure response to a graded cycling exercise test in athletes and controls.

Systolic blood pressure response according to peak workload in athletes and controls
220 +

210 + - controls
200 -+ —athletes

190
180 +
170 +
160 +
150 +
140 +
130 +
120 +
110
100

Systolic blood pressure (mmHg)

25 50 100
% of peak workload (watts)

»Fig. 2 Systolic blood pressure response according to peak workload in athletes and controls.

»Table 4 Systolic blood pressure response to exercise in athletes (n=95).

Rest 100 w 150 W 200 W 250 W SBP/MET slope SBP/W slope Peak

(mmHg) (mmHg) (mmHg) (mmHg) | (mmHg) (mmHg/MET) (mmHg/W) SBP|W-ratio
10th percentile 110 122 136 143 158 3.88 0.19 0.46
20th percentile 113 127 143 152 165 4.56 0.24 0.52
30th percentile 117 132 149 161 170 5.11 0.275 0.55
40th percentile 120 135 152 165 174 5.57 0.29 0.57
50th percentile 124 140 156 168 180 5.95 0.32 0.59
60th percentile 125 143 160 174 187 6.47 0.35 0.61
70th percentile 128 147 165 180 191 7.12 0.385 0.65
80th percentile 132 152 169 184 198 8.0 0.44 0.72
90th percentile 136 159 175 190 206 8.8 0.49 0.77
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Our study provides the first comparison of the newly introduced
markers of workload-indexed BPR to exercise in male professional ath-
letes and age-matched controls.Recently, Hedman et al. [21] report-
ed age- and sex-specific reference equations for workload-indexed
systolic BPR during bicycle ergometry for the general population. The
SBP/W slope, reflecting the increase of SBP per Wincrement and thus
the steepness of SBPin relation to workload, was introduced and sug-
gested to deliver additional data for risk classification.

The BPR to exercise in men is characterized by an increase in car-
diac output and by an increase in total peripheral resistance [25]
and therefore less influenced by fitness levels. Hence, the values of
the SBP/W slope in our male athletes were comparable (0.34+0.12
vs. 0.33£0.11 mmHg/W) to the proposed reference values of the
general population, whereas the SBP/W slope of our healthy con-
trol group (0.44 +0.12 mmHg/W) was markedly higher [21].

In contrast to the aforementioned, the absolute values of the
peak SBP/W ratio in our cohort of professional athletes were lower
compared to the published reference values [21] (0.61£0.12 vs.
0.73+0.11 mmHg/W), whereas the control group exceeded the
normative 95th percentile (0.95+0.17 mmHg/W) [21]. Given that
our athletes had significantly greater cardiorespiratory fitness (CRF)
than the participants of the Hedman study, it is tempting to spec-
ulate that CRF affects the peak SBP/W ratio. Hence, the peak SBP/W
ratio of athletes might be lower compared to that of controls, as
athletes usually achieve higher workloads. In consequence, these
results raise the question whether athletes might need different
thresholds for the peak SBP/Watt ratio.

The ACSM recommendations [18] propose a normative SBP/
MET slope of 10 mmHg/MET. However, in our cohort, the mean
SBP/MET slope was 6.2 mmHg/MET for athletes and 7.85 mmHg/
MET for controls. In other observations a median of 6.4 mmHg/MET
in a normal population [6] and 5.4 mmHg/MET in an athletic pop-
ulation [19] were reported. Of note and in line with the aforemen-
tioned, the 95t percentile of the SBP/MET slope in our examined
athletes was 9.42 mmHg/MET and 10.3 mmHg/MET in our control
group, respectively [18]. In conclusion, our findings clearly indicate
that the ACSM threshold of 10 mmHg/MET [18] represents an
upper limit and not an average normal increase.

The healthy, but sedentary control group of our study exceed-
ed the normative values of all measured markers of wiBPR, which
suggests an increased cardiovascular risk. Therefore, preventive in-
terventions to avoid the development of arterial hypertension and
cardiovascular disease should be established in this group.

Taken together, our data emphasize the need to use wiBPR in-
stead of absolute values, as the maximum SBP was not different be-
tween athletes and controls. Reliable and validated reference val-
ues for athletes should be established to define an exaggerated BPR
in these cohorts in order to identify athletes at risk of developing
arterial hypertension.

So far, our studies delivered reference values for the SBP/MET
slope in an athletic population of >200 professional male athletes
in total [19]. These results are in line with the proposed normative
values that were derived from 285 healthy males in this age cohort
[21]. To this end, the aforementioned data concerning the SBP/
MET slope are promising [6].

Hedman et al. [21] and others [26] hypothesized that total pe-
ripheral vascular resistance contributes to BPR and physical perfor-
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mance. Hence, our previous study [20] revealed the impact of the
resistance index (R) on physical performance in athletes. However,
in the current study, neither R nor global vascular resistance at rest
was different between athletes and controls, and consequently they
were not able to predict the wiBPR in athletes. Moreover, measur-
ing of PWV was proposed to provide additional information for car-
diovascularrisk classification as it predicted an exaggerated BPR in
normotensive individuals [17]. The PWV of 6.4 m/s measured in
our athletes is in line with other studies [20, 27] and meta-analyses
[28]. Athletes performing predominantly aerobic exercise are like-
ly to display a lower PWV than sedentary individuals [28, 29], rep-
resented by our control group. Further, aerobic exercise training
was shown to reverse age-related aortic stiffness [30]. Thus, in our
study, all vascular functional parameters were not able to predict
the wiBPR in both groups. The difference of our findings to the
aforementioned study [17] might be explained with our investigat-
ed study cohort of professional athletes, who displayed a low PWV.
Further, Haarala et al. [17] did not present their data separately for
males and females, which limits comparison to our own results.

Hence, it may be speculated that resistance index and global
vascular resistance differ during exercise conditions and lead to the
detected difference in the wiBPR with athletes displaying a higher
arterial vasodilator reserve. Unfortunately, vascular resistance
could not be measured during exercise to substantiate this hypoth-
esis. Taken together, these results highlight the problems inherent
with the use of non-invasive devices that evaluate vascular func-
tion via oscillometry [13]. These validated methods deliver reliable
results at rest, but owing to the measurement technique, not dur-
ing an exhaustive exercise test [13].

As total vascular resistance at rest and maximum SBP were not
different between athletes and controls, our data indicate the im-
portance of vascular function and total vascular resistance during
exercise for the BPR to exercise.

Limitations and strengths

Our study has a few limitations. The number of participants limited
its power to uncover potential correlations between the wiBPR pa-
rameters measured and markers of cardiac and vascular function
other than CBP, PWYV, total vascular resistance, and brachial BP. In ad-
dition, the number of included athletes precludes the determination
of reference values. The focus on professional male handball players
limits extrapolation of the results to other sport disciplines and to
female athletes. Further, the different ramp grading of the exercise
testing between athletes and controls may have affected our results.

However, we did include a homogeneous cohort of experienced
elite athletes and controls of the same age without cardiovascular
disease and free of medication. Further, the rigid design of meas-
uring vascular function and accomplishing an exhaustive and stand-
ardized exercise test in both groups must be mentioned, which
strengthens our analysis.

Conclusions

In conclusion, our findings may aid clinicians and exercise physiol-
ogistsininterpreting the BPR to exercise and provide a basis for fu-
ture research on the prognostic impact of exercise BPR. Especially
the SBP/MET slope might already be used in male athletes to de-
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termine wiBPR to exercise [6, 19]. Vascular functional parameters
were not correlated to the wiBPR in either athletes or controls de-
spite their potential to detect occult cardiovascular impairment.
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Abstract

Purpose Sex differences in blood pressure (BP) regulation at rest have been attributed to differences in vascular function.
Further, arterial stiffness predicts an exaggerated blood pressure response to exercise (BPR) in healthy young adults. However,
the relationship of vascular function to the workload-indexed BPR and potential sex differences in athletes are unknown.
Methods We examined 47 male (21.6+ 1.7 years) and 25 female (21.1 £ 2 years) athletes in this single-center pilot study.
We assessed vascular function at rest, including systolic blood pressure (SBP). Further, we determined the SBP/W slope,
the SBP/MET slope, and the SBP/W ratio at peak exercise during cycling ergometry.

Results Male athletes had a lower central diastolic blood pressure (57 +£9.5 vs. 67 9.5 mmHg, p <0.001) but a higher
central pulse pressure (37 +6.5 vs. 29 +4.7 mmHg, p <0.001), maximum SBP (202 +20 vs. 177+ 15 mmHg, p <0.001),
and ASBP (78 + 19 vs. 58 + 14 mmHg, p <0.001) than females. Total vascular resistance (1293 +318 vs. 1218 +341
dyn*s/cms, p=0.369), pulse wave velocity (6.2 +£0.85 vs. 5.9+0.58 m/s, p=0.079), BP at rest (125 +10/76 £7 vs.
120+11/73.5+8 mmHg, p > 0.05), and the SBP/MET slope (5.7 +1.8 vs. 5.1 + 1.6 mmHg/MET, p=0.158) were not different.
The SBP/W slope (0.34 +£0.12 vs. 0.53 +£0.19 mmHg/W) and the peak SBP/W ratio (0.61 +0.12 vs. 0.95+0.17 mmHg/W)
were markedly lower in males than in females (p <0.001).

Conclusion Male athletes displayed a lower SBP/W slope and peak SBP/W ratio than females, whereas the SBP/MET slope
was not different between the sexes. Vascular functional parameters were not able to predict the workload-indexed BPR in
males and females.

Keywords Exercise test - Professional athletes - Sex differences - Vascular function - Workload-indexed blood pressure
response

Abbreviations CBP Central blood pressure
ACSM American College of Sports Medicine = DBP Diastolic blood pressure
Aix@75 bpm Augmentation index at a heart rate of ECG Electrocardiogram
75 bpm MET Metabolic equivalent of task
BP Blood pressure Peak SBP/W ratio  Ratio of systolic blood pressure and
BPR Blood pressure response W at peak exercise
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SBP Systolic blood pressure
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Introduction

There is a wealth of evidence indicating a different blood
pressure (BP) regulation at rest between women and men
(Briant et al. 2016; Song et al. 2020). Several physiologi-
cal factors have been identified that influence these differ-
ences, including sympathetic nervous activity, renin-angi-
otensin system, pf-adrenergic vasodilatation, peripheral
vascular resistance, arterial stiffening and sex hormones
(Briant et al. 2016; Smith et al. 2019; Song et al. 2020;
Safar et al. 2020; Ramirez and Sullivan 2018; Hermida
et al. 2013; Ochoa-Jimenez et al. 2018). However, the
threshold for defining hypertension was set at the same
level of BP for men and women in the current guidelines
(Williams et al. 2018).

The clinical impact of the blood pressure response
(BPR) during exercise is another controversial issue (Sab-
bahi et al. 2018; Percuku et al. 2019; Hedman et al. 2019).
Despite the recommendations in former guidelines (Man-
cia et al. 2013), which proposed different BP thresholds
to define an exaggerated BPR for males and females, the
European Society of Cardiology states in its latest guide-
line that there is currently no consensus on normal BPR
during exercise (Williams et al. 2018). Thus far, the sex
differences in BP regulation during exercise are not well
characterized (Hedman et al. 2020; Currie et al. 2018).
Though, the blood pressure response to graded clinical
exercise testing offers the potential to uncover occult cardi-
ovascular (CV) pathology and future CV risk that may go
undetected by routine office measurements at rest (Caselli
et al. 2019). Functional vascular impairment might lead
to an exaggerated BPR to exercise even in the absence of
hypertension at rest (Miyai et al. 2020; Thanassoulis et al.
2012). Novel markers of vascular function have emerged
whose feasibility for acquisition at-rest via noninvasive
oscillometric devices could simplify clinical assessment
in uncovering this functional impairment (Miyata 2018).

Recently, a workload-indexed approach of characteriz-
ing BPR (SBP/MET slope) was introduced (Hedman et al.
2019) for the general population and for athletes (Bauer
et al. 2020). Considering that a higher SBP/MET slope
(> 6.2 mmHg/MET) was associated with worse survival in
a normal population of male non-athletes (Hedman et al.
2019), these data suggest that a steeper increase in SBP
in relation to workload is a stronger prognostic factor of
mortality in males than the peak SBP. Therefore, the pro-
posed SBP/MET slope might be a useful tool to identify
individuals at risk, which would be crucial for preventive
interventions.

In addition, normative age- and sex-adjusted values for
new workload-indexed BPR markers such as the SBP/W
slope and the peak SBP/W ratio for the general population
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have been published (Hedman et al. 2020). The peak
SBP/W ratio represents the ratio of peak SBP to maximum
achieved W in response to bicycle ergometer, whereas the
SBP/W slope reflects the increase of SBP per W incre-
ment and thus the steepness of SBP in relation to work-
load with higher values representing a steeper increase.
Of note, the presented normative values were markedly
higher in females than in males, indicating a steeper BP
increase during exercise (Hedman et al. 2020). These sex
differences in the BP regulation are thought to be modu-
lated by vascular function (Song et al. 2020; Haarala et al.
2020; Ayer et al. 2010; Wee et al. 2019) and thus might
be revealed by measuring vascular function and central
hemodynamics at rest and under exercise conditions (Hed-
man et al. 2020).

Given the postulated sex differences in SBP/W slope,
peak SBP/W ratio and the unknown effect of sex on the
SBP/MET-slope, we investigated sex differences in these
markers of workload-indexed BPR in age-matched profes-
sional athletes to aid physicians in interpreting the BPR to
exercise in the cardiovascular evaluation of athletes. Further,
we speculated that markers of arterial stiffness, like PWYV,
Aix@75 and peripheral resistance, could predict the work-
load-indexed BPR of both sexes. In addition, we investigated
the association of central hemodynamics and vascular func-
tion with the recently introduced workload-indexed markers
of the BPR to exercise.

Materials and methods
Study design

The study was conducted as a cross-sectional, single-center
pilot study as part of the routine pre-season medical mon-
itoring program of the first German handball and female
soccer division in July 2019. Competitive team handball
and competitive soccer are both classified as high-intensity
mixed sports with a high load for the cardiovascular system.
They are characterized by requiring the repetition of high-
intensity activities with brief recovery periods. Players need
the ability to perform repeated maximal or near maximal
intensities such as sprinting, jumping and changing of direc-
tions throughout the match.

All participants received a clear explanation of the study
and provided their written informed consent. Further, they
filled out a questionnaire regarding health status, medication,
nutrition supplementation, amount of training, and history
of training (pre-participation questionnaire of the European
Federation of Sports medicine associations). Only healthy
individuals free of underlying cardiovascular diseases, risk
factors, and medication (other than oral contraceptives) were
included.
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The examination took place at noon between 12:00 and
14:00 o’clock and was scheduled in the first week of the new
season after a 6-week competition-free interval. The last time
athletes had trained was 36 h prior to the study beginning; the
last allowed meal was breakfast up to 3 h before the investi-
gation. There was no restriction of caffeine intake provided.
Thus, alcohol consumption was prohibited the two days prior
to the study beginning. The day before the examination was
filled with commercial dates with no physical effort.

The local ethics committee approved the study protocol.
The study was performed in accordance with the ethical
standards laid down in the Declaration of Helsinki and its
later amendments. All subjects gave written informed con-
sent to participate.

Study population

The participants were 72 healthy professional athletes con-
sisting of 47 male handball and 25 female soccer players.
All participants included were Caucasian, non-smokers and
none took medication (except oral contraceptives) or mul-
tivitamin supplements. All female athletes were examined
during the early follicular phase or in the placebo phase
for those taking oral contraceptives to minimize hormonal
effects. As age was found to influence the BPR to exercise
in both sexes, only athletes aged 18-24 were included in
the study.

All individuals were subjected to a physical examination,
12-lead electrocardiogram (ECG), and progressive maximal
cycling ergometer test. Age, height, weight, and body mass
index were determined. Body surface area was calculated
using the formula of DuBois.

Blood pressure measurements

Resting brachial BP was measured before the exercise test-
ing using a validated automatic device based on a standard
sphygmomanometer technique (Boso clinicus, Bosch+ Sohn
GmbH & Co. KG, Germany). The cuff used for measure-
ment was adjusted to the individual’s arm circumference.
Measurements were performed by a trained research associ-
ate on both arms in a sitting position after a resting period
of 5 min and repeated after 2 min. The average BP for each
arm was calculated if both measurements were within
5 mmHg. The highest value was used for statistical analy-
ses. Athletes with a resting SBP > 140 mmHg or diastolic BP
(DBP)>90 mmHg were excluded from the study.

Exercise testing and assessment of maximum blood
pressure

Athletes underwent a standardized progressive maximal
cycling ergometer test with concurrent automatic brachial

BP measurement and 12-lead ECG recording (Schiller AG®,
Switzerland). The exercise test protocol for male athletes
started with a load level of 100 W after a 2-min warm-
up period that was conducted with 50 W. Female athletes
started with 75 W after a warm-up period conducted with
50 W. Loads were increased by 50 W in male athletes and
25 W in females every 2 min until exhaustion, which was
defined as the participant’s inability to maintain the load
for 2 min. Next, the load was decreased to 25 W for 3 min
of active recovery that was followed by a 2-min cool-down
period at rest. The test concluded with a final ECG record-
ing and brachial BP measurement. BP was measured once
a minute during test and recovery periods, including at the
maximum workload, immediately after the maximum work-
load, immediately after the end of the test, and after 5 min
of recovery. BP was measured at the right arm during the
test, and the participant was instructed to let the right arm
hang loosely during measurement, when possible. SBP was
recorded at the appearance of the first Korotkoff sound. Each
BP measurement was protocolled automatically with the
corresponding time, heart rate, and workload.

Heart rate was measured during continuous ECG record-
ing throughout the test and recovery periods. We assessed
the absolute maximum workload of all athletes as well as the
respective relative workload, which was adjusted to individ-
ual body weight. Other measurements included maximum
heart rate, heart rate at rest, and heart rate 5 min after the
exercise test. Increases in systolic and diastolic BP were cal-
culated from peak and baseline (resting) values. Pulse pres-
sure was calculated as SBP minus diastolic blood pressure
(DBP) at rest and at maximum exercise. In addition, mean
brachial BP was determined as: DBP + (SBP — DBP)/3.
MET values were estimated using the standard equations of
the ACSM for cycling ergometers (Thompson et al. 2013).
The ASBP was calculated as maximum SBP-resting SBP
and was indexed by the increase in MET from rest (AMET
calculated as peak MET — 1) to obtain the SBP/MET slope
(Hedman et al. 2019). The peak SBP/W ratio was deter-
mined as peak SBP/peak workload in W (Hedman et al.
2020). The SBP/W slope was calculated as the ratio of the
difference in SBP from the first to the last BP measurement
during exercise divided by the difference in workload in W
between these two measures (last SBP — first SBP)/(last
W — first W) (Hedman et al. 2020).

Non-invasive assessment of peripheral and central
blood pressure and pulse pressure waveforms

We used the non-invasive vascassist2® device (isymed
GmbH, Butzbach, Germany) to acquire pulse pressure wave-
forms by means of oscillometry. The device uses a validated
model (Schumacher et al. 2018) of the arterial tree that con-
sists of 721 electronic circuits representing all central and
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peripheral arterial sections. By modulating the circuits’
capacitance, resistance, inductance, and voltage, the system
replicates an individual’s acquired pulse pressure waves. The
vascassist2® system is currently unique in the use of genetic
algorithms to optimize the fidelity of the of pulse pressure
wave replication (Schumacher et al. 2018). Fidelity replica-
tions of 99.6% or above were included in the analysis.

The non-invasive vascular evaluation was carried out for
all participants before exercise testing. After a 15-min rest
period, measurements were performed in a supine position
using four conventional cuffs adapted to the upper arm and
forearm circumferences of the participants. Radial and bra-
chial pulse pressure waves were acquired on both arms with
step-by-step deflation of the cuffs. The measurements took
place in a room with a comfortable and stable temperature
of 22 °C and a lack of external stress influences. Participants
were advised not to move during the acquisition of pulse
pressure waves. Two brachial and three radial measurements
were performed to guarantee stable and valid results with a
break of 30 s between each measurement phase. The total
duration of the examination was 15 min. The acquired pulse
pressure waves were then analyzed with a validated elec-
tronic model of the arterial tree to assess vascular functional
parameters. Brachial and radial SBP and DBP, central sys-
tolic and diastolic blood pressure (CBP), aortic pulse wave
velocity (PWYV), augmentation index (Aix), augmentation
index at a heart rate of 75 bpm (Aix@75), resistance index
(R), total vascular resistance, and ejection duration were cal-
culated. CBP was determined using a transfer function that
was based on the peripheral arterial waveform. Calculation
of Aix@75 was also based on the pulse waveform.

Statistical analysis

Descriptive analyses were carried out on all study variables
for the total sample and separated by sex. All data are pre-
sented as mean + standard deviation (SD). The Shapiro—Wilk
test was used to determine normal distribution. If the data
were determined to have a skewed distribution, all analy-
ses were performed on normalized data. Between-group

comparisons were made using independent sample t tests.
Bivariate relations were analyzed using the Spearman cor-
relation coefficient. Pearson’s product-moment correlation
coefficient was used to determine linear correlations between
vascular functional parameters and exercise test results. We
also performed multivariate stepwise regression analyses
to explore possible linear associations across the vascular
functional parameters measured at rest in both sexes, using
separately the SBP/MET slope, the peak SBP/W ratio and
SBP/W slope as continuous dependent variable. Statistical
significance was set at p <0.05 (two-tailed) for all meas-
urements. All statistical analyses were performed using the
statistical software SPSS 25.0 for Mac (Statistical Package
for the Social Sciences, Chicago, IL, USA).

Results
Cohort characteristics

A total of 72 participants, consisting of 47 male and 25
female athletes, were included in the study. Male athletes
were taller and heavier and displayed a greater body mass
index and a higher body surface area than females. Fur-
ther, the training amount per week was higher than that of
females. However, age (p =0.365) and history of profes-
sional training were not different between groups (p=0.112).
The clinical characteristics, anthropometric data, and spe-
cific training data are displayed in detail in Table 1.

Four of the examined 25 female athletes (16%) took oral
contraceptives. The used hormonal contraceptives have
a monophasic effect and are assigned to the fourth gen-
eration of hormonal contraceptives. They contained 3 mg
drospirenone and 0.03 mg estradiol. In one case, the oral
contraceptive contained 3 mg drospirenone and 0.02 mg
estradiol. These combined oral contraceptive pills supply
21 days of pills with hormones followed by 7 days of hor-
mone-free pills. This regimen is called the 21/7 regimen.

As expected, we found a significant correlation of age
with history of professional training (r=0.959, p <0.001)

Table 1 Clinical characteristics

Male athletes Female athletes

of male (n=47) and female

(n=25) athletes n=47 n=25

Mean SD Mean SD p value
Age (years) 21.6 1.7 21.1 2 0.365
Height (cm) 188.6 72 167.1 4.8 <0.001
Weight (kg) 90.9 12.3 60.8 7.7 <0.001
Body mass index (kg/m?) 25.5 24 21.7 1.9 <0.001
Body surface area (m?) 2.18 0.17 1.68 0.11 <0.001
Training history (years) 5.96 22 4.96 2.6 0.112
Training per week (hours) 17.85 29 10.8 2 <0.001
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in all athletes. Further, age was positively correlated with
training per week (r=0.226, p=0.013), height (r=0.298,
p=0.001), weight (r=0.331, p<0.001) and BMI (r=0.314
p <0.001). Height, weight, body surface area, and BMI all
correlated positively with each other (p <0.05) and with
the training history and the training duration per week
(p<0.05).

Blood pressure at rest

Resting brachial BP, mean brachial BP, and brachial pulse
pressure at rest were not different between male and female
athletes (p > 0.05). None of the participants displayed a
BP > 140/90 mmHg. Further, heart rate at rest and cen-
tral SBP were not different between the groups (p > 0.05).
Male athletes had a significantly lower central diastolic BP
(<0.001) and mean CBP (p=0.003) compared with female
athletes. In contrast, the central pulse pressure (p <0.001)
was higher in males than in females. Detailed data are pre-
sented in Table 2.

Resting SBP correlated positively with height, weight,
BMI and sex. Resting DBP only correlated positively with
age. Interestingly, central DBP was correlated with sex, but
not central SBP. Further, central pulse pressure was cor-
related with sex.

Vascular function at rest

The aortic pulse wave velocity (PWV) was not different
between male and female athletes (p =0.079). Further, the
augmentation index at a heart rate of 75 bpm (Aix@75)
(p=0.203), the resistance index (R) (p =0.148) and total
vascular resistance (p =0.369) were not different between
the groups. In addition, none of the measured parameters of
vascular function at rest were correlated to sex (p >0.05). In
contrast, PWV was correlated to age (p <0.001) and BMI
(p=0.044), but not to height or weight (p > 0.05).

In male athletes, brachial systolic blood pressure was
significantly correlated to the peak SBP/W ratio. Further,
in male athletes, there was significant negative correlation
of brachial diastolic blood pressure with the SBP/W slope.

Table 2 Results of vascular
evaluation and exercise testing

Male athletes Female athletes

in male (n=47) and female n=47 n=25

(n=25) athletes Mean SD Mean SD  pvalue
Brachial systolic BP (mmHg) 124.8 9.9 119.6 11.1 0.057
Brachial diastolic BP (mmHg) 75.7 7.3 73.5 8.4 0.284
Mean brachial BP (mmHg) 92.1 7 88.9 7.8 0.097
Pulse pressure at rest (mmHg) 49.1 9.2 46.1 11 0.248
Heart rate at rest (bpm) 57.2 10.2 61.9 10.2 0.068
Mean aortic blood pressure (mmHg) 72.4 8.9 79.3 8.9 0.003
Central systolic BP (mmHg) 97.7 8.3 95.7 8.5 0.340
Central diastolic BP (mmHg) 57.2 9.5 66.6 9.5 <0.001
Central pulse pressure (mmHg) 37.2 6.5 28.9 4.7 <0.001
Aortic pulse wave velocity (m/s) 6.2 0.85 5.9 0.58 0.079
Augmentation index @75 bpm (%) —20.7 11 - 174 9.6 0.203
Resistance index 16.15 6.5 12.7 10.7 0.148
Total vascular resistance (dyn*s/cms) 1293 317.5 1218 341 0.369
Maximum heart rate (bpm) 179.3 11.8 183.5 7.8 0.079
Maximum systolic brachial BP (mmHg)  202.4 19.6 177.1 151 <0.001
A systolic brachial BP (mmHg) 77.6 19.3 57.8 14 <0.001
Maximum diastolic brachial BP (mmHg) 84.4 7.4 81.7 9.9 0.247
A diastolic brachial BP (mmHg) 8.7 9.5 8.2 8.6 0.821
Maximum pulse pressure (mmHg) 118 19.1 95.4 146 <0.001
Absolute workload (Watt) 342 71.5 190 31.5 <0.001
Relative workload (Watt/kg) 3.82 0.92 3.17 0.64 <0.001
Peak energy expenditure (MET) 15.2 34 12.8 2.4 0.001
SBP/MET slope (mmHg/MET) 5.7 1.84 5.1 1.6 0.158
SBP/Watt slope (mmHg/Watt) 0.34 0.12 0.53 0.19 <0.001
Peak SBP/Watt ratio (mmHg/Watt) 0.61 0.12 0.95 0.17  <0.001
Bold text statistically significant differences
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All other vascular functional parameters, measured at rest,
were not significantly correlated to SBP/MET slope, the
peak SBP/W ratio or the SBP/W slope in both male and
female athletes. The results of the correlation analyses are
presented in Table 3.

Heart rate and blood pressure response to exercise

Male athletes displayed a significantly higher maximum
SBP, higher ASBP and, thus, a higher maximum pulse pres-
sure than female athletes. In contrast, maximum heart, maxi-
mum DBP, and ADBP were not different between males and
females (Table 2). Maximum SBP, ASBP, and maximum
pulse pressure were correlated with sex. In contrast, maxi-
mum DBP, ADBP, and maximum heart rate did not vary
with sex.

Performance and workload-indexed blood pressure
responses

All participants completed the maximum exercise test
until exhaustion, reaching a maximum heart rate above
the calculated individual 85% threshold (of individually
calculated maximum heart rate). Male athletes achieved a

significantly higher absolute workload than female athletes
with a correspondingly higher relative workload and MET.

The SBP/W slope (0.34+0.12 vs. 0.53 £0.19 mmHg/W,
p<0.001) and the peak SBP/W ratio (0.61 +£0.12 vs.
0.95+0.17 mmHg/W, p <0.001) were significantly lower
in male athletes than in female athletes. However, the SBP/
MET slope was not different between males and females
(5.7+£1.84vs.5.1+1.6 mmHg/MET, p=0.158) (Table 2).

The SBP/W slope (r=0.633, p<0.001) and the peak
SBP/W ratio (r=0.761, p<0.001) were correlated with
sex, but the SBP/MET slope (r=— 0.162, p=0.178) was
not.

The SBP/MET slope was positively correlated with
height (r=0.257, p=0.030), weight (r=0.326, p=0.006),
and BMI (0.322, p=0.006) but not with age (r=0.077,
p=0.407).

In contrast, the SBP/W slope was negatively correlated
with age (r=—- 0.233, p=0.010), height (r=—- 0.573,
p <0.001), weight (r=— 0.571, p<0.001), and BMI
(r=-0.459, p<0.001).

Further, negative correlations of the peak SBP/W ratio
with height (r=- 0.691, p <0.001), weight (r=0.691,
p<0.001), and BMI (- 0.483, p <0.001) were found.

Table 3 Pearson’s correlations of the results of the vascular evaluation with the SBP/MET slope, the SBP/W slope and the peak SBP/W ratio for

male and female athletes

SBP/MET

SBP/W slope peak SBP/W ratio

Male athletes
Brachial systolic BP (mmHg)
Brachial diastolic BP (mmHg)
Mean aortic blood pressure (mmHg)
Central systolic BP (mmHg)
Central diastolic BP (mmHg)
Central pulse pressure (mmHg)
Aortic pulse wave velocity (m/s)
Augmentation index @75 bpm (%)

0.073 (0.627)
—0.270 (0.067)
0.081 (0.589)
0.185 (0.214)
—0.055 (0.711)
0.060 (0.669)
—0.123 (0.412)
0.001 (0.996)

0.025 (0.868)
—0.342 (0.019)
0.007 (0.964)
—0.041 (0.783)

0.329 (0.024)
- 0.139 (0.350)
0.041 (0.787)
- 0.021 (0.888)

—0.128 (0.390) —0.076 (0.611)
0.108 (0.469) 0.117 (0.432)
—0.240 (0.104) —0.307 (0.063)
0.053 (0.725) —0.012 (0.934)

Total vascular resistance (dyn*s/cms) —0.084 (0.575) —0.167 (0.262) —0.172 (0.248)
Resistance index —0.079 (0.596) —0.177 (0.233) —0.288 (0.058)
Female athletes
Brachial systolic BP (mmHg) —0.239 (0.261) —0.125 (0.550) —0.162 (0.439)
Brachial diastolic BP (mmHg) 0.238 (0.262) 0.247 (0.234) 0.242 (0.244)
Mean aortic blood pressure (mmHg) 0.082 (0.703) —0.161 (0.443) —0.160 (0.445)
Central systolic BP (mmHg) 0.056 (0.794) —0.206 (0.322) —0.199 (0.340)
Central diastolic BP (mmHg) 0.109 (0.611) —0.143 (0.494) —0.143 (0.494)
Central pulse pressure (mmHg) 0.009 (0.966) —0.037 (0.861) —0.019 (0.928)

Aortic pulse wave velocity (m/s)
Augmentation index @75 bpm (%)
Total vascular resistance (dyn*s/cmS)
Resistance index

—0.263 (0.204)
—0.190 (0.374)
—0.060 (0.782)
— 0.305 (0.147)

0.071 (0.735)
—0.155 (0.458)
—0.327 (0.111)
—0.290 (0159)

0.128 (0.543)
— 0.169 (0.420)
- 0327 (0.111)
—0.308 (0.134)

Bold text signifies significant correlations
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The SBP/MET slope was the only workload-indexed
marker of BPR that was not correlated with both age and
sex.

Regression analyses of the influence

of the hemodynamic data of athletes on different
markers of workload-indexed blood pressure
response

We performed multivariate regression analyses to explore
possible linear associations across the vascular functional
parameters measured at rest in both sexes with the workload-
indexed markers of BPR. We used brachial systolic BP, bra-
chial diastolic BP, central systolic and diastolic BP, mean
central BP, central pulse pressure, PWV, Aix@75 bpm, R
and total vascular resistance as predictors of the regression
model and, separately, the SBP/MET slope, the peak SBP/W
ratio and SBP/W slope as continuous dependent variable in
both sexes. All evaluated regression models were not able to
predict the markers of workload-indexed BPR in both sexes
and neither of the evaluated vascular functional parameters
at rest were found to be independent determinants of the
workload-indexed BPR. Details of the respective regression
analyses are presented in Table 4.

Discussion

The present study is, to our knowledge, the first to investi-
gate sex differences in markers of workload-indexed BPR
and their correlations with parameters of vascular function
in age-matched professional athletes.

Our most important findings are that,

(1) The SBP/W slope and the peak SBP/W ratio were sig-
nificantly different between female and male athletes
whereas the SBP/MET-slope was not different.

(2) The SBP/W slope and peak SBP/W ratio was signifi-
cantly higher in females despite males displaying a sig-
nificantly higher maximum SBP.

(3) None of the parameters of vascular function at rest pre-
dicted these gender-based differences.

These findings imply different physiological adaptations
of BPR to exercise between females and males that are not
revealed with the measurement of central hemodynamics
and vascular function at rest.

In general, given different exercise testing methods
(Weiss et al. 2010; Jae et al. 2015), BP measurement meth-
ods (Weiss et al. 2010; Hedman et al. 2019) and determina-
tions of SBP at maximum (Hedman et al. 2019; Bauer et al.
2020; Pressler et al. 2018; Caselli et al. 2016) or submaximal
(Weiss et al. 2010) workload, a comparison across studies is
challenging. Further, studies investigating the BPR to exer-
cise in athletes are sparse (Pressler et al. 2018; Caselli et al.
2016) and workload-indexed data for female athletes are not
available, so far.

Our study provides the first comparison of the newly
introduced markers of workload-indexed BPR to exercise
in male and female professional athletes.

Recently, Hedman et al. (2020) reported age- and sex-
specific reference equations for workload-indexed systolic
BPR during bicycle ergometry for the general population.

The SBP/W slope, reflecting the increase of SBP per W
increment and thus the steepness of SBP in relation to work-
load, was reported to be markedly higher in females than in
males (Hedman et al. 2020), indicating a different physi-
ological adaptation of SBP to exercise (Smith et al. 2019;
Wheatley et al. 2014; Hedman et al. 2020). In line with this,
female athletes of our study displayed a significant higher
SBP/W slope compared to male athletes.

These sex differences in the SBP/W slope indicates wom-
en’s need for a larger relative increase in cardiac output to
generate the same power output (Joyner et al. 2016; Wheat-
ley et al. 2014). In consequence, lower achieved absolute
and relative workloads in women were partly explained with
different body composition, especially lower lean muscle
mass compared to men (Wheatley et al. 2014; Joyner et al.
2016; Song et al. 2020; Samora et al. 2019).

Another interesting influencing factor that attributes to
the different BPR in women compared to men was identified

Table 4 Stepwise multivariate regression analyses of the results of the vascular evaluation with the SBP/MET slope, the SBP/W slope and the
peak SBP/W ratio as continuous dependent variable for male and female athletes

Male athletes

Female athletes

R? F p value R? F p value
SBP/MET slope 0.161 F(8,38)=2.101 0.060 -0214 F(8, 15) = 0.493 0.843
SBP/W slope 0.139 F(8,38)=1.928 0.084 0.130 F(8,16)=0.656 0.722
Peak SBP/W ratio 0.170 F(10, 36)=1.942 0.071 -0.114 F(10, 14)=0.754 0.668

Predictors of the model were brachial systolic BP, brachial diastolic BP, central systolic and diastolic BP, mean central BP, central pulse pres-

sure, PWV, Aix@75 bpm, R and total vascular resistance
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with different metaboreceptor stimulation in women (Samora
et al. 2019). Notably, in pre-menopausal women, beta-adren-
ergic sensitivity is enhanced compared to men which blunts
vasoconstrictor response due to concurrent beta-adrenergic
mediated vasodilation (Song et al. 2020) during constant-
load submaximal exercise and consequently leads to a limi-
tation in stroke volume (Wheatley et al. 2014).

Though, at the highest exercise intensities, a metabore-
flex-driven increase in peripheral resistance is observed
(Augustyniak et al. 2001; Smith et al. 2019), which may
be altered in trained women compared to untrained
women. These deliberations might partly explain the
differences in the SBP/W slope of our female athletes
(0.53+0.19 mmHg/W) compared to the proposed norma-
tive 50th percentile of 0.38 +0.14 mmHg/W of the Hedman
cohort (Hedman et al. 2020). Hence, it can be speculated that
higher fitness levels, and thus enhanced abilities to maintain
physical performance, contribute to a higher SBP/W slope
in athletic women.

In contrast and in line with the aforementioned, the BPR
to exercise in men is characterized by an increase in car-
diac output and by an increase in total peripheral resistance
(Samora et al. 2019) and therefore less influenced by fitness
levels. Hence, the values of our male athletes were compa-
rable (0.34+0.12 vs. 0.33 +£0.11 mmHg/W) to the proposed
reference values of the general population.

These findings of sex differences in BPR to exercise in
both trained and untrained individuals indicate a different
BP regulation during exercise between men and women that
is irrespective of fitness levels, complex and not yet fully
understood (Samora et al. 2019; Joyner et al. 2016).

Further, these considerations might also explain the sex
differences in the peak SBP/W ratio, which were described
by Hedman et al. (2020) and even were apparent in our
study cohort of professional athletes. The peak SBP/W
ratio showed markedly higher values in women of both stud-
ies. The larger peak SBP/W ratio at a lower absolute peak
SBP in women compared to men hints at men’s capacity
to extract a relatively large increase in power output (once
cardiac reserve for cardiac output has been reached) from the
exercise pressor reflex-generated increase in the sympathetic
outflow that increases perfusion pressure by increasing total
vascular resistance.

In line with the aforementioned, the absolute values of the
peak SBP/W ratio in our cohort of professional athletes were
lower compared to the published reference values (Hedman
et al. 2020). Given that our athletes had significantly greater
cardiorespiratory fitness (CRF) than the participants of the
Hedman study (3.82 W/kg vs. 2.8 W/kg and 3.17 W/kg vs.
2.08 W/kg for males and females, respectively) it is tempt-
ing to speculate that CRF affects the SBP/W slope differ-
ently in men and women. Hence, the peak SBP/W ratio of
athletes might be lower compared to that of controls, as
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athletes usually achieve higher workloads. In consequence,
these results raise the question whether athletes might need
different thresholds for the peak SBP/Watt ratio. Thus far,
the presented reference values of the peak SBP/W ratio for
the general population should not be used as the only work-
load-indexed marker of BPR in the interpretation of exercise
testing of professional athletes of both sexes.

In contrast to the SBP/W slope and the peak SBP/W ratio,
we could not detect significant sex differences in the SBP/
MET slope.

Unlike the SBP/W slope and the peak SBP/W ratio, the
SBP/MET slope is unaffected by bodyweight as METs are
corrected for body weight. Hence, division of the change of
SBP by this ratio informs about the rate of blood pressure
change relative to an increase of exercise intensity above the
resting baseline. This explains why there was no significant
difference in SBP/MET slope between our female and male
athletes (5.1 mmHg vs. 5.7 mmHg in females and males,
respectively). In another study a median of 6.4 mmHg/MET
in a male cohort of a general population (Hedman et al.
2019) was reported, indicating that the proposed threshold
of 10 mmHg/MET (Thompson et al. 2013) represents an
upper limit rather than an average normal increase. Con-
sidering that a higher SBP/MET slope (> 6.2 mmHg/MET)
was associated with worse survival in a normal population of
male non-athletes (Hedman et al. 2019), the proposed SBP/
MET slope might help to identify individuals at risk, which
would be crucial for preventive interventions.

Given its apparent independence of gender the SBP/MET
slope may be already used for the interpretation of the BPR
to exercise in athletes of both sexes during the pre-partici-
pation screening. Notably, the SBP/MET slope was the only
evaluated workload-indexed parameter of our study that was
not different between male and female athletes.

Thus, the proposed normative values were derived from
285 males and 97 females in the Hedman cohort (Hedman
et al. 2020), and the prognostic value of the SBP/W slope,
the peak SBP/W ratio and the SBP/MET slope needs to be
confirmed in the future.

As described above, the complex and ambiguous associa-
tion between the BPR to exercise and cardiovascular risk
might be explained with vascular function and vascular
adaptation to exercise (Green et al. 2012). Further, increased
arterial stiffness was related to an exaggerated BPR in a gen-
eral population (Thanassoulis et al. 2012), and PWV was
able to predict the BPR to exercise in healthy young adults
(Haarala et al. 2020). Thus, in our cohort of highly trained
male and female athletes, we did not detect differences,
despite our attempt to minimize potentially confounding
influences of the menstrual cycle.

Hence, the influence of oral contraceptives (OCP) of the
fourth generation that were taken by four athletes seems
unlikely, as these OCP are currently seen not to affect
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peripheral vasculature (Williams and MacDonald 2020) or
BP negatively (Ribeiro et al. 2018).

Another confounding factor that may have influenced
the measurements of PWV and BP are postprandial effects,
especially raised serum triglycerides and lipemia. Thus far,
previous studies concerning this topic have yielded incon-
sistent results (Taylor et al. 2014; Lithander et al. 2013) and
data for professional athletes are sparse. In healthy young
individuals (mean age 25.6 years) no measureable increase
in PWYV after a mixed meal high in saturated fat were found
(Taylor et al. 2014), indicating that postprandial effects are
unlikely to influence our findings.

The PWYV we determined in our athletes is in line with
other studies that investigated athletes (Vlachopoulos et al.
2010; Bauer et al. 2019) and with recent meta-analyses
(Ashor et al. 2014). Global vascular resistance at rest, R,
and PWYV at rest were not different between male and female
professional athletes in our current study, and, consequently,
they were not able to predict the workload-indexed markers
of BPR. In addition, all central hemodynamic parameters,
determined at rest, did not correlate with the workload-
indexed markers of BPR and were not able to predict them.

In conclusion, it may be speculated that resistance index
and global vascular resistance differ during exercise condi-
tions and lead to the detected difference in the workload-
indexed BPR with male athletes displaying a higher arte-
rial vasodilator reserve compared to women. Unfortunately,
vascular resistance could not be measured during exercise
to substantiate this hypothesis. Taken together, these results
highlight the problems inherent to the use of non-invasive
devices that evaluate vascular function via oscillometry
(Miyata 2018). These validated methods deliver reliable
results at rest, but not during an exhaustive exercise test
(Miyata 2018).

Our study has attempted to identify reliable sex differ-
ences in vascular functional parameters at rest to predict the
workload-indexed BPR to a maximum exercise test. How-
ever, this was not the case, and even PWV was not different.
As total vascular resistance at rest and SBP were not differ-
ent between male and female athletes, our data indicate the
importance of the different vascular functional regulation
during exercise for the BPR to exercise in both sexes.

Limitations and strengths

Our study has a few limitations. The number of participants
limited its power to uncover potential correlations between
the workload-indexed BPR parameters measured and mark-
ers of cardiac and vascular function other than CBP, PWYV,
total vascular resistance, brachial BP, and the BPR to a
maximum exercise test. The focus on professional soccer
and handball athletes may limit extrapolation of the results
to other sport disciplines; however, as these team sports

expose athletes to the hemodynamic stress of frequent inter-
val sprints, it is representative of other sports with a high
dynamic component (>75% VO,,,.,) and a moderate static
component (10-20%) (Levine et al. 2015). Another limita-
tion is the difference in training hours per week between
males and females that may have influenced the results.
Thus, female athletes in team sports usually display lower
training volumes per week than their male peers. Further,
we did not control for diet and potential postprandial effects,
body composition, and ventricular function. Our exclusive
focus on young male and female athletes precludes the
extrapolation of our results to athletes of other age groups.
However, we included professional male and female athletes
of the same age without cardiovascular disease and free of
medication, and we controlled for the menstrual cycle to
minimize confounders. Thus, four female athletes were tak-
ing oral contraceptives of the fourth generation, which might
have influenced the BP. Further, the rigid design of measur-
ing vascular function and accomplishing an exhaustive and
standardized exercise test in both sexes must be mentioned.
Therefore, our cohort of professional handball and soccer
athletes, although small, was homogeneous, which strength-
ens our analysis.

Conclusion

In our cohort of professional athletes, we detected sex dif-
ferences in the SBP/W slope and the peak SBP/W ratio,
with a steeper BP increase in females. In contrast, we iden-
tified the SBP/MET slope as a sex-independent marker of
workload-indexed BPR. Despite sex differences in central
hemodynamics and vascular function measured at rest, these
parameters were not able to predict any of the workload-
indexed markers of BPR in males and females. These find-
ings emphasize the link between vascular function, total
vascular resistance, BPR, and physical performance during
exercise in athletes. Further, a sex-specific consideration of
BPR to exercise testing, which is frequently performed in the
cardiovascular evaluation of competitive athletes, is encour-
aged to identify athletes at risk.
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