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EINFUHRUNG

Osteoporose

Osteoporose ist eine fortschreitende systemische Skeletterkrankung, die durch eine geringe
Knochenmasse und eine mikroarchitektonische Verschlechterung des Knochengewebes
gekennzeichnet ist, mit einer daraus folgenden Zunahme der Knochenfragilitat und Frakturrisiko
(Kanis et al, 1994; Consensus Development Conference, 1993). Die von der
Weltgesundheitsorganisation (WHQO) vorgeschlagene operationelle Definition der Osteoporose
ist ein geringer Knochenmineralgehalt (bzw. eine geringe Knochenmineraldichte; bone mineral
density, BMD), gemessen mit der Dual-Energie-Rontgenabsorptiometrie (DEXA). Liegt der
erfasste Wert 1 - <2,5 Standardabweichungen (SD) unter dem statistischen Mittelwert fir junge
gesunde Frauen (T-Score), so liegt eine Osteopenie vor, tUberschreitet der T-Score -2,5 SD so liegt

eine Osteoporose vor (Kanis et al., 2008).

Die Krankheit Osteoporose stellt ein wichtiges globales Problem mit starker Belastung der
offentlichen Gesundheitssysteme (Compston et al., 2019) dar. Die Prdvalenz und ihre Folgen
(d.h. Fragilitatsfrakturen) erhéhen sich weltweit parallel zur globalen Bevdlkerungsalterung.
Weltweit wurde bei etwa 200 Millionen Frauen Osteoporose diagnostiziert (Kamienski et al.,
2011). In den entwickelten Landern liegt die Osteoporose-Pradvalenz je nach Diagnosemethode
zwischen 2 bis 8% bei Mdnnern und 9 bis 38% bei Frauen (Wade et al., 2014). Es wurde berichtet,
dass in den USA bei etwa 2 Millionen Mdnnern und 8 Millionen Frauen tber 50 Jahren
Osteoporose diagnostiziert wurde, und es wird geschatzt, dass 34 Millionen Menschen an
Osteopenie leiden (OSG, 2004). In den 27 Landern der EU wird bei etwa 21% der Frauen im Alter
von 50-84 Jahren und somit mehr als 22 Millionen Frauen eine Osteoporose diagnostiziert
(Hernlund et al.,, 2013). Bis zum Jahr 2025 werden allein in der Européischen Union
schatzungsweise mehr als 30 Millionen Manner und Frauen im Alter von 65 Jahren und dariiber

betroffen sein (Cramer et al., 2013).



Osteoporose flhrt zu einem signifikant erhohten Risiko von Knochenbriichen (Schmitt et al.,
2009). Nach einer initialen Fraktur verdoppelt sich das Risiko fir eine weitere Fraktur in den
nachsten 6 bis 12 Monaten — insbesondere bei vertebralen Frakturen (Sobolev et al., 2015; Bliuc
et al., 2015). Diese Frakturen — nicht die Osteoporose per se sind verantwortlich fiir erh6hte
Mortalitdt, Morbiditdat, Verringerung der Lebensqualitdt und chronische Schmerzen
(Papaioannou et al., 2010) durch die Osteoporose-Erkrankung. Chronische (Riicken-)Schmerzen,
die durch Osteoporose verursacht werden konnen, nehmen negativen Einfluss auf die
Aktivitaten des taglichen Lebens (ADLs) und schranken die Selbststandigkeit des Individuums ein
(Cauley, 2013). Durch den Verlust der Selbststandigkeit und erhéhter Frakturinzidenz korreliert
die Osteoporose-Erkrankung mit einem Anstieg stationarer Behandlungen sowie hauslicher
Pflege und tragt erheblich zu den Gesundheits- und Sozialpflegekosten bei (Papaioannou et al.,

2010; Budhia et al., 2012; Yang et al., 2015).

Die hohen Kosten der Osteoporose stellen das offentliche Gesundheitswesen vor enorme
Herausforderungen (Kanis et al., 2013). Im Jahr 2011 wurden mehr als 1,7 Millionen Menschen
wegen eines osteoporose-induzierten Knochenbruchs ins Krankenhaus eingeliefert. Die direkten
Kosten im Zusammenhang mit einer Osteoporose-Behandlung Uberstiegen in den USA 70
Milliarden Dollar (BMUS, 2015). In Europa entfielen auf osteoporotische Frakturen mehr
verlorene Lebensjahre (disability-adjusted life years, DALYs) als auf rheumatoide Arthritis
(Johnell und Kanis, 2006). Die Kosten der Osteoporose, einschliefflich der pharmakologischen
Interventionen in der EU im Jahr 2010, wurden auf 37 Milliarden Euro geschatzt. Die Kosten fiir
die direkte Behandlung von Osteoporose-induzierten Frakturen machten 66% dieser Kosten aus,
pharmakologische Prdvention 5% und langfristige Frakturversorgung 29% (Hernlund et al.,
2013). In Deutschland wurden die Kosten der Osteoporose im Jahr 2010 auf ca. 9,0 Milliarden
Euro geschatzt. Die Kosten flr das erste Jahr, die Kosten fiir das Folgejahr und die Kosten fiir die
pharmakologische Frakturprdvention beliefen sich je auf € 6,6 Mrd, € 2,1 Mrd und € 336 Mill. Es
wird geschatzt, dass die Kosten die in Zusammenhanmg mit der Osteoporose-Erkrankung stehen

bis 2025 auf € 11 Milliarden ansteigen werden (Svedbom et al., 2013).



Postmenopausale Osteoporose und Osteoporose-Erkrankung

Die Menopause wird von der WHO als die dauerhafte Unterbrechung der Menstruation
(Monatsblutung) durch den Verlust der Follikelaktivitat der Eierstocke definiert. Sie liegt nach
mindestens 12 aufeinanderfolgenden Monaten ohne Regelblutung vor, sofern keine anderen
pathologischen oder physiologischen Ursachen fiir die Amenorrhoe vorliegen (WHO, 1996). Die
Menopasuae tritt im Durchschnitt im Alter von etwa 51 Jahren auf, wobei die Altersspanne

weltweit zwischen 40 und 60 Jahren liegt (WHO, 1996; Treloar et al., 1967).

Durch die abrupte und signifikante menopausale Reduktion des Ostradiols als wichtigstem
Ostrogen, kommt es insbesondere in der Peri- und frilhen Postmenopause zu erheblichen

Veranderungen ostrogenabhangiger Gewebe und so auch des Knochens (Overlie et al., 1999).

Im Laufe des Lebens wird der Knochen umgebaut. Je nach Knochenan- oder umbauprozess wird
Knochenmasse durch die Osteoklasten resorbiert und durch neuen, von Osteoblasten
gebildeten Knochen ersetzt (Florencio-Silva et al., 2015). Die Gesamtmasse des Knochens nimmt
ab, wenn - wie in der Menopause — liberwiegend mehr Knochen resorbiert als produziert wird.
Diese negative Knochenbilanz fiihrt zu den pathophysiologischen Verdanderungen die fiur die

Entstehung der Osteoporose (Raisz, 2005; Lerner, 2006) verantwortlich sind.

Von der sogenannten ,postmenopausalen Osteoporose” sind ca. 50% der Frauen in der
Menopause betroffen sind, sie gilt zusammen mit der senilen Osteoporose als die mit am
haufigsten vorkommende Erkrankung des alteren Menschen (Satpathy et al., 2015). In den
ersten finf Jahren nach der Menopause verlieren Frauen bis zu 10 Prozent ihrer Knochenmasse
(AMS, 2020). Bis zum Alter von 70 Jahren ist die Knochenmasse um 30-40% im Vergleich zur

»Peak Bone Mass” des 25.-30. Lebensjahres zuriickgegangen (Greendale et al., 2012).

Bewegungstraining

Bewegungstraining oder korperliches Training ist definiert als geplante, organisierte und sich
wiederholende korperliche Aktivitdt, die zur Verbesserung oder Erhaltung der kérperlichen

Fitness, der korperlichen Leistungsfahigkeit oder bestimmter gesundheitlicher Ergebnisse
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eingesetzt wird (Horlick et al., 2004). Neben dem Einsatz von pharmazeutischen Wirkstoffen, die
auf den BMD abzielen, stellt das Bewegungstraining eine etablierte Saule der Osteoporose-
therapie dar. Es gilt als eine preisglinstige, eigenverantwortlich durchfiihrbare und sichere
Behandlungsstrategie zur positiven Beeinflussung der Knochenfestigkeit, Sturzreduktion und
somit zur umfassenden Frakturprophylaxe (Kemmler et al., 2015; Beck et al., 2017; Daly et al.,
2019). Daneben tragt ein Bewegungstraining neben vielfiltigen anderen positiven Effekten auf
Gesundheitsgrossen (Borjesson et al.,, 2010) zur Prdvention von Morbiditdt (Kemmler et al.,
2016) und zur Verbesserung der Lebensqualitdt von Frauen mit postmenopausaler Osteoporose

(Caputo und Kostka, 2014; Kostka et al, 2017) bei.

Bewegungstraining stimuliert die mechanische Belastung des Knochens, und steigert die
Osteoblastenaktivitat (Oh et al., 2014; Fleg, 2012; Palombaro et al., 2013; Troy et al., 2018).
Allerdings muss das Bewegungstraining physiologische Grundsdtze des Knochenumbaus
bericksichtigen um Effekte zu generieren. Nicht alle Formen Bewegungstrainings sind
gleichermassen wirksam, um eine positive Reaktion des Skeletts hervorzurufen. Neben der Wahl
des Belastungsinhalts, ist die Komposition der Belastungsparameter erfolgreicher
Bewegungsprotokolle nicht trivial. Problematisch ist zudem, dass die Intervention vom Autor
vielfach nicht nachvollziehbar beschrieben wird. Dies erschwerte in der vorliegenden Arbeit
vielfach die exakte Klassifikation der Bewegungsprotokolle und eine Analyse mit ausreichender

Trennscharfe.

Gewichtstragende/nicht- Gewichtstragende axiale Belastung

Gewichttragendes (liberwiegend) aerobes Training (WB-AE): Die axiale Kompression erzeugt
die hochste mechanische Belastung der Knochensegmente (Papaioannou et al., 2010;
Korpelainen et al., 2006). Sie wird meist Uber gewichtstragende Belastungsformen wie Gehen,

Laufen oder Springen generiert (Huang et al., 2003; Brown und Josse, 2002; Mishra et al., 2011).

Die Evidenz aus randomisierten kontrollierten Studien (RCTs) fir die Wirksamkeit dieses
Trainingsinhaltes fiir die Knochendichte von PMW variiert zwischen den Untersuchungen

allerdings deutlich (Marques et al., 2012; Martyn-St James und Carroll, 2009). Viele Studien
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haben einen maRigen bis hohen positiven Einfluss von WB-AE auf Verdnderungen der BMD
beobachtet (Gomez-Cabello et al.,2012; Moreira et al., 2014), andere haben berichtet, dass
bspw. ziigiges Gehen bei Intensitdten von 75% VO.max (Borer et al., 2007), Gehen mit einer
Gewichtweste (Nelson et al., 1991) oder Gehen in Kombination mit anderen Bewegungsformen
(Joggen, Treppensteigen, Steppen) (Heinonen et al., 1998; Chien et al., 2000) in Bezug auf die
Erhohung und/oder Erhaltung der BMD effektiv sein konnten. Im Gegensatz dazu wurde in einer
12-monatigen Studie, in der PMW an 6 Tagen pro Woche 50 vertikale Spriinge mit
Bodenreaktionskrafte des 4-fachen Korpergewicht ausfiihrten, kein signifikanter Effekt auf die

BMD der proximalen Femur- (PF) oder Lendenwirbelsdule (LS) beobachtet (Bassey et al., 1998).

In dhnlicher Weise zeigte eine Meta-Analyse, welche den Effekt von zligligem Gehen (,,Walking“)
auf die Knochendichte evaluierte, keine signifikante, Auswirkungen auf die BMD an LWS oder
Oberschenkelhals (FN) (Nikander et al., 2010). Es zeigte sich jedoch, dass Parameter wie die
Gehgeschwindigkeit, -dauer und Haufigkeit modifizierenden Charakter auf die Effekte ausibten

(Benedetti, 2018).

Auch wenn WB-AE als Trainingsinhalt regelmalig in Empfehlungen zur Vorbeugung von
Osteoporose durch korperliches Training genannt wird (Cosman et al., 2014; NOF, 2020; NIAMS,
2020), sind die Belastungsparameter, die letztlich fir die optimierte Effektivitit des WB-AE

Training entscheidend sind, derzeit nicht immer hinlanglich bekannt (Kanis et al., 2019).

- Nicht-gewichttragendes (iiberwiegend) aerobes Training (non-WB-AE): Non-WB-AE wie
Radfahren und Schwimmen haben erwiesenermallen wenig oder keinen Einfluss auf die
Verhinderung des altersbedingten Knochenabbaus bei PMW (Greenway et al., 2012; Guadalupe-
Grau et al., 2009). So zeigen bspw. weibliche Radrennfahrerinnen wahrend einer 12-monatigen
Interventionsdauer Veranderungen der BMD an der Hiift- und Lendenwirbelsdule von -1,4% und
-1,1% (Sherk et al., 2014). Eine Meta-Analyse von 11 randomisierten, nicht-randomisierten und
prospektiven Beobachtungsstudien an Mannern und Frauen im Alter von 45 Jahren oder alter
berichtete, dass wasserbasiertes Bewegungstraining den altersbedingten Knochendichteverlust
an der Hiift- und LS zwar verringerte, aber Ubungen an Land wirksamer zur Verbesserung der
BMD waren (Simas et al., 2017). Darliber hinaus wurden in einem sechsmonatigen RCT, in der

PMW ein hochintensives Wassergymnastikprogramm durchfiihrten, keine BMD-Veranderungen



innerhalb der Trainingsgruppe bzw. Unterschiede zur Kontrollgruppe an LS oder FN beobachtet

(Moreira et al., 2014).

Tai Chi (TC)

TC ist ein traditionelles chinesisches Training mit einer Reihe verschiedener Bewegungen die
Stabilisierungs-, Kraft- und Gleichgewichtsaspekte beeinhalten. Es betont die Kombination von
korperlichem Training mit mentalem Training, Tonusreduktion und Entspannungstechniken
sowie Atemtechniken auf harmonische Weise (Lou et al., 2017). Innerhalb der Frakturprohylaxe
wird TC insbesondere im Spannungsfeld der Sturzprophylaxe sowie damit verbundener
Risikofaktoren eingesetz (Leung et al., 2011; Logghe et al., 2010). Die Effekte von TC im Bereich
der Verbesserung der Knochenfestigkeit wurden bislang weniger addressiert, einige RCTs liegen

indess vor.

So wurde zum Beispiel in einer 12-monatigen Studie die Wirkung von TC auf BMD untersucht.
Das Ergebnis zeigte an allen gemessenen Skelettstellen einen generellen Knochenverlust sowohl
bei den TC- als auch bei den Kontrollprobanden, jedoch mit einer langsameren Rate in der TC-
Gruppe (Chan et al., 2004). Zu dahnlichem Ergebnis kam eine Meta-Analyse, die sechs Artikel mit
182 Teilnehmern in der TC-Interventionsgruppe und 168 Teilnehmern in der Kontrollgruppe
einschloss. Die Gesamtanalyse mit Fixed-Effect-Modell zeigte in diesem Fall keinen signifikanten
Unterschied der Veranderung von BMD an der LS und am FN zwischen der Interventions- und

der Kontrollgruppe (Liu und Wang, 2017).

Einige neuere Studien (Chow et al., 2017; Sun et al., 2016; Zou et al., 2017; Lee et al., 2008; Blake
und Hawley, 2012) belegen einen positiven Effekt der auf einer Reduktion des alters- bzw.
menopasualen BMD-Verlusts an Lendenwirbelsdule, proximaler Oberschenkelhals weiteren
Hiftregionen basiert. Moglicherweise bedingt durch den Remodellingprozess als TC-induzierten
Adaptationspfad muss das Training jedoch mindestens 12 Monate anhalten (Chow et al., 2017)

um positive Effekte auf die Knochendichte erfassen zu kénnen.



Dynamisches Krafttraining (DRT)

Dynamisches Krafttraining (DRT), ist als Bewegung gegen hohere machanische Widerstande mit
einer konzentrischen (Uberwindenden) einer isometrischen (haltenden) und einer exzentrischen
(nachgebenden) Belastungsphasen definiert. DRT gilt als wesentlicher Bestandteil der
Osteoporose-Pravention und —Therapie und ist Inhalt aller massgeblichen

Trainingsempfehlungen (Beck et al., 2017; Daly et al., 2019; Kemmler und Stengel, 2019).

Dynamisches Krafttraining (DRT) ist die am besten untersuchten Trainingsmethode zur
Erhohung der Knochendichte bei alteren Menschen. Wahrend des DRT wird eine komplexe
Vielzahl von muskuldren Belastungen auf den Knochen ausgelibt. Die gelenksiibergreifende
direkte Zugwirkung der Muskeln (Gelenkreaktionskrafte) fihrt zu komplexen mechanischen
Belastungen wie Kompression-, Biege-, Torsions- und Zugbelastung (Hingorjo et al., 2018; Taaffe
et al., 2013). Uberschwelligkeit der Belastung, also eine Reizintensitit (deutlich) (iber dem
habituellen Gebrauch, kann zu einer osteogenen Reaktion des Knochens und dadurch zu einer
Verbesserung der Knochenfestigkeit flihren (Turner und Robling, 2005; Goémez-Cabello et al.,
2012; Hingorjo et al., 2018; Cheung und Giangregorio, 2012). RCTs, die positive Effekte auf die
BMD bei dlteren Frauen zeigten, beinhalteten in der Regel drei Trainingseinheiten pro Woche
mit zwei - drei Satze von 8-12 Wiederholungen mit 70-85% der maximalen Muskelkraft fir alle
groRBen Muskelgruppen. Die Mehrzahl der Untersuchung steigerte dabei die Reizhéhe im Verlauf

der Intervention (Zehnacker und Bemis-Dougherty, 2007; Taaffe et al., 2013; Beck et al., 2017).

Kombinierte Trainingsprogramme zur Frakturprophylaxe

Eine Kombination verschiedener Trainingstypen (WB, non-WB, DRT, Koordination, TC) wird
entweder in derselben Trainingseinheit oder in unterschiedlichen dedizierten Trainingsphasen
appliziert. Ziel ist die Vorbeugung von Osteoporose und Frakturen, da sie méglicherweise einen
positiven Einfluss sowohl auf die BMD an FN und LS haben kénnen und dariiber hinaus
Risikofaktoren mit negativem Effekt auf Sturzhaufigkeit und -ausmal} positiv beeinflussen

kénnen (Taaffe et al., 2013; Beck et al., 2017; Nuti et al., 2019).



Ein Uberblick Gber 12 systematische Reviews und Metaanalysen, die iiber kombinierten
Trainingsprogrammen (WB mit RT) durchgefiihrt wurden, zeigt, dass diese besonders effectiv
sind um die Knochedichte bei pra- und postmenopausalen Frauen positiv zu beeinflussen (Xu et

al., 2016).

Dieses Ergebnis stimmt mit dem Resultat eines systematischen Reviews lberein, wonach die
Mehrzahl der Forschungsstudien mit kombiniertem Bewegungstraining eine Verbesserung der
BMD bei PMW zeigt (Gdmez-Cabello et al., 2012). Es besteht allerdings kein Konsens hinsichtlich
des effektivsten Trainingsprotokolls da die ideale Komposition der Belastungsnormativa, also
Grossen wie Reizintensitdt, Bewegungsgeschwindigkeit Reizdauer, Reizhaufigkeit Trainings-

haufigkeit des DRT nicht hinreichend bekannt sind (Benedetti et al., 2018).

In Bezug auf die Vielfalt von Trainingstypen und ihre kontroversen Auswirkungen auf die BMD,
ist die Durchfiihrung eines systematischen Reviews und einer Metaanalyse von entscheidender
Bedeutung, um die verschiedenen Arten von Trainingsinterventionen zu kategorisieren und ihre

Auswirkungen auf die BMD im LS und PF bei PMW zu untersuchen.

Daher zielen wir in der vorliegenden systematischen Ubersicht und Meta-Analyse darauf ab, (1)
den allgemeinen Effekt von kérperlichem Training auf die BMD an der LS und am PF durch meta-
analytische Techniken zu quantifizieren, (2) Teilnehmer und Trainingsmerkmale zu
identifizieren, die die Effekte eines korperlichen Trainings auf die BMD erkldaren und (3)
optimierte Empfehlungen fur Trainingsprogramm zur Verbesserung der Knochendichte bei

PMW vorzulegen.
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ZUSAMMENFASSUNG

Hintergrund und Ziele

Osteoporose ist ein wichtiges Thema fir PMW. Bewegungstraining ist eine glinstige und sichere
nicht-pharmazeutische Strategie zur Osteoporose-Pravention bei Menschen mittleren Alters.
Daher war es unser Ziel, in einer Meta-Analyse die Wirkung von Bewegung auf die BMD bei PMW

zusammenzufassen.
Methoden und Material

Eine umfassende Suche in elektronischen Datenbanken wurde tiber PubMed, Scopus, Web of
Science, Cochrane, Science Direct, Eric, ProQuest und Primo durchgefiihrt. BMD-Verdnderungen
(standardisierte Mittelwertunterschiede: SMD) der LS, des FN und/oder der tHip wurden als
Ergebnismessung bericksichtigt. Nach der Kategorisierung der Untergruppen wurden
statistische Methoden verwendet, um die Daten zu kombinieren und die Untergruppen zu

vergleichen.
Ergebnisse

In die vorliegende Meta-Analyse wurden flinfundsiebzig Studien eingeschlossen. Die
Gesamtzahl der Teilnehmer betrug 5.300 (Interventionsgruppe: n = 2.901, Kontrollgruppe: n =
2.399). Der gepoolte Schatzwert der Random-Effekt-Analyse lautete: SMD = 0,37, 95%-Cl: 0,25-
0,50; SMD = 0,33, 95%-Cl: 0,23-0,43 und SMD = 0,40, 95%-Cl: 0,28-0,51 fiir LS, FN und die tHip-
BMD. Wir fanden einen signifikanten Effekt (SMD = 0,33-0,40, p < 0,001) des Trainings auf die
BMD an LS und PF.

Schlussfolgerung

Es zeigte sich eine groRe Heterogenitat zwischen den einzelnen Studienergebnissen, von hoch
effektiven Studien bis hin zu kleinen signifikanten negativen Ergebnissen. Diese Unterschiede

sind grofStenteils auf Unterschiede zwischen den Trainingsprotokollen in verschiedenen Studien
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zuriickzufihren. Die Ergebnisse zeigen, dass der tatsichliche Effekt von Bewegung auf die
Knochendichte durch eine signifikante Anzahl von Studien mit ungeeigneten

Trainingsprotokollen beeinflusst wird.
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SUMMARY

Background and Aims

Osteoporosis is an important concern for PMW. Exercise training is a low cost and safe non-
pharmaceutical strategy for osteoporosis prevention in middle aged-older people. Therefore,

our aim was summarizing the effect of exercise on BMD among PMW.
Material and Methods

A comprehensive search of electronic databases was conducted through PubMed, Scopus, Web
of Science, Cochrane, Science Direct, Eric, ProQuest, and Primo. BMD changes (standardized
mean differences: SMD) of the LS, FN and/or tHip were considered as outcome measures. After
subgroup categorization, statistical methods were used to combine data and compare

subgroups.
Results

In the present meta-analysis, seventy-five studies were included. The pooled number of
participants was 5,300 (intervention group: n = 2,901, control group: n = 2,399). The pooled
estimate of random effect analysis was SMD = 0.37, 95%-Cl: 0.25-0.50, SMD = 0.33, 95%-Cl:
0.23-0.43, and SMD = 0.40, 95%-Cl: 0.28-0.51 for LS, FN, and tHip-BMD, respectively. We found
a small significant effect (SMD = 0.33-0.40, p < 0.001) of exercise on BMD at LS and PF.

Conclusions

A large heterogeneity among the single trial findings was seen, from high effective studies to
small significant negative results. These differences largely stem from differences between
exercise protocols in various studies. Findings show that the real effect of exercise on bone

density is influenced by a significant number of studies with inappropriate exercise protocols.
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EINLEITUNG Projekt 1

Durch die vorab genannten Argumente haben sich viele Studien auf die Auswirkungen von
Bewegung auf die BMD bei PMW konzentriert (Bonaiuti et al., 2002; Howe et al., 2011; Marques
et al., 2011; Zhao et al., 2017; Rahimi et al., 2020). Die aufgezeigten Effekte auf die BMD, als
dem am héaufigsten bewerteten Parameter flr die Knochenfestigkeit, variieren jedoch stark.
Einige Studien berichten sogar von einem negativen Effekt (vs. Kontrolle) auf die BMD (Bassey
und Ramsdale, 1995; Nichols et al., 1995; Choquette et al., 2011). In Anbetracht der groRen
Vielfalt von Interventionsprotokollen, die durch die Kombination verschiedener Trainingstypen,
Belastungsparameter und Trainingsprinzipien erstellt werden kdnnen, besteht kein Zweifel
daran, dass einige Belastungsprotokolle giinstige, andere hingegen negative Effekte auf die BMD

zeigen.

Dariber hinaus variieren die Teilnehmercharakteristika der Studien insbesondere fiir Parameter
wie z.B. Alter, Menopausen-, Knochen- und Trainingsstatus, also Grossen die den Effekt der
Bewegung auf die BMD modulieren und somit zu unterschedlichen Effektstarken eines
korperlichen Trainings beitragen konnen — ein Aspekt der die z.T. deutlich varierenden
Ergebnisse vorliegender Meta-Analysen (mit) zu erklaren vermag (Kelley, 1998; Martyn-St James

und Carroll, 2010; Marques et al., 2011; Zhao et al., 2017).

Eine weitere Motivation fir die vorgelegte Arbeit liegt in der Aktualitat der Tematik begriindet.
Die vorliegenden Meta-Analysen, ausgenommen die Arbeit von Rahimi et al. (2020) mit 16 RCTs,
beziehen sich auf Studien, die vor mehr als 8 Jahren ver6ffentlicht wurden (Howe et al., 2011;
Kelley, 1998; Marques et al., 2011; Kelley et al., 2012). Aufgrund der fortgesetzten Forschung in
diesem Bereich wurden inzwischen weitere RCTs Ergebnissen veroffentlicht (Basat et al., 2013;
Bello et al., 2014; Bolton et al., 2012; Chilibeck et al., 2013; de Oliveira et al., 2019; Duff et al.,
2016; Karakiriou et al., 2012; Kemmler et al., 2013; Liu et al., 2015; Moreira et al., 2014;
Nicholson et al., 2015; Orsatti et al., 2013; Wang et al., 2015) die fiir die vorliegende Arbeit von

Relevanz waren.
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Zur Durchfiihrung der aktuellen systematischen Ubersicht und Meta-Analyse wurde eine
umfassende Suche in elektronischen Datenbanken (iber PubMed, Scopus, Web of Science,
Cochrane, Science Direct, Eric, ProQuest und Primo fir alle bis zum 01. Ma&rz 2019
veroffentlichten Artikel durchgefihrt. Studien wurden einbezogen, wenn sie die folgenden
Kriterien erfillten: (a) randomisierte oder nicht-randomisierte kontrollierte Studien mit
mindestens einer Trainingsgruppe als Intervention vs. einer Kontrollgruppe mit habitueller
(sedentarer) Lebensweise oder ,sham“-Intervention; (b) die Teilnehmer waren zu Beginn der
Studie postmenopausal; (c) das Trainingsprogramm dauerte mindestens 6 Monate; (d) BMD der
LS oder/und der proximalen Femurregionen "tHip" und/oder "FN" wurden als Ergebnismessung
verwendet; (e) Basis- und abschlieBende BMD-Bewertung fiir mindestens eine gewiinschte
Region berichtet; (f) BMD-Messung bewertet durch DXA oder Dual-Photonen-Absorptiometrie
(DPA); (g) Studien mit <10% der Teilnehmer mit HRT, Hormontherapie (HT), adjuvante endokrine
Therapie, antiresorptive oder osteoanabolische Pharmazeutika (z.B. Bisphosphonat,
Denosumab, Strontiumranelat) oder Medikamente mit dedizierter osteokatabolischer Wirkung
auf den Knochenstoffwechsel (Glukokortikoide), allerdings nur, wenn die Anzahl der Nutzer

zwischen Trainings und Kontrollgruppe dhnlich war.

Folgende Studien wurden von der Analyse ausgeschlossen: Studien mit (a) Interventionen mit
neuartigen Trainingstechnologien (z. B. Ganzkérpervibration), (b) gemischten Geschlechtern
oder gemischten pra- und postmenopausalen Kohorten ohne separate BMD-Analyse fiir PMW,
(c) PMW unter Chemo- und/oder Strahlentherapie, (d) PMW mit Erkrankungen, die den
Knochenstoffwechsel beeinflussen, (e) synergistischen/additiven Wirkung von Bewegung und
pharmazeutischer Therapie oder (f) Doppelstudien oder vorlaufige Daten, Fallberichte,

Editorials, Konferenzabstracts und Briefe.

Von 1.757 urspringlich abgerufenen Artikeln konnten 1.743 Studien aus allen einbezogenen
Datenbanken und von anderen Ressourcen gefunden werden. Doppelte Artikel wurden
entfernt, die Titel und Abstracts der verbliebenen Artikel wurden gesichtet und anhand der
Auswahlkriterien Uberpriift. AnschlieRend wurde der Volltext von 153 potenziell relevanten
Artikeln Uberprift und bei 78 von ihnen festgestellt, dass sie die Einschlusskriterien nicht
erfillten. Insgesamt wurden somit 75 Artikel, die im Zeitraum von 1989 bis 2019 veroffentlicht
wurden (Abbildung 1), in diese Studie eingeschlossen.
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Abb.1: Flussdiagramm zum Verlauf der Studienauswahl
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Osteoporosis s a maor health problem in post-menopacsal women (PMW). Exercise
training is considerad a cost-effective strategy to prevent osteoporosis in middle
aged-older people. The purpose of this study is to summarize the effect of exercisa on
BMD among PMW. A comprehensive search of electronic databases was conducted
through PubMed, Scopus, Web of Science, Cochrane, Science Direct, Enc, ProQuest,
and Primo. BMD changes (standardized mean differences: SMD) of the lumbar spine
(LS) femoral neck (FN) and/or total hip were considerad as outcome measures. After
subgroup categonzation, statistical methods were used to combing data and compare
subgroups. Seventy-five studies wers included. The pooled number of participants was
5,300 (intarvention group: n = 2,901, controd group: n = 2.399), The pooled estimalte of
random effect analysis was SMD = 0.37, 85%-Cl: 0.25-0.50, SMD = 0.33, 95%-Cl:
0.23-0.43, and SMD = 0,40, 95%-Cl: 0.28-0.51 for LS, FN, and total Hp-BMD,
respectively, In the present meta-analysis, there was a significant (p < 0.001), but rather
low effect (SMD = 0.33-0.40) of exercise on BMD at LS and proximal femur. A large
variation among the single study findings was observed, with highly effective studkes
but also studies that trigger significant negative results. These findings can be largely
attributed to differences among the exarcise protocols of the studies. Findings suggest
that the true effect of exercise cn BMD is diluted by a considerable amount of studies
with inadequate exercise protocols,

Koy 3 bone BMD, post
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INTRODUCTION

Osteoporosis 15 a disease characterized by low bone muass,
microarchitectural  deterioration of bone tissue, leading to
enhanced bone fragility, and a consequent increase in [racture
risk (1991), The disease s an important global public health
problem (Compston et al, 2019), Due to the menopausal
transition, and the corresponding decline of estrogen, post-
menopausal women (PMW) in particulur, are at high risk
of osteoporosis (Christenson ¢t al, 2012). Exercise training
s considered to be a low cost and safe non-pharmaceutical
treatment strategy for the protection of musculoskeletal health
and fracture prevention (Kemmler et ul, 2015 Beck et al,
2017, Daly et al, 2019), thus, many studies have focused on
the effects of exercise on bone mineral density (BMD) in PMW
(Bonaiuti ct al,, 2002; Howe et al, 2011; Marques ot al,, 201 1a;
Zhao et al, 2017). However, their effects on BMD, as the most
frequently assessed parameter for bone strength, vary widely.
Some studies even report a negative effect (vs. control) on BMD
(Bassey and Ramsdale, 1995 Nicholy et al, 1995 Choquette
et al, 2011), Considering the large varlety of intervention
protocols that can be created when combining different types
of exercise, exercise-parameters, and training-principles, there
is no doubt that some loading protocols demonstrate favorable,
while others trigger negative effects, on BMD. Additionally,
participant characteristics vary considerably for parameters (e.g.,
menopausal status, bone status, training stutus) that might
modulate the effect of exerclse on BMD and thus may contribute
to the low effect size of exercise reported by most meta-analyses
(Kelley, 1998ab; Martyn St James and Carroll, 2011 Marques
et al., 200 1a; Zhao et al, 2017),

In the present systematic review and meta-analysis, we aimed
to; (1) quantify the general effect of exercise on BMD at lumbar
spine (LS) and proximal femur (PF) regions of interest (ROI) by
meta-analytic techniques, (2) identify participants and exercise
characteristics that explain the effect of exercise on BMD and (3)
propose exercise recommendations to favorably affect BMD at
the LS, femoral neck (FN)} and total hip (tHip) ROl in PMW.

MATERIALS AND METHODS

Literature Search

This review and meta-analysis follows the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement {Moher ¢t ol 2015) and was registered in advance
in the International prospective register of systematic reviews
(PROSPERO) (ID: CRD42018095097). A comprehensive search
of electronic databases was conducted through PubMed, Scopus,
Web of Science, Cochrane, Science Direct, Eric, ProQuest, and
Primo for all articles published up to March 01, 2019, with no
language restrictions. The scarch strategy utilized the population,
intervention and outcome approach, The literature search was
constructed around search terms for “bone mineral density,”
exercise!” and “post-menopausal,”

A standard protocol for this search was developed and
controlled vocabulary (Mesh term for MEDLINE] was used.
Key words and their synonymouns were used by applying the
following queries, (“Bone” or “Bone mass” or “Bone status”
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or “Bone structure” or “Bone turnover” or “Bone metabolism”
or “Bone mineral content” or “Skeleton” or “Bone Mineral
Density” or "BMD” ar "Bone Density” or "Osteoporoses™ or
“Osteoporosis” or "Osteopenia”) AND ("Postmenopause” or
"Post-Menopause™ or “Post-menopausal”) AND ("Exercise” or
“Training” or “Athletic” or "Sport” or” “physical activity”) AND
(“Clinical tnal® or "Randomized clinical trial"), Furthermore,
reference lists of the included articles were searched manually to
locate additional relevant studies. Unpublished reports or articles
for which only abstracts were available were not considered.
Duplicate publications were identified by comparing author
names, treatment comparisons, publication dates, sample sizes,
intervention, and owtcomes. In the case of unclear eligibility
criteria or when the confirmation of any data or additional
information was needed, the authors were contacted by e-mail.

Inclusion and Exclusion Criteria

Studies were included if they met the following criteria:
(a) randomized or non-randomized controlled trials with at
least one exercise group as an intervention vs. one control
group with habitual (sedentary) lifestyle or sham exercises;
(b} participants were post-menopausal at study onset; (c) the
training program lasted a minimum of 6 months; (d) BMD
of the LS orfand the proximal femur regions “total hip"
and/or “FN" were used as outcome measures; (e) baseline
and final BMD assessment reported at least for one desired
regions; (1) BMD t d by dual-energy X-ray
absorptiometry (DXA) or dual-photon absorptiometry (DPA);
(g) studies with <10% of participants on hormone replacement
therapy (HRT), hormone therapy (HT), adjuvant endocrine
therapy, antiresorptive, or osteoanabolic pharmaceutic agents
(e.g., Bisphosphonate, Denosumab, Strontiumranelate) or drugs
with a dedicated osteo-catabolic effect on bone metabolism,
(glucocorticolds), albeit only if the number of users was similar
between exercise and control.

Studies addressing (a) interventions applying novel exercise
technologies (e.g., whole-body vibration) (b) mixed gender or
mixed pre- and post-menopausal cohorts without separate BMD
analysis for PMW; {c) PMW under chemo- and/or radiotherapy;
(d) PMW with diseases that affect bone metabolism: () the
synergistic/additive effect of exercise and pharmaceutic therspy,
or (f) duplicate studies or preliminary data from the subsequently
published study and review articles, case reports, editorials,
conference abstracts, and letters were excluded from the analysis.

Data Extraction

Titles and abstracts were screened by an independent reviewer
(MS) to exclude irrelevant studies, Two reviewers (SV and
MS) separately and independently evaluated full-text articles
and extracted data from the included studies. Disagreement
was resolved by discussion between the two reviewers; if they
could not reach a consensus 4 third reviewer was consulted
(WK). An extraction form was designed to record the relevant
data regarding publication details (Le., the first author’s name,
title, country and publication year), details of the study (i.c.,
design, objectives, sample size for each group), participants’
characteristics (Le., age, weight, BMI, years since menopause),
description of intervention (e, type of exercise, intervention
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period, frequency, intensity, duration, sets and repetition),
compliance (including number of withdrawals), risk assessment,
BMD assessment tool and evaluated region, BMD values at
baseline and study completion,

Outcome Measures

Outcomes of interest were BMD at the LS and the proximal
femur (FN and/or tHip) as assessed by Dual Encrgy X-Ray
Absorptiometry (DXA) or Dual Photon Absorptiometry (DPA)
at least at baseline and study end.

Quality Assessment

Included articles were independently assessed for nisk of bias
using the Physiotherapy Evidence Database (PEDro) scale risk
of bias tool (Sherrington et al,, 2000: de Morton. 2009). This
was completed by two reviewers from Germany (MS, SvS).
Partners from Finland (MM, M}, TR), Italy (LB, LD, SM, GB)
or Northern Ireland {MHM, AS) acted as a third reviewer,
Potential biases in studies were selection bias, performance
bias, detection bias, attrition bias, and reporting bias using
11 criteria, however, the scale scores 10 items. The categories
assessed were randomization, allocstion concealment, similarity
at baseline, blinding of participants and staff, assessor blinding,
incomplete outcome data, intention-to-treat analysis, between
groups comparison, and measure of variability. Scores ranged
from 0 to 10 and points were awarded when a criterion was clearly
explained; otherwise, a point was not awarded. Discrepancies
were discussed with a review author from Germany (WK)
until a consensus was reached. The methodological quality of
the included studies was classified as follows: =7, high: 5-6,
moderate; <5, low (Ribeiro de Avila et al., 2018),

Data Synthesis
For sub-analyses, the intervention period was stratified as
<8, 9-18, and =18 months by considering the remodeling
cycle for cancellous and cortical bone (Friksen, 2010), Post.
menopausal status was categorized as carly (<8 years) and
late (=9 years) (Marlow et al, 2012), We also classified the
type of exercise into seven sub-groups including weight-bearing
acrobic exercise (WB-AE), dynamic resistance training (DRT),
Jumping+|resistance training (RT) and/or WB|, WB+RT,
Jumping, non-WB+RT and Tai Chi. Type of mechanical forces
was categorized as joint reaction force (JRF), ground reaction
force (GRF), and mix of JRF4GRF (Daly et al, 2019 Kemmler
and von Stenged, 2019),

1f the studies pr ted a confidence interval (C1) or standard
errors (SE), they were converted to standard deviation (SD) by
using standardized formulae (Miggins and Green, 2008), Where
standard deviation was not given, authors were contacted to
provide the missing data. When no reply was received or data
were not available, the exact p-value of the absolute change of
BMID was obtained to compute the SD of the change. In the case
of unreported p-value, we calcufated the SDs using pre and post
SDs, and correlation coefficients with the following formula:

VSO + 8D, — (2xcorrx SDpre % SDpau ),

where “corr” is the correlation cocfficient which was imputed
using the mean of the correlations available for some included
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studies. 5Dy, and SDp.y are the bascline and final standard
deviation, respectively (Higgins and Green, 2008). This resulted
in using & within-participant correlation of » = 095 and r =
0.94 in exercise and control groups at LS, respectively. At FN, the
mean correlation was computed » = 0.82 amonyg exercise groups
and r = 0.85 for control groups. Finally, at the total hip, r =
0.97 and r = 0.98 were considered for intervention and control
groups, respectively, When the absolute mean difference was not
available, it was imputed by calculation of the difference between
post- and pre-intervention, For those studies which measured
BMD at multiple times, only the bascline and final values were
included in the analysis.

Statistical Analysis

The meta-analyses were performed using the package metaphor
in the statistical software R (R Development Core Team, 2019),
Effect size (ES) values were considered as the standardized
mean differences (SMDs) combined with the 95% confidence
interval (C1).

Random-effects meta-analysis was conducted by using the
meta for package (Viechtbauer, 2010). Heterogeneity for
between-study variability was implemented using the Cochran Q
test and considered statistically significant if p-value < 0.05. The
extent of heterogeneity was examined with the / statistics. I* 010
40% is considered as low heterogeneity, 30 to 60%, and 50 to 90%
represent moderate and substantial heterogeneity, respectively
(Hligging and Green, 2008). For those studies with two different
intervention groups, the control group was split into 2 smaller
groups for comparison against each intervention group (Higging
and Green, 2008),

To explore potential publication biases, a funnel plot with
regression test and the rank correlation between effect estimates
and their standard errors {SEs), using the r-test and Kendall's ¢
statistic were conducted, respectively. The p-value < 0.05 was
defined as the significant level for all tests.

Subgroup amlyses were performed for menopausal status,
intervention duration, type of exercise, and type of mechanical
forces. Sensitivity analysis was conducted to try different values
of the correlation coetficient (mintmum, mean or maximum) to
determine whether the overall result of the analysis is robust 1o
the use of the imputed correlation coefficient.

RESULTS

Study Selection

Of 1,757 articles initially retrieved, 1,743 studies were found from
all included databases and other resources, Duplicate articles
were removed and the title and abstract of the remaining
articles were screened and checked based on the eligibility
criteria. The full-text of 153 potentially relevant articles were then
checked, and 78 of them were found not to meet the inclusion
criteria. A total of 75 articles were thus Included in this study,
published from 1989 10 2019 (Figure 1), Three included studies
contained English abstracts but with Ialian (Tolomio e al,
2009), Portuguese (Orsatti et al,, 2013), and German (Kemmier,
1999) full texts, which were translated by native speakers.
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Records identified through
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< 103 Web of Science Additional records identified
- 41 Cochrane through other sources
- 241 Science Dircet (n=14)

- 25Eric
< 225 pro Quest
2 Primo

A

Number of duplicates citations
(n=142)

Records excluded afier reading
Abstracts and Titles (n < 1462)

v

Exclusions due 1o: reviews, no
expected intervention, not related
OUICOMmE  MEnsures,  Congress

Records screened (n=1615)

abstract, mix gender without
scparatc analysis, did not meet

inclusion criteria regarding (he age,
active  comtrol  group,  taking

v

medication with effect on bone
densitometry, and radiotherapy

Full-text articles assessed for
cligibility (n=153)

Full-text articles excluded (n =78)

Exclusions due to:

Taking medication with effect on
bone densitometry, radiotherapy,
sub study of a larger study/duplicate
publication, undesirable
intervention, no BMD
measurement, whole body BMD

v

v

only / BMD at forcarm regions
only, mixed gendermixed pre- and
postmenopausal  cohorts  without
scparute analysis, incligible research
design, discase condition, no BMD
result at baseline or/and study end

Studies included in systematic
review (n =75)

FIGURE 1 | Fow dugram of ssarch process

Study and Participants’' Characteristic

Seventy-five studies were included in this systematic review and
meta-analysis, comprising 88 individual training groups based on
our eligibility criterta (Sinaki et al., 1989; Nelson etal, 1991, 1994;
Grove and Londeree, 1992; Lau et al, 1992; Pruitt et al,, 1992,
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1995; Bloomfield ot ol 1993; Caplan et al,, 1993 Hatori et al,
1993, Martun and Notelovitz, 1993; Bassey and Ramsdale, 1995;
Kohrt ct al,, 1995, 1997; Nichols ot al., 1995; Prince et al,, 1995,
Hartard et al, 1996; Kerr et al, 1996, 2001, Lord et al., 1996,
Brooke-Wavell et al,, 1997, 2001; Ebrahkim et al, 1997, Bassey
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et al, 1998; Ryan et al, 1998; Adami et al,, 1999; Kemmler, 1999;
Bemben et al, 2000, 2010; Rhodes et al, 2000; Iwamoto et al.,
2001; Chilibeck et al. 2002, 2013; Hans et al. 2002; Sugiyama
et ul, 2002, Going et al, 2003; Jessup ¢t al, 2003; Milliken
et al, 2003; Chan et al, 2004; Kemmler et al, 2004, 2010, 2013;
Verschueren et al, 2004; Yamazaki ot al,, 2004, Englund et al,,
2005, Korpelainen et al, 2006; Wu et al, 2006. Evans et al,
2007; Maddalozzo et al, 2007; Woo et al, 2007, Bergstrom
et al., 2008; Kwon et al,, 2008; Purk et al, 2008; Bocalini et al.,
2009; Chuin et ul, 2009; de Matox et al, 2009; Deng, 2009;
Silvermun et al, 2009; Tolomio £t al, 2004; Sakal <t al, 2010;
Choquette ¢t al., 20115 Margues et al,, 201 1h.¢; Tartibian et al,
201 1; Bolton et al, 2012; Karakirtou et al, 2012; Basat et al,
2013; Orsatti et al,, 2013; Bello et al, 2014; Moreira et al, 2014;
Liu et al, 2015 Nicholson et al., 2015 Wang et al, 2015 Duaff
ct al, 2016; de Oliveira ¢t al, 2019). The pooled number of
participants was 5,300 (intervention group: n = 2,901, control
group: n = 2,399) and sample size in individual studies ranged
from five (Grove and Londeree, 1992) to 125 (Adam; et al,, 1999)
participants per group. Table 1 presents a summary of included
study characteristics. The mean menopausal age ranged from
at least 0.5 (according to eligibility criteria) (Sinaki et al. 1959
Wang et al, 2015) to 24 years (jessup ot al, 2003), and the range
of mean ages was between 50 {Bemben ot ol 2000} and 79 (Lau
et al, 1992; Tella and Gallagher, 2014) years. The mean body
mass index (BMI, kg/m?) of individual studies varied from 19.7
(lwamoto et al, 2001) to 32.6 kym’ (Silverman et al, 2009)
(Table 1).

Twenty-seven studies recruited participants with sedentary
life stybe (Nelson et al., 1991, 1994, Grove and Londeree, 1992;
Bloomfield ot al., 1993; Kohrt et al,, 1995, 1997; Brooke-Wavell
et al, 1997, 2001; Ryan et al, 1998; Adami et al, 1999; Rhodes
et al. 2000; Iwamoto et al., 2001; Jessup et al., 2003; Yamaziki
et al, 2004; Wu et al, 2006; Woo et al, 2007; Bocalini et al,
2009; Kemmler ¢t al., 2010; Choquette-et al,, 201 1; Margues et al,,
201 1h,e; Tartiblan et al, 2011; Karakisiou et al, 2012; Orsatt
et al, 2013; Bello et al, 2014; Morcira etal,, 2014; de Oliveira et ul,,
2019), 33 trials involved participants with some kinds of exercises
activities (Pruitt ot al,, 1992, 1995; Martin and Notclovitz, 1993;
Bassey and Ramsdale, 1995; Nichols et ul,, 1995; Prince et al,
1995; Hartard et al, 1996; Keer et al,, 1996, 2001, Lord et al,, 1996;
Ebrahim et al, 1997; Bassey et al, 1998; Kemmler, 1999; Bemben
et al, 2000, 2010; Chilibeck et al,, 2002, 2013, Going et al,, 2003;
Milliken et al,, 2003; Chan et al, 2004; Kemmler et al, 2004, 2013;
Bergstrom et ul, 2008; Kwon et al,, 2008; Park et al,, 2008; Deng,
200%; Silverman et al., 2009; Sakai et al,, 2010; Bolton et al,, 2012;
Baxat et al,, 2013; Nicholson et al., 2015; Wang et al,, 2015; Duff
et al, 2016}, while the remaining studies did not provide any
information with respect to the life style status of participants
(Sinaki 1 al,, 1989; Lau et al, 1992; Caplan et al, 1993; Hatori
et al,, 1993; Hans et ak, 2002; Suglyama et al, 2002; Verschueren
et al, 2004; Englund et al,, 2005; Korpelainen «t al., 2006; Evans
et al., 2007; Maddalozzo et al., 2007; Chuin et al., 2009; de Matos
et al,, 2009; Tolomio et al,, 2009; Liu et al., 2015),

Sixty-one studies comprised healthy participants (Sinaki et al
1989; Nelson et al,, 1991; Grove and Londeree, 1992; Lau et al,,
1992; Pruitt et al, 1992, 1995; Bloomfield et al, 1993; Caplin
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et al, 1993; Hatori et al, 1993; Martin and Notelovitz, 1993,
Bassey and Ramsdale, 1995; Kohrt et al, 1995, 1997; Nichols
et al, 1995; Prince et al, 1995; Kerr et al, 1996, 2001; Lord
et al, 1996, Brooke Wavell et al, 1997, 2001; Ebrahim et al,
1997; Bassey et al, 1998, Ryan et al. 1998, Adami et al, 1999;
Kemmler, 1999 Bemben et al, 2000, 2010, Rhodes et al., 2000;
Chilibeck et al., 2002, 2013; Sugiyama et al, 2002; Going et al.,
2003; Jessup <t al, 2003; Milliken et al, 2003; Chan et al, 2004;
Verschueren ¢4 al, 2004; Englund et al, 2005; Wu et al, 2006;
Evans etal, 2007; Maddalozzo et al., 2007; Woo et ul, 2007; Kwon
et al, 2008; Park ef al, 2008; Bocaling et al., 2009; Chuin et al,,
2009; Deng, 2009; Silverman et al, 2009 Kemmler et al,, 2010,
2013; Sakai et al,, 2010; Choquette et al, 2011; Marques et al,,
2011b.; Tartibian ot al, 20115 Orsatti et al., 2013; Bello et al.
2014; Morelra et al, 2014; Nicholson et al,, 2015 Wang et al.,
2015; Duff ctal,, 2016; de Oliveira et al., 2019), and the remaining
studies recruited participants with osteopenia, osteoporosis, or
with a history of spinal fracture(s) (Nelson ct al., 1994, Hartard
etal, 1996; Iwamoto et al., 2001; Hans ctal., 2002; Kemmler etal,,
2004; Yamaxaki et al,, 2004; Korpelainen et al, 2006; Bergstrom
et al, 2008; de Matos et al,, 2009; Tolomio et al,, 2009; Bolion
ot al, 2012; Karakiriou et al, 2012; Basat et al, 2013; Lin et al,,
2015) (Table 2),

Exercise Characteristic Description

Table 2 outlines the exercise prescription characteristics. The
program duration ranged from six (Hartard et al, 1996: Ryan
el ul., 1998, Adami et al, 1999; Bemben et al,, 2000, Sugtyama
et al, 2002; Verschueren et al., 2004: Kwon et al., 2008; Bocalini
et al,, 2009; Chuin et al,, 2009; Silverman et al,, 2009; Sakal et al,,
2010; Choquette et al, 2011: Tartibian ct al,, 2011; Kamakiriou
ctal, 2012; Basat et ul, 2013; Moreira et al,, 2014; Nicholson et al,
2015; de Oliveira et ul,, 2019) to 30 months (Korpelainen et al,,
2006).

Eleven studies applied an intervention period of =18 months
(Sinaki et al, 1989; Caplan et al, 1993; Prince et al, 1995
Ebrahim et al, 1997; lwamoto et al. 2001; Kerr ¢t al, 2001;
Hans ¢t al, 2002; Kemmler et al,, 2004, 2010; Korpelainen et al,
2006; Chilibeck et al, 2013}, 39 trials used an intervention period
between 9 and 18 months (Nelson et al,, 1991, 1994; Grove and
Londcree, 1992, Lau ct al,, 1992; Pruitt et al,, 1992, 1995, Martin
und Notelovitz, 1993; Bassey und Ramedale, 1995; Kohst et al,
1995, 1997; Nichols et al,, 1995; Kerr et al, 1996; Lord et al,, 1996;
Brooke-Wavell et al, 1997, 2001; Bassey et al., 1998; Kemmler,
1999; Rhodes et ul, 2000; Chilibeck et al, 2002; Going et al.,
2003 Milliken et al., 200%; Chan et al, 2004; Yamaxaki et al.,
2004; Englund et al,, 2005; Wu et ul, 2006; Evans et al,, 2007;
Maddalozzo et al,, 2007, Woo et al, 2007; Bergstrom et al., 2008;
Park et al, 2008, de Matos et al, 2009; Deng, 2009; Tolomio
ctal,, 2009, Bolton ¢t al, 2012; Kemmler et al,, 2013; Orsatti et al,,
2013; Liu et ul, 2015; Wang et al, 2015; Duff et al,, 2016), and 25
scheduled a short intervention period of <8 months (Bloombicld
et al, 1993; Hatori et al, 1993; Hartard et al,, 1996; Ryan et al,
1998; Adami et al, 199%; Bemben et al,, 2000, 2010; Sugiyama
et al, 2002; fessup et al,, 2003; Verschueren et al,, 2004; Kwon
ot al., 2008; Bocalim et al, 2009; Chuin et al, 2009; Silverman
et al,, 2009; Sakal et ul, 2010, Choquette et al, 2011; Marques
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Shoga =t al Eftoct of Extrise on 8v0
TABLE 1 | P s ics of inchaded stucies (1 - 75),
References Samgle size (n) - Age (years) Menopausal age Body mass (kg) Height (om) BMI (kg/m?)
tyears}
Actarni el o, 19000 E125 E&szo E10=7 na ng E240=:30
C: 126 C:6347 C:rats ng ng C:228 4038
Dasat of wl, (2013 R 1 RE: M4 5 RE:G+4 ng. ng AE6L 47
Hi 14 HiS6+3 HLT+2 ng. ng. HL 24+ 35
(S ] Cis6 44 C:6+3 ng ng C:276437
Bassey af o, (1908 E 45 ESE=x] E7z4 E67273 E16t=8 E25+£28
C 32 o544 Cistd a6 t78 CI163+6 G251 £ 26
Bamuery and Aumisdae E:a* ES4=4 E7=z4 E833:12 E: 1836 Ep8227
|15y c:32 C:5543 C:746 C:BdT£67 C159+8 C:2094+34
Beto at @ @O E 0 Egr=8 ng. ng. ng. ng.
c:10 CiB1 6 ng ng ng ng
Buovitw wt o, (2010) B2 EBde >5 E785232 E16t 22 0041
C12 CEIL Q7TALAS CIEIL Ci2es
Beoten «f o, (2000 A1 M0 42 Mt e HL: 747 £ 586 ML 162+ 2 ML287 424
ML 13 HR: 52 42 HR:2£1 HR: 627 £ 34 HR: 186 £+ 2 HR:232=21.2
cn Cise C:341 Cio65 £ 42 Cim42 Ci2a2417
Hargatrom et of. (2R E: 80 Emm=4 ng ng ng E2tazan
C; 52 CE+3 ng ng. ng C:2a0+23
Blocrmtedot ot of, 11053 E7 E62z1 11zl ET7TAx3S EWre? E@x12
c7 C et 4 G542 C6a4 428 C 161 &2 Gt
Boosin af ul. (2008 E3 E88+9 ng E68z6 ng E28=4
c:12 C:67 8 ng CEaLy ng Cav46
Hotton ot ) 2013 E 189 E6G=8 E13s7 Emh=ar E1gh=4 E2n2=40
Cx C:att =38 FES 4 C:636+110 C1+s Cazaa
Brocks-Wavel ol of E 8 E6543 >5 E685+89 E183x7 ng
FooY) [+3-1] C65t3 Ci7tas12y C16asT ng
Brooke-dmwel nt of E 43 E65+3 E15£5 E8r7 4109 E: 16246 E258+38
(1ean) C:4t C:B443 C:Be7 C:67.041086 C 16347 C:2564 38
Caolan of & (18Q4)" E8 E6h=1t E1g=2 E&2=1n E 158 =2 Emazon
cGn C:os £ G:21x83 GBos+29 Crm+2 C:230+08
Cran & al. 2004 E 67 E5123 €522 E55Ax79 [SREVER Y EMIzAT
G885 G543 C4x2 C:54£103 G160 + 20 CR35148
THiDoeck ot of, (220F) E+PL B8 E+PL565: 6 =1 E+PL T34 = 141 E+P 183+ 5 ng.
Pt 84 5627 PL 73484159 PR8I+ 6 ng
Ot of of, (X027 E: 4 Enr =2 EeEg=2 Er2+43 Ega=2 E27 17
Ca C:s+2 c:azxz Qrazan Cs 21 C:ast+12
Croquettn of o, (201 1) E+P1 25 E+PL58 4+ 6 E+PLE=z B E+P 754 2 121 E+™ 16126 E+F: 291 439
Pl 26 A6 m10sa PL795 = 9.2 P60t 6 PL3 20
Thon st ol (2009 E+PL 11 E+Pt854 5 ng E+A: 666 4 65 na E+P 285227
7 merea na. PLE42 278 ng PL26 428
3o Maten ot & (20056 E: 30 Ear=s 10 Eras=7hH E 158 =4 E239+33
C.2a C:or+t r Ce5+ a3 Ci1s+a C:an0+30
Deng (70080 Ei45 ES4z4d E423 EG8B+E E 15T %5 na.
Cr36 G515 Ciat? C:8B3 £ TS C1M+s ng
e Cftvoiens ot . {20185 BT ES6+7 EA27 E67T4 288 E: 157 £ 6 E2T2227
c17 C:5445 C:o47 C:6846 LB6 C:15e4 4 C:27.3425
ot o 2O E:22 [=X.LE.Y ng. ng E1a2=6 ng.
C; 22 Cios+8 ng. ng C180 &7 ng
B & ol (1997) E 81 E66z8 ng ng ng E:206=40
G 84 CEEts ng ng ng Cidat48
Enghund 8t wl. (2005) E24 E7isa ng E692a7 E:1624+6 E252427
24 07345 ng. C:67.7 £85 CI60LE Cr281 432
Fmrm ot ol (2007) E48P: 117 EiSP a2 8 EsSPU=6 E4SP 867 £ 133 E4SP 163 4T ng
&1 SP:B 4 SPats SP.8ra£73 SP: 161 £0 ng
Tiong w ul. [ROO3 Ew ES6=S >3 EGBIt 114 E: 163 %7 E:258334
C:70 C57T+5 6764114 CIB3+5 C¥B5+2
Ttovn onvd Londienee us 67 £ 4 L3k 2 LEED & 127 ng ng
11992 s HEB4 42 Hi:d 43 Hi 7234 192 ng ng.
C35 C:sa4d c4 Q7054101 ng. ng
Contywed)
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TABLE 1 | Continued
Reforences Sample size (n) Ago (yoars) Menopausal age Body mass (kg) Helght (em) BMI (kg/m?)
(yoars)
Hans ot al, (2002) E: 110 E:6848 =8 EB6d+73 E: 18148 n.g
(o5 Ct6+ 86 C:E084 78 C:150+8 ng.
Hartord ot ol (1996) E: 18 Eifd+6 ~2 EIG7T 477 E 16247 ng
C: 16 C: 67 £10 C:6384 12 Ci1584 6 ng.
Haton ot 4l (1993 E: 239 H: 566 44 H:746 H:64 46 M 161 £3 H:233423
C:12 M:58 45 MG &4 M:53.4 4 6.8 M: 16148 M: 235 & 2.4
Ci68:48 Cios8 Ci639+6 Ci151 46 Ci2464 33
Iwamoto et al, (2001) E8 E: 66406 E: 1646 Ei 466 6.6 E:162+8 E: 197413
C: 20 Ci65:6 Ci16+8 Cias8 k4 C:52 46 C: 199421
Jesnup et ol (2003} E: 10 E 6943 E: 24 & 11 E 780492 ng. ng.
G 10 Cr60da C:2an CiB42 4177 ng. ng
Karakdeiou ot ol, {2012y E: 10 E: 6341 E:B& E:71.2428 E169 41 E: 281410
c:o Ci63+1 C:d1 Ci 764 £2 C:67 £ 2 C:304 4+ 08
Kommier of al. (2013) E: 43 E:b242 E241 E 60.5 £ 9.6 E 165+ 6 ng.
C: a2 Cro2+3 G241 C:708 %168 Ces 46 ng
Karnmiar #f al, (2010) E: 123 E6944 ng. E 6814109 E 162 4 6 ng.
G123 C:60 44 ng. C60.5 412 C:160 4 6 ng
Kommiler et al. (2004) E: 86 EB6643 =1 E:67.6+07 E164 40 E: 2601 433
C: 61 Ci66:+3 C:648 4136 Ce247 C:20.7 £30
Kommior (1669) E-PM: 16 EPM: 64 £ 6 EPM < 8 ng. ng EPM: 26,6 + 4.2
LPM; 17 LPM; 65 4 6 LPM > 8 ng ng LPM: 262 £ 38
C:18 Cioe+8 C=1 ng. ng. C:27.4 4563
Karr o al, (2001} RE 42 RE: 60 & 5 RE 11 &6 RE! 72.2 + 12 RE: 163 & & ng.
Fit 42 Fit 60 & 6 Fitt946 Fit @604 11.4 Fit 165 4+ 8 ne.
Ci a2 Cie2:46 Ci12+86 Ci693 4146 Cii16247 ng.
Karr of al, (1990) En: 28° En: 66 & 8 Eniti4d En: 708 410 En: 166 + 6 ng.
S:28 S:6844 8:843 S:694411.4 S:165+7 ng.
Kohnt ot al. (1907 * JRF: 15 JRF: 65 + 1 ng. JRE: 7204 23 JAF: 184 + 2 ng.
GRF: 18 GRF: 66 4 1 ng. GRF: 70.9 4 4.2 GRF 163 + 1 ng
C: 15 G681 na C716418 Ci163 42 ng.
Kobyrt ol al. (19095) E 8 E:8543 =10 E 6344119 E 16146 ng.
C8 Ci60 43 C: 634 481 C:161 45 ne
Korpetanon ot al, E: B4 E:7341 ng. E:@124£79 E 184 &8 E:26.7 £34
{2006) C: 76 G781 ng C:622402 Ci1564 6 Ci266 446
Kwon et al. (2008) E: 20 E7r42 ng. Ei 564 +£38 E: 1404+ 6 E:269419
C: 20 C7743 na C: 581 66 Ci152 43 C:262428
Lau ot ol (1902) E+ 156 E+PL 79 ng. ng. ng. ne.
Pii 15 Pl 76 ng ne. ng. ng
LIy ot o, (2018) E: 80 E 0347 E 1440 ng E 184 44 ng.
C: 48 Citi248 C13+7 ng. G187 2 4 ng.
Lesre ot il (1006) E: 90 E:72456 ng. E 664114 E 5746 ng
C: 89 Ci7i ks na CioaT 2 144 Cis7 + 7 ng.
Maddalozzo of o, E: 35 E:624: 3 E241 E:70 4 8.7 ng. n.g.
(2007) C:34 Ci62:43 Ci241 C:67.1 4126 ng. ng.
Marques of al, (2011b) E: 30 E70%5 ng. ng. ng. E: 284437
Cc:30 CesLh ng ng ng. C:28.24+£37
Maecues of sl @2011¢) RE: 23 RE:67 &£ 5 ng. ng. ng. RE 288 & 4.6
AE: 24 AE: 70 & 6 ng. ng. ng AE: 275438
Q24 G686 ng ng. ng. C:281 436
Martin shd Notelayitz AF™E: 256 A5™E: B8 4+ 7 AEEQ4LD A5™ E: 660 4 11.9 A5™ B 150 4 8 ng
(1903) 30WE: 27 J0™E GO+ 8 30™E 13 L0 SO E: 68O 4116 Q0™E: 162 & 7 ng.
C: 24 G677 CBx7 C:729 4166 Ci1g24 4 ng.
Mitldan ot al. (2003) E: 20 E:b6748 E6xd E: G8.4 £ 106 E 162+ 6 ng.
C: 80 Cib? &8 C:o£3 C: 644 £ 100 Ci16246 ng.
Morwita ol al (2014) E: 64 E: 69w 7 =5 Ei73 4158 (SR ng.
C: 44 Ci 6046 Ci 7441286 G156 4 6 ng.
(Continued)
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TABLE 1 | Continued

Reterences Sample size (n) Age (yeors) Menopausal age Body mass (kg) Height (om) BMI (kg/m?)
(yoars)
Noltsen gt al. (1904) E:21 BG4 Ei12456 E647T 477 E163 4 6 E244425
ci1e C:57 46 Ci10kb Ci622 489 G164 4 8 C:201 k22
Nolson ot ol (1981)* E: 219 E: 60 %1 E:t1 41 EiGaL14 E: 162 &1 E:244 206
C: 20 Ci o041 Cit Ci6d 414 Ci162 41 E:244 4056
Nichols ot al. (1968) E: 17 E: 6842 E: 1841 E:688 428 E: 168 1 ng
C:7 Cies41 C:1841 Cir2£1386 G164 41 ng.
Nichalson et ol, (2018) E: 28 E 6044 =8 E: 706 0,1 E:164 4 4 E: 26 +032
G 29 cieas C: 6.8+ 10,7 16345 Ci2464£29
Cratti ot @ (2013) E+4P1 20 E+P1 56 4 0 E+PLo4 6 ng. ng. E+PL 2643
P 20 P56 & 8 PB4 6 ng. ng. Pl 304 4 63
Park o o, (2008) E: 26 E:68 &4 Eitg4 2 ng E: 158 44 ng.
C:25 C:6843 C:1943 ng. Ci162 44 ng.
Prince et al. (19096) EaCa 42 E4Cai 60 48 EqCai 16 £8 ng. ng. ng.
Ca: 42 Ca: 62 4 6 Ca 1646 ng. ne. ng
Pruitt ot al, (1958) Hent: 18 Hent: 67 ng Heint: 84.5 & 9.2 Melnt; 162 & 7 Helnt: 24.5 & 3.4
Lant: 13 Leint: 68 + 1 ng. Lent: 1.5 + 4.6 Leint: 160 4 8 Lent: 239 £ 1.6
ce Ciro+4 ng. C:638+ 01 G160+ 9 C:2601 3
Pruitt ot ol (1092)° E7 E: 54 41 E3 EGI2419 E: 162 &1 neg
G 10 Ci 6641 G+ C.665%29 Ci 163+ 2 ng.
Fhodes ot al. (2000) E: 22 E6oL3 ng. E 684 £ 12 E161 45 ne.
C:22 C:6843 ng C:61.7 4129 G160 4 4 ng.
Ryan ot al. (1990) E: 18 E:G2£6 »2 E:793+8 ng. E:306428
ciw [ C:831 4113 ne C:300 43
Sakal ot al (2010)" E: 49 681 ng. EB14410 E 101 41 E: 224404
C: a8 C:68 ng C:61.7 089 G161 41 C:22.6 &£ 04
Bllvwarman w al, (2000) E: 48 EG0O+5 E:1248 E:846+ 113 ng. E!321+42
C: 40 Ci 6845 Cnak? C:8744 144 ng. Ci3264+48
Sinakl ot al. (1989) E: 34 E:5644 =>0.5 E: 662403 E: 163 4 6 ng.
C: 34 C:604 4 C:66.1 4100 Ci1B1 45 ng.
Sugyamn ol ol (2002) E: 13" E: 62 41 B3 E:54.7 £ 34 E: 166 &2 E:227 412
C:13 C: 63 41 c2 C: 809 1.7 C:163 41 C:21.7£07
Tartibkan of al, (2011) E: 20 E:61£7 =8 E: 7764104 E: 167 £ 8 E280 £ 71
[ ]] C:sR48 Q:769+17.2 C: 168 £ 16 1286 +3.7
Tolorio ol @l (2008) E: 81 E6245 ng. Ei 66 4 10.9 E 1681 410 ng
C:79 CiBath ng. C:63 x0T G159 4 10 ng.
Vargohunron at al E: 22 E: 64 &4 E:1654 6 E 706406 E: 161 4.8 E:2744356
(2004) Cr2a CiB443 Ci1547 C:0864 145 Ci 180 4 6 C:266 £ 58
Wang et al, (2019) TC: 40 TC: 68 43 »0.5 TC: 008 £ 83 TC: 160+ 6 ne.
TC+AT: 40 TCAT: 668 4 8 TCRT: 60 + 6 TCRT: 161 4 ng
C: 39 C: 6843 C: 606 483 G160 4 6 ng.
Woo et al. (2007) TC: 30 TC: 1043 n.g. n.g. ng. TC:244 449
RE: 30 RE: 7043 ng. n.g ng. RE: 24044
C: 80 C:6943 ng. ng. ng. C:24940
Wu ot al. (200¢) E4.P1 34 E4PLSS 43 E4Pla+2 E4PL 54 £ 7.3 E+PL 165 £ 6 E4+Pl 224429
Pr 34 PSS 43 PLa42 PLB61ALT PLIST B PL209 422
Yamazaki ot al, (20041 Ei 32 E:64 43 Eit742 E:51.24 14 £ 166 & 1 212407
ci18 Ci66+3 Ci15 42 C:501 & 16 C: 156 41 C:21r k1

SAGGORANG (o the text, B3 warnen were /andomised equaty.

Uit 15 not stated, seven trop out belang to which proups.

E1tis not slated, nine drap oul bekong 10 which groups.

91t ks not clear to which exercise groupd two porsons who faded fo compiele the program belong,

"One site of body s considensd as control and the other side as inforvention.

"No data X group; we o ah equn)

VExerciae with or without 831 mg/d Ca vs. sedantivy control with or without 831 mg/d Ca.

BAceorchng 10 1 baselrio bk i (e artichs, thoes dm 15 PMW in 1he aawcise grous, howame 1 toxt Sald Bl six persons i axmcise groups wonr axckadod do (o kw compliance
with exeecise but it is not clear whether these pavticipants ara i the pre- or postmenapausal group,

AE, porobic axarcise; G, control, Ca,calkeium; E, lwe; £n. Ench EPM, oirly post-mencpnusal; Fit, fitnges, GRE ground-reaction farces 0.e,, wasking); M, High, Hi, high impnct;
Meint, high intendgity; ML, high load; MR, high repetition; JAE jont-reaction forces; LI, Jow impact: L-int, Low intensity; LPM, late post-monopausal; M, Moderate; n.g., not given; F,
Placebo; RE, rosiatance axicige, S, Strongth; BF soy protein; TCRT, Tal CN resistance tralning; TC, Tal Ghl; Al vahas are prosented as mean & S0, othw it Is stated;

are prosented as mean & SE gty criferia with mspect to post-menopausal age wor utiteed, if the studes provided no ir parchng s tem.
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TABLE 2 | [ 1t ristios of included studies (1 « 75),
Referenoes Status Length PR Main part of 8isp Volume Exercise/strain composition Summary of main
months  INT oxercise {min/w), part of exerclse
Supervision
(Attendance)
Aduind of . (1000 Hoalihy 1] No DAT (focus on No 2 x 95110, BJE: 15-30 min warm up (walking), TOmin - Lainensity AET and
10 4 7y post foroarm aiten); You St (09 %) pross-up, videytal, 10 mn DAT for the T (fornaem sitn)
Sodoentary vollaybal in o T« BOHE ) Toream with o 5009 wolght. Number of
WO/t arsing o (10-25)rree Incraaid progressively.
position MU Hepeat all exorise
Bunat ot oL (2010) Outoopenia [} No DRT (locus on lawer  You 3 x 80, §-JE 15 min winem up (wilkdng, eyehng), L/Muntensty DRT
04 dyposl bocty with fow trunk You {6OW) D0-40min 1T =8 oxorcines, oon sat, 10
No-HSE oxoecioos) apa (more dotails ng)
a Nao Ppn wkippng No 7 25,808 15 min warm up (walling, cycling), Medmpaet jumging
Yoo (80%)| Maximam 50 jumpa/seamson (moo dotuk
ng)
Danooy ot o, (106N Healthy 12 No Jumping: No 6% 10, ME 50 OMJ baretoot with both loge, five sots »  M-impact pmpeng
7 4 Ay post COUNTR Movirment Yo 1 x 10, 8-JE 10 rops with ground reaction lorees (GRF)
No vigorous lix o (GM O1%) #x body mas
=1 vw
Buniy ane) Honliny 12 No Hool-drops, umping, N 1% 7, 8- HE: 50 howl-drogs Damioot on i hinly HAMpaot hoel drop
Famedae (1600) 724y pont Yoo 7% HE covernd foor with kneo and Vo extended.
No-BSE (B S-JE: pamping and skipping (More detals
ng)
Bl it o, (2018) Haaltty 8 No Walkéng, DRT (wl You 3% A0, 8JE  A0mIn waking T x w, W arcult triwing 1 L Intenaty WB AET
6140y M musche groupsl; Yo (Ba%) * W owith ey londhe: slx exercen, e et L-Intiessity DT
No-MH najuatio exercise (AT neta, 10-20 1ops. Aquotic oxencise 1 « wi
ety Fx TR IYLISRCI0 (10U four xmecise, throa sete, 15-20 reps; all al
»20min or 24w HPE 12-16 of Borg GA 20, 1x w sach type
Of exoroing
Diombed ot ol (2010)  Mowlihy. " No ORT (1 main musele Yo D w00, 56 Hmin warm up (wiking, cyciing), eight Hedntonsity DT
»5y post roups) with Yus (B0%) oxorcisen, thvee sota, 10 ropo, BO% 1AM +
NoRY machines dumbbioll weist curs and seated abdoninal
flason LM intensity
Btk ot ol (2000 Haulty L} Yo DRT (i musicle— Yan 3 x 80, 8.8 DRTAS 1, 8 exdeciing, them sots, aght Hentanwty DRT
A4 1ypost Qroups) with You ne) rupa, B0% 1AM
No-AT machines
6 You DAT (ll main muscin Yo 9 % 00, S0 DA 4% mn, wight exorcises, thme sats, 16 L Infensty DRT'
grouna) with Yoo (93%) reps, 40% 1AM
micines
Borgnirom of ol Osteopenia 12 Yoo DAT (ah main muscle — You 12 w 00, 8- S-JE 25min DHT, 26 min WIE-AET imom Lelrtensty ALY and
W00 fforoanm grovpan, AET, wallang Yo 8« 00, HE dotails ng.) P Intensity OHT
frocturos) ] M st walking (mors detisis n.g.)
B0 4y SJE (96%)
No-B&E
oo ifiekd e al Heolthy L] You Gyolo srgomoter No 3« 80, 8-JE 10 min wanm up [Nostity and calisthenios — H-Intonaity Non Wi
(1000 11 &3y poat No (82%) {moen dotails 1,0.)], 30 min cycling ot AET
00-10% Himax, 5 min walking (cool down)
Boooky al ol (2000 Mealiny [} You DRT (af main muscle Yoo 3x 0, 8E 10min waem up Bow Impact running), 12 Hantonaity DRT
-8y Qroum) You (=90%) oxorcivns, o nots, 10 rupy, B5% 1AM
post Sedentary With fucus on eccentric exsroises, | min rest
(nltarnate upper And Kwer body wercises)
Dotwenn ex
Bonon ot w (2012) Oateopornia 12 You DAT (musclo groups  No 3 .x 00, SJE BJE: 40 min (7) oxoroisen, two sots, aight MMH:lnpaot and
104 7y poat ng. anding the You 11w (B89) o, B0% 1AM with slow yelocity, e st H-ntarity DRT
No-BSE proximal feenur™);, Dally HT with rechuced load and high volocity (12 rep).
rnping HT) Dty theoe sots, 10 g of jamps (mom
dotails ng)
Brooke Wavel ot nl. — Meality 12 No Brink widing No 20 % »20 (140 45 w 2535 min/d = 70% HFtmax MeIntensity WE-AET
o) »8y pomt You W),
Sodentary non
(0N
ooke Wayel ot ol Hoolthy 12 No Briuk woking No 140 min/w, 20-60 min long for ench wolk, =~ 70% M-intensty WE.AET
(ean 164 8y pout Yiw Nof-supenissd  HAMax
Sedontary (100%)
Capdan ot ol (1093) Heallhy 24 No Astobk: dance, ball ? 2 % 80, 20-26min AET, 10 min ball garmes (mons Ledmpact, 7-ntonaity
W 4 By post goamen: DAY, floor Yon St inp) dntain nig.) WILALT g
ng. OxoMinos (Mmoo =1 » 20-30. 20-30 min DAT (mode dotoils n.9.) T Intenaty DRT
dotulls n.g) HT g
Chan of o, F004) Haonlthy 12 No ol Ghv: Yong Style | 7 6 x 80, 5-JE Slaw, smooth mavements with conatant Tol G (Yong Stysa)
54 2y post NN MUBCI grouns —— Yen (=B4%) voloctty
No »0.6 hiw {moew dotalls ng)|
(Conbwd)
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Effect of Exercise on BMD

TABLE 2 | Continued

References Status Length PR- Main part of SiSp Volume Exercise/strain composition Summary of main
months  INT exercise (min/w), part of exercise
Supervision
(Attendance)
Chilbeck et al, (2013)  Healthy 24 Yes Watking; DRT (all Yos 2xnQ.SJE  S-JE: 15 exercises, two sets, eight reps, Meintensity WB-AET
=1y post main muscle groups)  Yes 4 x 20-30,HT  80% 1RM and H-Intensity DRT
on machines. and S-JE (77%)  HT and S-JE: waking at 70% HRmax
Chilbeck et al, (2002)  Healthy 12 Yes DRT (all main muscle  Yes 3x7.S-JE 12 exercises, two sets, 8-10 reps, =70% H-Intensity DRT
94 2y post groups) on machines  Yes {78%) 1RM
No-vigorous Ex
Choquette et al Healthy 6 Yes Treadmil and cycling:  Yes 3 x 60, S-JE AET: 30 min at 40-85% HRmax; after 3 H-Intensity AET and
(2011) 84 8ypost DRT (all main muscle  Yes (=85%) months H-intensity intervals of 4 x 4min H-Intensity DRT
Sedentary groups) on machines >90% HRmax, 3min rest at 50-85%
and with froe weights HRmax. RT: 30 min, 7exercise, one set,
12-15 rup increased to four sets 4-8 reps,
at 60-85%1RM
Chnuin et al. 2009) Healthy 8 Yes DRT (most main Yes 3 x 80, S-JE 15 min warm up (readmill’cycle ergometer),  H-Intensity DRT
=8y post muscle groups) on Yeos {>90%) DRAT: 45min, eight exarcises, three sets,
ng. machines eight reps at 80% 1RM, rest between sets
90-120s, 1RM-test each 4 weeks
de Matos et al. {2009)  >Osteopenia 12 Yes DRT {all main muscle  Yes 3 x 45-85,n.g. WB-/non-WB-AET (Bike, treadmil, L/M-intensity DRT
10y post groups) on machines  Yes ({presumably Stepper): 5-20 min (RPE 4-6 on Borg CR and M-Intensity AET
ng. or free weights; AET S-JE) (n.g) 10). DRT: 30-40min, nine exercises,? sets,
(Bike, Treadmil) 10-15 reps, 7 1RM, TUT: three s conc-3s
eccentric; 1 min rest between sets and
exercise
Deng (2009) Healthy 12 Yes Brisk walking, Yas 2 x 80, S-JE S-EJ: 45min DRT, nine exercises, 2-5 sets,  H-Impact, H-Intensity
4+ 3ypost Stepping, jumping; Yes 3-5 x 60, 12-40 raps, at 50-60% 1RM, self. WB-AET, M Y
No-BSE DRT {all main muscle HE {82%) rest (more detads n.g.). HE: 30min walking, DRT
groups) on machines at 50-80% HAmax, 15 min step routine,
with free weights 50-300 jumps from a 4 inch banch
de Olivera ot & Healthy ] Yes Pilates (all man Yes 3 x 80, S-JE 21 X and M-intensity DRT
(2019) B+ 7ypost muscle groups) on Yes {93%) one set, 10 reps, 1 min rest between
Sedentary machines exercises, 5-6 at Borg CR10
Duff et al. (2016) Healthy 9 Yes DRT (all main muscie  Yes 3 x7.SJE 12 exercises, two sets, 8-12 reps 10 ?-intensity DRT
=8y post groups) on machines  Yes {84%) muscular fatigue, 7 1RM (more detalls n.g,)
No-RT and with free weights
Ebrahim ot ol (1997)  Healthy (upper 24 No Brisk walking No 3 x 40, HE 40 min walking, “faster than usual, but not L-intensity WB-AET
limb fractures) Yes (100%) 80 fast as 10 be uncomfortabla™
66 £8y
No limit
Englund et al. (2005) Healthy 12 Yes Walking/jogging: DRT  Yes 2 x 50, S-JE WB-AET: 10 min warm up, 15min L/M-Intensity
>8Yy post {all main muscle Yes {67%) walking/jogging, DRT: 12 min, two sets, WB-AET and
ng. groups) B8-12 reps., 7 1RM (more detalls ng.) ?2-Intensity DRT
Evans et aL (2007) Healthy 9 Yes Walking/running, Yes 3 x 45, S-JE WB and Non-WB AET (machines) at H-Intensity WB-AET
=8+ 6y post rowing, stair-chmbing  Yes ng) £5-80% VOppeak. Rest by changing
ng. {machines) exercise mode
Going at al, {2003) Healthy 12 Yes Walking, Jogging. Yes 3 x =60, S-JE 10 min warm up (walking), 20-25 mn L-intensity WB-AET
3-11y post skipping, hopping, Yes 72%) WB-AET at 60% HRmax, 120-300 and H-Intensity DRT
No-RT, stepping with stair/steps with 5~13 kg weighted vest,
<120 min Ex weighted vests; DRT DRT: 7 exercises, two sets, 6-8 reps
{alf main muscle 70-80% 1 AM
groups) on machines
with free weights
Grove and Londerse  Healthy 12 No Jumping varniations, No 3 x B0, S-JE 20 min of high impact exercises, 15mincoal  H-Impact intensity
(1992) 4 % 3y post heel drops (GRF>2x Yes (83%) down (RT with abdominal and log WB-AET
Sedentary body mass) adduction/abduction exercises)
12 No Walking, charleston, No 3 x 60, S-JE 20min of low impact exercises. 15mincoal  L-Impact intensity
heel jacks (GRF<15  Yes {80%) down {RT with abdominal and leg WB-AET
x body mass) adduction/abduction exercises)
Hans ot al, (2002) >0Osteopenia 24 Yes Heei-drops: barefoot  No 5 x 3-5, HE Impact loading: strangth or height 25-50%  L-impact intensity
5y post [u) on a force measurng  Yos (65%) above the estimated resting force, dally 120 WB-AET
ng. platform (osteocars) correct forcs impacts
Hartard ot al. (1098} Osteopena 6 DRT (all main muscle  Yes 2x7,SJE 14 exercises, 1-2 sets, 8-12 raps, 70% M-intensity DRT
=2y post groups) on machines  Yes (»B3%) 1RM, TUT: concantric: 3-4 s-eccentric
<1 3-4s. 22min res! between sets
h/w, No-BSE
Hatorl et al. {1993) Healthy 7 No Walking below the No 3 x30,ng 30min walking at 90% anaerobic threshold  L/M-Intensity
=75 anaerobic thrashold Yes (ng.) HR (6.2 kvh) WB-AET
ypost ng. at “flat grass covered
ground”
(Continved)
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TABLE 2 | Continued

References Status Length PR- Main part of Sisp Volume Exercise/strain composition Summary of main
months  INT oxercise (min/w), part of exercise
Supervision
(Attendance)

7 No Walking above the No 3x30,ng. 30 min walking at 110% anaerobic threshold  H-Intensity WB-AET
anaerobic threshold Yos ng) HR (7.2 kmvh)
at “fiat grass coverext
ground”

Iwamoto et ol (2001)  Osteoporosis 24 Yes Walking: DRT Yes Daily (walking) x  Additionally (lo basic actraty walking) L-intensity WB-AET
1646 ("Gymnastics™: lower  Yes 7. HE 3,000 stops/d, RT. > 4 oxercises, two and 2-intensity DRT
y post Sedentary limbs and trunk 2x daily sats, 15 reps, 7% 1AM
exercises) RTx?.HE in.g.)
Jessup et al, (2003) Healthy 8 Yes Walking, Yes 3 x 80-90, DRT: 20-35 min, eight 7 sets, ? y WB-AE
=By post stairclimbing; DRT Yos S-JE (ng) 8-10 rops, 50-75% 1RM. WB-AET: and M-intensity DRT
Sadentary (most main muscie 30-45 min with weighted vest (increased up
groups) on machines, 10 10% body-mass)
Karakirlou et al Osteopenia 6 No Step aerobic 2 x ?RT, S-JE 15min warm up (walking on M/H-Impact WB-AET
{2012} 64 2ypost oxercise; DRT (all Yes 1 x 45min AET ycling erg ) and H y DRT
Sedentary main muscle groups) (80%) and back i
(one exercise for each muscle group, 2-4
sels of 16 repatitions), RT:11 exercises, 2-3
s018, 10-12 rops at 70% 1AM, 308 rest
3min sats.
AET: 20 min, nine exercise, two circuits of
40s; rest: 20 8 between exercises, 2 min
between Grreuits, 70-85% HRmax
Komeolar of 0. (2013)  Heaithy 12 Yes Block periodized AET,  Yes 3 x 45-60, Block 1! 1 x 45 minw H-impact serobic Heimpact; H-Intensity
2+ 1ypost ng: isometric Yes S-JE (67%) 75-85% HRmax, 2 x 20 min/w aerobic WB-AET and
No-BSE and DRT (af main 75-85% HRmax, 4 x 15-20 jumps. 80s H-Intensity DRT
musclo groups) rest. RT: 16 min, 8-12 floor exercises (trunk,
‘exarcise on machines hip, fogs). 1-2 sets, rep?, 30s rest. RT:
with free weight, body 20min, eight exercises, two sets, 8-9 rep,
mass 455 rest up, TUT: 25 concentric, 28
eccentric. 1o 80% 1AM
Kammior et ol (2010 Healthy 18 Yes Aerobic dance; DRT Yes 2 x 60, S-JE AET: 20min at 70-85% HRmax. AT: 10-15  H-Intensity WB-AET
=8 y post {all main muscle Yes (76%) 2 x 20, exercises, 1-3 sets of 6-10s maximum and H-intensity DRT
Sedentary groups) HE (42%) isometric contractions, 20-30s rest, 3
upper body axercises, 2-3 sets 10-15 reps,
TUT: 2s concentric, 28 eccentric at 85-70%
1RM; three lower extramily exerciseas, two
sats eight reps, 1 min rest at 80% 1RM. HT:
RT 1-2 sets, 6-8 axertise, 10-15 rep, 2-3
belt exercises, two sets, 10-15 rep
Kemmier et ol (2004)  Ostecpenia 26 Yes Fast waking and Yes 2 x 60-70, AET: 20min at 65-85% HRmax, Jumping H-Impact, H-intensity
1-8 y post g $ Yes S-JE (79%) started alter 5-6 months with 4x 15 WE-AET, and
No-BSE DAT (al main muscle 2% 25 HT mutti-lateral jumps, DRT: 30-40 min, 1/w. HeIntensity DRT
groups) on machines 61%) The fiest 8 month: 13 ex, two sets, 20-12
with free wekght, body rep, TUT: 28 concentric, 2 s eccentric at
mass 50-65% RM, 90§ rost betweon sets and
exercisas. Then, 12w blocks of H-intensity
at 70-90% 1RM interleaved by 4w at
55-79% 1RM. isometric RT: 30-40 min,
1/w, 1215 exercises (trunk and femur), 2-4
sets, 15-20 rop, 15-20s rest.
HT: rope skipping (three set, 20 rep), RT
Kammigr (1995 Healthy 9 Yes Running, gaming, Yes 2 x 90, S-JE AET: 25 min at 70-80% HRmax. RT: 65mn,  H-impact, H-Intensity
1=15 y post jumping: DRT (a8 Yes (B2%) 12-15 oxercises, 2-4 sets of 85 maximum  WEB-AET and
No-BSE main muscle groups) 2 % 35, someatric contractions: six frunk, upper M:intensity DRT
HT (59%) back, lower extremity exercises, 20-25 reps
a1 60-65% 1 AM, HT: resistance exercises
Korr ot al. (2001) Haalthy 24 Yos DRT (af main musclo  Yes 3 x 60, S-JE =30 min brisk walking and stretching, RT: HeIntensity DRT
=10 + 6y post groups) Yiss. (74%) 30 min, nine exercises, three sets at 8 RM
<2 hw (=75-80% 1RM)

24 No DRT (af main muscle  Yes 3 x 60, S-JE %30 min brisk walking and stretching, RT: L-intensity DRT and
groups); Stationary Yes (77%) 30min, nine exorcises, three set, eight rep,  Non WB-AET
cycling 40 s/exarcise with “minimal load™; 10 rest

between the exercises (more datals n.g.).
Stationary cyciing 40s, HR < 150 beats/min
(Continued)
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TABLE 2 | Continund

.

Main part of

Reforonces Volume
months  INT oxercise (min/w), part of oxeralse
Bupoervision
(Attendance)
Mo ol ol (1050) Haaltty ” os Unilateral DRT (all Yoo 3 x 45-00, 13 xorcason, thioe sots at 20 AM, 3-61op  Mintenaity DRT
w7 44y post Main musche groups,  Yos S-JE (BO%) (BO-65% 1AM, 23 rrun rest botwoen sots
Na-RY. no randomizedt slocaion
COuUet Sports, of 1o ft aide of fght
NowEx = O hw wn to Worcine of
control group) on
machines or fren
weights
" Yos Uniaterst DT (s You 2 x 2050, 10 wxircason, thiow sels st B AM, 3-6 ep Helrdonaity DT
obove) You SJE (87%) (W75-80% 1AM, 2-3 min fest botweon oots
Kubvt ol al (1997 Hoalthy 1" Yus Waiking, joggng, star - No 3-8 x 30-45, Firnt 2 months hmdbsty, 9 months WE st Helrennity WH-AET
By post chmbing Yos ng 0O-85% HRmax
Sedenary pew-
SJE) (V70%)

1 Yoo DAT (M ain muscls— Yie 35 x 40400, First 2 month flexitiiity, DRT: 2/w, Heintensity DAT ane
groupa) with fron Yoou ng wZO-20min, eght exercies, 2-3 nots, Not WO-ALT
wolghta and oo B-Wrm'!ohm (=70-80% VAM),
machines: rowng Sl (e 20%) Powng: Mw,15-30min, 2-3 sots » 10mm

at 60-B86% HRMx.
Kot ol al (1605 Healthy " Yus Wivking, joggng, st No 3-8 x 48, M Firnt 2 manth texibity, 9 months Wik Melntensuity WIS-ALT
=8y post climbing Yos [ 0510 min waarm up (troadmil 60-70%
Sachntiry Himn, (30 e WH at 65-85% Hiimax
Worpel ot [a] a0 Yoo Jumpiog, Yoo | » 60, 5.E B-JE: A6 min WB-AET, The first sixmontha;  MAH-Impact and
9000) =By post walkiog/ogging, Yoo 7 % 20, HE 1 B0 B-JE and dady « 20 min HE. The  Helntensity WR-AET
ng. danaing, stamping, (=7D%) socond 6 months: HE: dody « 20 min ME
ehair clenting APEiyIg i samo oxcecisn 1o §-JE
Kwon ot ol (2008) Hoaltty o Yoo Aerctio dance; DRT - Yes U % B0, ng, D0min ALT af A0-70% MFmax, 30 min DRT Mointenaity WB-AET
>By post RT? (alx uppor and kwet  Yes {presurnatly Of 6 exnercisan, 7 sets, 3-10 reps to and MAH-Intensity
Nt 20w body exercises) with S ng ) vohintary tatigue 0.6, 75% 1HM) oA
fron woights
Ll o) ol (V0030 Healthy 0 No Stopping up s You 4w wY0-25, 100 wtope 0n 0 236m block 15min upper M-intonnity WIS ALT
=By post down, Upper trunk You SJEng) runk movements (7) In a standing position
ng moverments With suts-maxiemrn effort (mon datsks n.g.)
Lhiot ol (2015} Ostooporoain 12 No Tok O No 3« dally =35, Eight exerciio Lrocado, Boven rop ((oming ToCh
14 0 6y post You HEE (90%) oy the arme caming on the 1oes
ng. stratohing the back and go back on the heel
With A hanging down)
Lord at w1900 Hoalthy 12 No Conditaning pedod: You 2 % 00, 5JE Bmvn waem up (pacod wasking), LM Intonety
=By post Bk waking, Yos 73%) conaitinging Ponod 35-40 min: AET st WEH-AET st
No equal multintersd stopping, guided functional gymnastics for all main Pantonmty DHT
Inmormity with hungen, houl rises, muscho Qroups (et ?, repa?, intensity?)
the intarvention DT {8 miown ruascle
QOUPG) Lsing awns
body mass
Maddarzo ol ol Hoaltty 12 Yos DAT ack sauat, You 2 x 50, 8.JE 1520 an warnm up fexorcise focusing on Miintonaity DRT
@woan 1=y past i) with fime Yos B pontine, muscin sogagement, abdomina
ng. weights strength, faxdiity) two sets, 1012 reps,
S0% 1M, Mainy pisrt; 20-25 miny, two
oxorcises, {hvoo soty, B8-12 rope, 605 rost
Datwanin suls at BO-75% 1AM, TUT: 1-24
concentria, 2-3w ecoontno
Marguey at m Hoaltly 8 Yos Marching, bencty Yoo 2 % B0, BJE 15min WBLAET with Powo GRF up 10 2.7 MH-Inteniity
@orie) =8y pomt steppng, hool-dops;  Yoa 7a%) body maas and high strain mauoncy WAL andd
Soedunary DAT fmoot main (120125 beata/min), 10min for =7 muscls LM Intensity DRT
musch groupn) with UG BXOsiven, 1-3 sote, 810 tepn,
weightod vests, TARM (mora dataks n.g.), 10mn bolanco
wlnntic: bands, s and dynamic exrcine (wiking, playirg wih
weights Ball, tope, utecks, oto), 10w agiity traking
{coordinatian, balsnce, bl garmes, dance)
Margues at a Yoo Waking, stopping, You 3x 00, 8E Only the i Gw 10min DRT fower body).  Heintenuty WB-AET
ROV Healtlry SWODInG, OgRing. Yo (78%) 3540 e of WE-AET (50-85% HARY with
=By post doncing PookcGRF up 10 2.7 » body mass wih up
Sedentary 10 120 beate/min
o Yoo DT (o4 mon mamole— You A = 00, S-JE B-10rtun vt up (Cyctng/rowing Meintoosity DRT
Yroupa) 0n Mmachings e (78%) ergomoton at low mtenuty. 30-40 min DRT,
0 oxercinos, two sots, 15-6 reps, 50-00%
1M with variable TUT (3-8wiep.), 1208
ront Detween sats, 5-10min conl down
{witling and stretohing)
(Continued)
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Efoct of Exercus on BMD

TABLE 2 | Corrtims

Ratermnces Stwtus Langth  PR- Main part of Sisp Volume Exercisaistrain composition Summary of main
monshs  INT oxevoise (miniw), part of exoroise

Supervision

(Attaratance)

AT A Nutsioves  Haatty AN Yus B wadg on No 8% 320 NG SO Diss wilng (48,200 W 3-7% Haresty WB AET

(o w11 4Oy pumt ot e fremaratly i) o TO-00% M
No-B5A SJEHTES)

” Yos Bk wakng o0 e Uox B0E6, Ny, A5 bnss walung (3-8.2 0%t 5-T% Hanesty WB AET
Hwactrdd o ko W OB i
S0 %)

AN a0 QOO0 Hautrry 2 o Woking sepong Yes A~78 6JE 20men WEWAET m G0-TON +Fmac. 35min Mampace, M- ntorery
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TABLE 2 | Continued
Exorcise/strain composition Summary of main

§ !

Referoncos m Length  PR- Munof

Volume
months  INT oxercise (min/w), port of exeraise
Supervision
(Attondonace)
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3y post dotais ngQ) Yoo (B2%)
ng
Twtiien of ol (2011 Moaltty o You Waking/jogaing on No 30 w 26-0, Fant 12 wooka| 3-4 « 26-30 min o LM Ietonaity
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Woa et w, (2007) Healtty 12 No TanlChi (Vg Style) 4 Ax 7,8 24 forme of Yang Style Tai Chl Tow ON (Viwng atyta)
w1y post Yoo (B19%)
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12 No DRT (arm-ting, bip - Y 3% 896 S exnrcives, 30 repn (b0 mom mlormation LA Intenalty DRT
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*Qovously low, 10 o 1he number iy f m:mmvwmwmmmmmwmmmmmwm
mmmwmmcmmm"- £ JE, jont gram; PS, Partiolly supervisod; PR-INT, Prog Print, Progy
of ntenaity, RPE, rate of parcoived exaction; S, W SiSp, Site apaciity ffor (.8 and hip RO 2, no clear infarmation; WB, weight begeng: wrm«mmm L ow! M,
modrate, H, high, Status; We focus on and fract only. Otherwise ‘healthy”; Peviod of menopausal status; in the caso of
N information, tha maan age was repactact; Physical activity; F fy war the ~'cm~m 11 SOMa cages (@.g., Martin i A | TR we
the information given to no bone specifio no BSE): Prog Wo only conalder the progrossion of exercise intensity; Type of Wi sub mo oivon in

wiight-baaring (WE) vs, Non-WE asrolic nxerciso traning (AET); rasistavrcn (RT) o dynamic resistance aaweise (DRT), jumpiog, aguati exercise or Tal Chi Site specitity (SISp): First N
Estimated site specific of the exercise type on LS-BMO; Second ine: Extimated sife specific of the axercise type on FN-BMO. E.g mmwmdmnmm

for FN bt not for LS. Dopeniding on ihe exwciies appled, DRT wak consichved as site specific for both BMD-ROM; ook, sotting, oA Mmocrdu‘m
pwwn«-mm-upauulmho..aummummwmt:,muwmmm(svaahoﬂm i5e or i cvichuy

withaut supanvigion (HE). It parnthosis; Nmnmumnol ol o (W), Compostion of o " AET‘M:W&.Q.
walking, fogping, asrobic dance), ol DRI axor bor of mdnmmmummmnwmm typo of

Jnps, nmbed of Jumpas, intensily of jumps; Tai-Chi: styl, numo.rolkrm WV et DOt INCRICAS Walrre LD iy (s tatale, I 1o authors Cict NOt port tha charBton and typa of axeccise gs
wanmup; cycle ergometer < 5min as warm-up, atrotching and balance aa cool-down have not been inckided in the table.

etal, 201 Ib,c; Tartibian et al, 2011; Karakiriou et al., 2012; Basat Of all 75 included studies, 13 had two intervention groups
et al, 2013; Bello et al, 2014; Moreira et al, 2014; Nicholson  (based on our eligibility criteria), Five of them assigned various
etal, 2015, de Olivelra et al, 2019). OF importance, no study  types of exercises between the intervention groups (Grove and
reported a delay between the end of the intervention and the  Londeree, 1992; Kohrt et al,, 1997, Woo et al, 2007 Marques
control assessments, ctal, 2000¢; Basat et al,, 2013), the other 5 trials compared two

Frontiers in Pysiokogy | www frontiensin.org AL June 2020 | Volume 11 | Article 062

29



Shoge ot

different training intensities (Hator) et al. 1993, Pruitt et al,
1995; Kerr et al., 1996, 2001; Bemben et al. 2000) whereas,
Martin and Notelovitz (199)) categorized intervention groups
according to the training duration (Martin and Notelovitz, 1993),
Moreover, one study considered two intervention groups with
different Tai Chi styles (Wang e al. 2015), Kemmler (1999)
classified participants based on the menopausal status, and they
were included in the analysis as individual intervention groups.

The majority of the 88 intervention groups employed aerobic
exercise as the main component of their intervention, with
walking and/or jogging the most common types (Nelson et al,
1991; Grove and Londeree, 1992; Lau et al, 1992 Bloomficld
et al, 1993 Hatorl et al, 1993 Martin and Notelovitz, 1993;
Bassey and Ramsdale, 1995; Kohrt et al,, 1995, 1997; Prince et al,,
1995; Brooke-Wavell et al., 1997, 2001; Ebrahim et al, 1997;
Bassey et al., 1998; Ryan ct al,, 1998; Hans ¢t al., 2002; Sugiyama
et al, 2002; Yamazaki et al,, 2004; Korpelainen et al., 2006; Wu
of al, 2006; Evans et al, 2007; Stlverman et al, 2009; Sakai
et al, 2010; Margues e1 al,, 2011¢; Tartibian et al, 2011; Basat
el al, 2013). Twenty-six training protocols combined aerobic
and resistance exercise {Caplan et al, 1993; Lord e1 al, 1996;
Kohrt et al,, 1997; Adami el al, 1999; Kemmier, 1999; lwamoto
et al, 2001 Kerr et al, 2001; Going et al,, 2003; Jessup et al,
2003; Milliken et al,, 2003; Kemmler et ul, 2004, 2010, 2013;
Englund et al, 2005; Bergstrom ¢t al, 2008, Kwon et al,, 2008;
Park et al,, 2008; de Matos et al,, 2009; Deng, 2009 Choguette
etal, 2011; Margues et al, 2011b; Balton et al, 2012; Karakiriou
el al, 2012; Chilibeck et ul, 2013; Bello et al, 2014; Moreira
el al, 2014). Resistance exercise as the predominant component
ways prescribed by 27 intervention groups (Sinaki et al, 1989;
Pruitt et al, 1992, 1995; Nelson ct al,, 1994; Nichols et al,, 1995;
Hartard et al, 1996; Kerr et al, 1996, 2001, Kohrt et al,, 1997;
Bemben et al., 2000, 2010, Rhodes et al;, 2000; Chilibeck et al,
2002; Verschueren et al., 2004; Maddalozzo et al., 2007, Woo
et al., 2007; Bocalini et al,, 2009; Chuin et al,, 2009; Marques et al.,
201 e Basat et al, 2013; Orsarti et al, 2013; Nicholson ¢t al,, 2015;
Duff et al, 2016; de Oliverra et al, 2019), Tal Chi was utilized in
5 training groups (Chan et al,, 2004 Woo et al, 2007; Liu et al,
2015 Wang et al,, 2015),

Exercise intensities varied considerably between the exercise
protocols {(very low to high; Garber et al, 2011). With respect
10 resistance training, most of the studies prescribed a training
intensity of 70-80% of one repetition maximum (1-RM), Aerobic
exercise was predominately performed in the range between 60
and 80% of the maximum heart rate maximum (HRmax). In
54 intervention groups, the exercise intensity was progressively
increased during the intervention period (Sinaki ¢t al, 1989,
Pruitt et al, 1992, 1995, Bloomfield et al, 1993, Martin and
Notelovitz, 1993; Nelson ¢t al., 1994; Kohrt et al, 1995, 1997
Nichols et al., 1995; Hartard et al.. 1996; Kerr et al, 1996, 2001;
Ryan et al, 1998; Kemmler, 1999; Bemben et al,, 2000, Rhodes
e al, 2000; lwamoto et al, 2001; Chilibeck et al., 2002, 2013;
Hans et al, 2002; Golng et al., 2003; Jessup et al, 2003; Milliken
et al, 2003; Kemmler et al,, 2004, 2010, 2013; Verschueren et al.,
2004; Englund et al., 2005; Korpelainen et al., 2006; Evans et al,
2007; Maddalozzo et al., 2007; Bergstrom et al.. 2008; Kwon et al.,
2008; Bocalini et al, 2009; Chuin et al, 2009; de Matos et al,
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2009; Deng, 2009, Choquette et al,, 20115 Mangues et al, 201 1b.c
Tartibian et al, 2011; Bolton et al, 2012; Ossatti et al, 2013;
Moreira et al, 2014; Nicholsan et al., 2005; Duff et al, 2016; Jde
Oliveira et al, 2019),

Fifty-one intervention groups adequately addressed their
endpoints LS and/or FN BMD by their exercise protocol (site
specificity) (Lau et al, 1992 Pruitt et al, 1992, 1995, Nelson
ct al., 1994; Nichois ct al., 1995; Hartard ct al., 1996; Kerr et al,,
1996, 2001; Lord et al, 1996; Kohrt ¢ al, 1997; Kemmler, 1999;
Bemben et al, 2000, 2010; Rhodes et al., 2000; Iwamoto et al,
2001; Chilibeck et al, 2002, 2013; Going et al, 2003; Jessup
et al, 2003; Milllken et al, 2003; Kemmler et al, 2004, 2010,
2013 Englund et al,, 2005; Korpelainen et al,, 2006; Evans ¢t al,,
2007, Maddalozzo et al., 2007; Woo et al., 2007, Bergstrom ef al.,
2008, Kwon et al, 2008; Bocalini et al., 2009; Chuin et al,
2009; de Matos et al, 2009; Deng, 2009; Choguette et al, 2011;
Marques et al,, 2011b,c; Karakiriou et al, 2012 Basat et al,
2013; Orsattd et al, 2013; Bello et al, 2014; Moreira et al,
2014; Nicholson et al, 2015; Duff et al,, 2016; de Olivelra et al,
2019). Some studies defined BMD at LS and/or FN as a study
endpoint—however, the corresponding bone regions were not
(or at least not adequately) addressed by their training protocol
(Table 2),

The majority of studies prescribed an exercise frequency of
three times per week (range 2-9 sessions/week) (Nelson et al
1994; Hartard et al,, 1996; Lord et ol,, 1996; Adami et al, 1999;
Iwamoto et al, 2001; Englund et al, 2005; Maddalozzo et al,
2007; Marques et al, 2001l Nicholson et ol, 2015). Exercise
session duration ranged from =2 to 110min (Adami o al,
1999; Sukal ef al,, 2010), During resistance training sessions 1+
21 exercises (Sinaki et al., 1989; Nicholson et al., 2015: de Oliveira
et al., 2019), with up 1o 108 repetitions (Nicholson et al., 2015)
structured in 1-5 sets (Sinaki et al , 1989; Pruitt et al.. 1992; Deng,
2009; Basat et al, 2013; de Oliveira e1 al, 2019), were applied
per session. Sixteen RT studies (Nelson ot al, 1994; Nichols et al,
1995; Hurtard et al, 1996; Kerr et al, 1996; Kemmler ¢f al,
2004, 2010, 2013; Maddalozzo et al., 2007; Bocalini et al , 2009;
Chuin et al,, 2009; de Matos et al, 2009; Marques et al., 2011
Karakiriou et al, 2012; Orsatti et al, 2013; Moreira et al,, 2014; de
Oliveira et al, 2019) additionally listed rest period between sets
and/or exercises (range: 15-1805s). Time under tension (TUT)
was reported In nine studies only (Nelson et al, 1994; Hartard
et al, 1996; Rhodes et al., 2000; Kemmler ¢t al, 2004, 2010, 2013,
Maddulozzo et al, 2007; de Matos et al, 2009; Marques ¢t al,
2011¢) and ranged between 3 and 95 per repetition, with two
studies using fast or explosive movements in the concentric part
of the exercise,

Exercise sessions were supervised in 59 studies (Nelson et al,,
1991, 1994; Grove and Londeree, 1992; Lau et al, 1992; Pruitt
et al, 1992, 1995, Bloomficld et al, 1993 Caplan ct al, 1993;
Martin and Notelovitz, 1993; Bassey and Ramsdale, 1995; Nichols
et al, 1995; Prince et al,, 1995; Hartard et al,, 1996; Kerr et al,
1996, 2001; Lord et al, 1996; Bassey et al., 1998 Ryan et al,
1998; Adami et al, 1999; Kemmler, 1999; Bemben et al,, 2000,
2010; Rhodes et al, 2000; Chilibeck et al, 2002, 2013; Guoing
et al.. 2003; Jessup et al,, 2003; Milliken et al,, 2003; Chan et al,,
2004; Kemmier et al, 2004, 2010, 2013; Englund et al, 2005
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Korpelainen ef al, 2006; Wu et al, 2006; Evans ef al, 2007;
Maddaslozzo et al., 2007; Woo et al, 2007; Bergstrom et al,, 2008;
Kwon et al,, 2008; Bocalini et al, 2009; Chuin et al,, 2009; Deng,
2009; Silverman et al, 2009; Tolomio et al, 2009 Choquette
et al, 2011 Marques et al., 2011b¢ Tartibian ¢t al,, 20115 Bolton
et al, 2012; Karakiriou et al, 2012; Basat ct al, 2013; Orsatti
et al, 2013 Belio et al, 2014; Moreira ¢t al, 2014, Nicholson
ct-al, 2015 Wang et al, 2015; Duff et al, 2016; de Oliveira ¢t al,
2019). Ten trials used non-supervised home-exercise protocals
(Sinaki of al, 1989, Kohrt et al, 1995; Brooke-Wavell et al,
1997, 2001; Ebrahim et al, 1997; lwamoto ¢t al, 2001; Hans
ef al., 2002; Sugivama of al, 2002; Sakai et al, 2010; Be et al,
2015). The remaining studies did not state the corresponding
setting comprehensively {Hiaton et al,, 1993; Kohrt et al., 1997;
Verichueren et al, 2004; Yamazaki et al., 2004; Park €1 al,, 2008;
de Matos et al, 2009),

The majority of studies reported attendance rates of more
than 70% [minimum: 39% (Prince ¢t ol 1995), maximum: 100%
(Brooke-Wavell et al,, 1997; Ebrahim et al, 1997; Yamazaki et al,,
2000)]. However, 15 studies did not provide any information
regarding the attendance rate (Sinala et al, 1989 Lau et al,
1992; Hatori et al,, 1993; Iwamato et al, 2001; Jessup et al, 2003;
Milliken et al., 2003; Verschueren et al, 2004; Wu et al., 2006;
Evans et al, 2007; Kwon et al., 2008; Park et al,, 2008; de Matos
et al., 2009, Tolomio et al,, 2009; Orsatti ot al., 2013 Wang et al,,
2015).

Methodological Quality

PEDro scores are listed in Table 3. The methodological quality
of 14 trialy can be considered as high (Ehrahim et al, 1997
Chilibeck et al, 2002, 2013; Jessup ct al. 2003; Korpelainen
et al, 2006, Wos et al, 2007, Park et al,, 2008; Kemmler et al,
2010, 2013; Baolton et al, 2012 Orsatti et al, 2013; Nicholson
et al, 2015; Dafl et al, 2016; de Oliveira et al, 2019), 44 studies
demonstrated moderate (Sinaki et al, 1989; Nelson et al, 1991,
1994; Grove and Londerve, 1992; Lau et al, 1992; Pruitt et al,
1992, 1995; Caplan et al, 1993; Hatori et al., 1993; Martin and
Notelovitz, 1993; Nichols et al, 1995; Prince et al,, 1995; Hartard
et al. 1996; Kerr et al., 1996, 2001; Brooke Wavell et al., 1997,
2001; Kemmler, 1999; Rhodes et al,, 2000; Iwamoto et al, 2001,
Huns et al,, 2002; Going et al., 2003; Miliiken et al,, 2003, Chan
et al, 2004; Verschueren et al, 2004; Wu et al, 2006; Evans et al,,
2007; Maddalozzo et al, 2007; Bergstrom et al, 2008; Bocalini
et al, 2009; Chuin et al, 2009; Tolomio et al, 2009; Bemben et al,,
2010; Sakal et ul, 2010; Choguette et al, 2011; Margues ¢t al,
201 1b,¢; Tartiblan et al,, 200 1; Basat ¢t al, 2013 Bello et al,, 2014;
Moreira et al., 2014; Lin e al,, 2015; Wang et al,, 2015), while the
remaining studies (1 = 17) were classified as being of low quality
(Table 3).

Outcomes Measures

Fourteen of the 75 trials assessed BMD at LS and proximal femur
(Prince et al, 1995; Pruitt et al, 1995; Bemben et wl, 2000, 2010,
Chilibeck et al, 2002, 2013; Sugiyama <t al, 2002; Kemmler
et al, 2004; Wu et al. 2006; Maddalozzo et al, 2007; Choquette
et al,, 2011; Nicholson et al,, 2015; Duff ef al,, 2016; de Oliverra
et ul., 2019), 9 studics measured BMD only at LS (Sinaki et al,
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1969; Grove and Londeree, 1992; Hatori et ul, 1993; Martin
and Notelovitz, 1993; Iwamoto et al, 2001; Verschueren et al,,
2004; Yamazak! et al, 2004; Evans et al, 2007; Karakitiou et al.,
2012), while seven studies focused only on the BMD of at least
one proximal femur RO (Kerr et al, 1996; Hans et al, 2002,
Korpelainen ¢t al, 2006; Tolomio et al,, 2009; Sakai et al., 2010
Marques et al,, 201 1 Bello et al., 2014),

Meta-Analysis Results

Effect of Exercise on BMD at the LS

Seventy-nine trials evaluated the effect of exercise on BMD at the
LS, In summary, the exercise intervention resulted in significant
positive effects (P < 0,001), The pooled estimate of random effect
analysis was 0,37, 95%-CI: 0.25-0.50 with a substantial level of
heterogeneity between trials [P = 73.2%, Q = 262.43, degrees of
freedom (df) = 78, P < 0.001; Figure 2A|. Sensitivity analysis
revealed the most similar effect, when the mean correlation
coefficient (max correlation: SMD = 0.65, 95%-CI: 0.43-0.86;
min correlation: SMD = 0,26, 95%-Cl: 0.17-0.36) was utilized 1o
impute SD of the absolute change for those studies with missing
SDs, and when the analysis was computed among studies with
available SDs of the change (25 groups) (SMD = 0,32, 95%-
CI: 0.10-0.53, P = 0.004). The funnel plot suggested positive
evidence of publication bias (Figure 2B), The rank correlation
test for funnel plot asymmetry further confirmed the significant
asymmetry (P = 0.002),

Effect of Exercise on BMD at the FN-ROI

Sixty-eight intervention groups evaluated the effect of exercise
on BMD of the FN. The random-effect analysis demonstrated
a significant pooled ditference between the exercise and control
groups (P < 0,0001). The pooled estimate of random effect
analysis was 0,33, 95%-CI: 0.23-0.43. There was a moderate level
of heterogeneity in estimates of the exercise effect P =59.8%, Q
= 166.35, degrees of freedom (df) = 67, P < 0.001; Figure 3A].
Sensitivity analysis indicated the most similar effect when the
mean correlation coefficient (max correlation; SMD = 0.74, 95%-
CI: 0.49-1,00; min correlation: SMD = 0.24, 95%-Cl: 0.16-0.32)
was used to impute SD of the absolute change for those trials with
missing SDs, and when the analysis was conducted among studies
with available SDs of the change (25 groups) (SMD = 0.36, 95%-
Cl: 0.19-0.52, P = 0.0001). The funnel plot suggested positive
evidence of publication bias (Figure 3B). The regression test
for funnel plot asymmetry presented the significant asymmetry
(P = 0.03),

Effect of Exercise on BMD of Total Hip-ROI

Twenty-nine intervention groups addressed the effect of exercise
on BMD of the total Hip. Our result demonstrated a significant
exercise-induced improvement in total Hip BMD (P < 0.0001).
The pooled estimate of random effect analysis, favoring exercise
intervention over the control group, was .40, 95%-CL: 0.25-
0.51. There was & Jow level of heterogeneity In estimates of the
exercise effect [I* = 21.8%, Q = 34.79, degrees of freedom (df)
= 28, P = 0.176; Figure 4A). Sensitivity analysis revealed the
most similar effect when the mean correlation coefficient (max
correlation: SMD = 0.51, 95%-CI: 0.36-0.66; min correlation:
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SMD = 0.32, 95%-CI: 0.21-0.42) was used to impute SD of the
absolute change for those studies with missing SDs, and when
the analysis was computed among studies with available SDs of
the change (11 groups) (SMD = 0,39, 95%-CIL: 0,19-0,58, P <
0,0001), The funnel plot provided no evidence of publication bias
(Figure 4B) which was confirmed by the rank correlation test for
funnel plot asymmetry (P = 0.42),

Subgroup Analysis

Menopausal Status

LS-BMD: To estimate the effect of menopausal status on
LS BMD, we only included studies that listed information
concerning the menopausal status (early vs, late) of their cohorts,
In summary, forty-nine groups were analyzed and a mixed-effects
analysis found no significant difference between the early (<8
years, 14 groups) and late (> 8 years, 35 groups) (P = 0.24)
post-menopausal groups. A subgroup analysis that compared the
early (Grove and Londeree, 1992; Pruitt et al,, 1992; Kemmler,
1999; Bemben et al, 2000; Sugiyama et al., 2002; Chan et al,
2004; Kemmler et al, 2004, 2013; Wu et al,, 2006; Maddalozzo
et al, 2007; Deng, 2009; Karakiriou et al, 2012) and late-post-
menopausal (Nelson etal,, 1991; Lau et al,, 1992; Bloomfield et al,,
1993; Caplan et al,, 1993; Kohrt et al,, 1995, 1997; Nichols et al.,
1995; Prince et al,, 1995; Pruitt et al,, 1995; Lord et al, 1996;
Brooke-Wavell et al,, 1997, 2001; Adami et al., 1999; Kemmler,
1999; Rhodes et al,, 2000; Iwamoto et al,, 2001; Jessup et ul,
2003; Verschueren et al, 2004; Yamazaki et al, 2004; Englund
et al, 2005 Woo et al,, 2007; Kwon et al, 2008; Park et al,
2008; Bocalini et al,, 2009; Chuin et al,, 2009; de Matos et al,,
2009; Bemben et al,, 2010; Kemmler et al, 2010; Marques et al.,
2011b; Tartibian et al, 2011; Nicholson et al,, 2015; Duff et al,,
2016) group with their corresponding control-groups indicate
comparable effects on LS-BMD (early: SMD = 0.64, 95%-Cl:
0.33-0.95 vs, late post-menopausal: 0.39, 0,19-0,59),

FN-BMD: Of 68 groups that addressed FN-BMD), 44 exercise
groups comprised early or late post-menopausal participants, A
mixed-effects analysis found no significant difference between
carly (=8 years, 10 groups) and late (=8 years, 34 groups) (P
= 0.65) PMW. The subgroup analysis that compared the early
(Pruitt et al,, 1992; Kemmler, 1999; Bemben et al,, 2000; Suglyama
et al, 2002; Chan et al, 2004; Kemmler et al,, 2004; Wu et al,,
2006; Maddalozzo et al., 2007; Deng, 2009) vs, the late-post-
menopausal exercise-groups (Nelson etal,, 19915 Lau et al, 1992;
Bloomfield et al,, 1993; Caplan et al, 1993; Kohrt et al, 1995,
1997; Nichols et al,, 1995; Prince et al,, 1995; Pruitt et al., 1995;
Lord et al,, 1996; Brooke-Wavell et al,, 1997, 2001; Adami et al,
1999; Kemmler, 1999; Rhodes et al,, 2000; Hans et al., 2002; Jessup
et al., 2003; Englund et al,, 2005; Korpelinen et al., 2006; Kwon
et al,, 2008; Park et al,, 2008; Bocalini et al,, 2009; Chuin et al,,
2009; Bomben et al., 2010; Kemmler et al,, 2010; Sakai et al., 2010;
Marques et al,, 2011b,¢; Tartibian et al,, 2011; Nicholson et al,,
2015; Duff et al, 2016) with their corresponding control-groups
did not detect different effects of menopausal status on FN-BMD
(early: SMD = 0,31; 95%-C1: 0,09-0.52 vs, late- post-menopausal:
0.39, 0.17-0.60).

Total Hip-BMD: Twenty studies with tHip-BMD assessment
reported the menopausal status of their cohorts, A mixed-effects

Between  Measure of Total score
group variability

1

1

1

1

1

1

1

1

treat

participation> Intention to

& 2. [2007)
200

shian ot o
Giomo & &

0
]
]
¢
o
o
¢
(1}
3The point is awarad not only for intention 1 ea! analsts, but a0 whan “al subiecss for whom CUIDome Mmeasures were Sxalably receied the Featmen? or cConttl condition as aliocarted”™. Manly oher scores wene hindered by the

Yarmaonie €1 al 2003

TABLE 3 | Contrued
yare o
el .
& X
Verschueren et al

Wergeta Q015
Woo
Wuetal 2005

(2004)

Sugys
Ta

T
Yo

Frontiers in Phyniology | www. frantiersin.org 19 June 2020 | Volume 11 | Article 662



Shojsn ot ot

analysis indicated no statistically significant difference between
the early (<8 years, 7 groups) and late (> 8 years, 13 groups)
post-menopausal group (P = 0.37).

The sub-group analysis did not indicate a different effect of
varying menopausal status on BMD at the tHip-ROI [early-
(Bemben et al,, 2000; Sugiyama et al,, 2002; Kemmler et al,, 2004,
2013; Wu et al,, 2006; Maddalozzo et al,, 2007): SMD = 0,51, 95%-
Cl1: 0.27-0.75 vs. late post-menopausal (Prince et al, 1995; Pruitt

Effect of Exerome on BMO

et al., 1995; Hans et al,, 2002; Woo et al,, 2007; de Matos et al,,
2009; Bemben et al,, 2010; Sakai et al, 2010; Marques etal., 201 1¢;
Nicholson et al,, 2015, Duff et al,, 2016): 0,38, 0.20-0.56],

Intervention Duration

LS-BMD: Of 79 groups, 25 training groups were included in the
short-term intervention (=8 months) group (Bloomfield et al,
1993; Hatori et al, 1993; Hartard ct al,, 1996; Ryan et al,, 1998;
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FIGURE 2 | (A) Forest plot of meta-analysis results 81 the LS. The data are
shown as poolad standard mean difference (SMD) with 85% I for changes in
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Adami et al,, 1999; Bemben et al,, 2000, 2010; Sugiyama et al,,
2002; Jessup et al,, 2003; Verschueren et al,, 2004; Kwon et al,
2008; Bocalini ¢t al, 2009; Chuin ot al,, 2009; Silverman et al,,
2009; Choguette et al, 2011; Marques et al, 2011b; Tartibian
et al,, 2011 Karakiriou et al,, 2012; Basat et al,, 2013; Moreira
et al, 2014; Nicholson et al, 2015; de Oliveira et al, 2019),
44 groups were classified as applying a moderate duration (9~
18 months) intervention (Nelson et al., 1991, 1994; Grove and
Londeree, 1992; Lau et al., 1992; Pruitt et al,, 1992, 1995; Martin
and Notelovitz, 1993; Bassey and Ramadale, 1995; Kohrt et al,,
1995, 1997; Nichols et al,, 1995; Lord et al,, 1996; Brooke-Wavell
et al, 1997, 2001; Bassey et al,, 1998; Kemmler, 1999; Rhodes
et al,, 2000; Chilibeck et al,, 2002; Going et al., 2003; Milliken
et al, 2003; Chan et al, 2004; Yamazaki et al,, 2004; Englund
et al,, 2005; Wu et al,, 2006; Evans et al,, 2007; Maddalozzo et al,,
2007; Woo et al, 2007; Bergstrom et al,, 2008; Park et al,, 2008; de
Matos et al,, 2009; Deng, 2009; Bolton et al,, 2012; Kemmler et al,,
2013 Orsattl et al,, 2013; Liu et al, 2015; Wang et al, 2015; Duff
et al, 2016), and 10 training groups applied a long intervention
(=18 months) (Sinaki et al, 1989; Caplan et al, 1993; Prince
et al, 1995; Ebrahim et al,, 1997 Twamoto et al,, 2001; Kerr
et al, 20015 Kemmiler et al,, 2004, 2010; Chilibeck et al,, 2013).
According to a mixed-effects analysis, no significant difference
wis observed between the sub-groups (P = 0.26). However, the
short intervention period demonstrated a slightly higher effect
(exercise vs. control, SMD = 0,59, 95%-CI: 0.29-0.9) than the
moderate (0,30, 0.15-0.45) or the long intervention duration
(0.28, —0,15-0.58) that did not significantly differ from control
(P =0.06).

FN-BMD: Of 68 groups, 25 studies applied a short
(Bloomfield et al,, 1993; Hartard et al, 1996; Ryan et al, 1998;
Bemben et al, 2000, 2010; Sugiyama et al,, 2002; Jessup et al,
2003; Kwon et al,, 2008; Bocalini et al., 2009; Chuin et al, 2009
Sliverman et sl 2009; Sakal et al,, 2010; Choguette et al,, 2011,
Marques et al, 2011b,¢; Tartibian et al, 2011; Basat et al,, 2013;
Rello et al,, 2014, Moreira et al,, 2014; Nicholson et al,, 2015; de
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Ollvelra et al., 2019), 35 groups scheduled a moderate (Nelson
et al, 1991, 1994; Lau et al, 1992; Pruitt et al., 1992, 1995; Bassey
and Ramsdale, 1995; Kohrt et al,, 1995, 1997; Nichols et al,
1995; Kerr et al, 1996; Lord et al, 1996; Brooke:Wavell et al.,
1997, 2001; Bassey et al,, 1998; Kemmler, 1999; Rhodes et al,,
2000; Chilibeck et al, 2002; Going et al,, 2003; Milliken et al,,
2003; Chan et al,, 2004; Englund et al,, 2005, Wu et al,, 2000,
Maddalozzo et al, 2007; Park et al., 2008; Deng, 2009; Tolomio
et al,, 2009; Orsatti et al,, 2013; Liu et al,, 2015; Wang et al,, 2015,
Dufl et al, 2016), and 8 groups conducted a long duration of
the exercise intervention (Caplan et al,, 1993; Prince et al,, 1995,
Ebrahim et al, 1997; Hans et al,, 2002; Kemmler et al., 2004,
2010; Korpelainen et al,, 2006, Chilibeck et al,, 2013), A mixed-
effects analysis did not observe significant differences between
the sub-groups (P = 0.83), The subgroups analysis demonstrated
that the short intervention period triggered the highest effects
(exercise vs, control, SMD = 0,38, 95%-Cl: 0,20-0,56) followed
by moderate (0.32, 0.15-0.49), and long intervention duration
(0.30,0,13-0.47),

Total Hip-BMD: Of 29 groups, 11 training groups were
classified as short-term (Bemben et al, 2000, 2010; Sugiyama
et al, 2002; Sakai et al, 2010; Choquette et al, 2011 Marques
et al, 201 1¢; Bello et al, 2014; Nicholson et al,, 2015; de Oliveira
et al, 2019), 12 groups were classified as moderate (Pruitt et al,
1995; Chilibeck et al,, 2002; Wu et al, 2006; Maddalozzo et al,,
2007; Woo et al,, 2007; Bergstrom et al., 2008; de Matos et al,,
2009; Bolton et al, 2012; Kemmler et al, 2013; Duff et al,
2016), and six training groups were categorized as long-term
interventions (Prince et al, 1995; Kerr et al,, 20015 Hans et al,
2002; Kemmler et al,, 2004; Chilibeck et al,, 2013). A mixed-
effects analysis Indicated no significant difference between the
subgroups (P = 0.50). In contrast to LS and FN, the subgroup
analysis indicated that long-term intervention demonstrated a
tendentially more favorable effect on tHip-BMD (exercise vs.
control, SMD = 0.48, 95%-Cl: 0.27-0.7) than moderate (0.39,
0.23-0.55) or short intervention duration (0.31, 0.06-0.55).

Type of Exercise

LS-BMD: Of 79 groups, 18 training groups were classified as WB-
AE (Nelson etal, 1991; Lau et al., 1992; Hatord et al., 1993; Martin
and Notelovitz, 1993; Kohrt et al,, 1995, 1997; Prince et al., 1995;
Brooke-Wavell et al,, 1997, 2001; Ebrahim et al,, 1997; Ryan ¢t al,,
1998; Yamazakl et al,, 2004; Wu et al,, 2006; Evans et al,, 2007;
Silverman et al,, 2009; Tartibian et al, 2011), 15 as DRT (Pruitt
etal, 1992, 1995; Nelson etal., 1994; Hartard et al., 1996; Bemben
et al, 2000; Chilibeck et al., 2002; Maddalozzo et al,, 2007; Woo
et al,, 2007; Orsattl et al, 2013; Nicholson et al,, 2015; Duff et al,,
2016; de Oliveira et al,, 2019), 11 as Jumping+RT+WB (Grove
and Londeree, 1992; Bassey and Ramsdale, 1995; Kemmler, 1999;
Milliken et al,, 2003; Kemmler et al, 2004, 2013; Deng, 2009;
Bolton et al, 2012; Karakiriou et al, 2012; Basat et al,, 2013),
24 as WBRT (Grove and Londeree, 1992; Caplan et al,, 1993;
Nichols et al,, 1995; Lord et al,, 1996; Adami et al,, 1999; Iwamoto
et al, 2001; Kerr et al, 2001; Going et al, 2003; Jessup et al,,
2003; Verschueren et al,, 2004; Englund et al,, 2005; Bergstrom
et al, 2008; Kwon et al,, 2008; Park et al,, 2008; Bocalini et al,,
2009; Chuin et al, 2009; de Matos et al,, 2009; Bemben et al,
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2010; Kemmler et al,, 2010; Choquette et al,, 201 1; Margues et al,
2011 Basat et al, 2013; Chilibeck et al, 2013), two groups as
jumping (Bassey et al., 1998; Sugiyama et al, 2002), 4 groups as
non-WB-+RT (Bloomfield et al,, 1993; Kohrt et al., 1997; Rhodes
et al, 2000, Mareira et al, 2014), and five training groups as
Tai Chi intervention (Chan et al, 2004; Woo et al,, 2007; Liu
et al, 2015 Wang et al, 2015), A mixed-effects analysis did
not reveal significant differences between the subgroups (P =
0.36). According to the subgroup analysis, Jumping-+RT+WB
triggered the most favorable (and reliable) effects on LS-BMD
(exercise vs. control, SMD = 0,71, 95%-CI: 0,33-1.10), followed

by dynamic RT (0.40, 0.13-0.67) and the WB+RT intervention
(0.30, 0.10-0.50). There was a considerable variation of study
effects in the WB-AE (18 groups, 0.24, —0,03 —0.52), Tai Chi
(5 groups, 0.37, —0.08 to 0.83), Non-WB+RT (4 groups, 1,05,
~0.31 to 2.50) -groups with no significant differences to control
in the three latter groups, Of note, the (two) jumping only studies
revealed a slight trend to negative effects on BMD (—0.07, ~0.46
to 0.32).

FN-BMD: Of 68 training groups, 15 were classified as WB-
AE (Nelson et al,, 1991; Lau et al,, 1992; Kohrt et al,, 1995, 1997;
Prince et al,, 1995; Brooke-Wavell et al,, 1997, 2001; Ebrahim
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et al, 1997 Ryan et al, 1998; Hans et al, 2002; Wu et al,
2006; Silverman et al., 2009; Sakal et al., 2010; Marques et al,,
200 1¢; “Tartibian et al, 2011), 15 as DRT (Pruitt et al, 1992,
1995; Nelson et al,, 1994; Hartard et al,, 1996; Kerr et al,, 1996;
Bemben et al,, 2000; Chilibeck et al,, 2002; Maddalozzo et al.,
2007; Orsatti et al,, 2013; Nicholson et al,, 2015; Duff et al,, 2016;
de Oliveira et al, 2019), 8 as Jumping+RT4+WB (Bassey and
Ramsdale, 1995; Kemmler, 1999; Milliken et al,, 2003; Kemmler
et al., 2004; Korpelainen et al, 2006: Deng, 2009; Basat et al.,
2013), 20 as WB+RT (Caplan et al,, 1993; Nichols et al,, 1995;
Lord ¢t al, 1996; Adami et al,, 1999; Going et al., 2003; Jessup
et al, 2003; Englund et al,, 2005; Kwon et al, 2008; Park et al,
2008; Bocalini et al, 2009; Chuin et al, 2009; Tolomio et al,,
2009; Bemben et al, 2010; Kemmler et al,, 2010; Choquette et al,,
2011; Marques et al, 2011b,c; Basat et al,, 2013; Chilibeck et al,
2013; Bello et al,, 2014), 2 as jumping (Bassey and Ramsdale,
1995; Suglyama et al,, 2002), 4 as non-WB-+RT (Bloomfield et al,,
1993; Kohrt et al, 1997; Rhodes et al, 2000; Moreira et al,
2014), and 4 as Tai Chi exercise type (Chan et al, 2004; Liu
et al, 2015 Wang et al, 2015), A mixed-effects analysis did
not result in significant differences between the subgroups (P
= 0.43). According to the subgroup analysis, the Non-WB4-RT
(4 groups, SMD = 0.68, 95%-CI: 0.16-1.19) and the Tai Chi (4
groups, 0.64, 0.21-1.05) demonstrated the most favorable effects
(vs. corresponding control), followed by WB-AE (0,42, 0.03~
0.81), Jumping+RT+WB (0.39,0.17-0,62), WB+RT (0,30, 0,12~
0.48) and DRT (0.21, 0,04-0.38). A tangentially negative effect
was abserved for the Jumping subgroup (2 studics, 0,12, ~0,62
10 0.37).

Total Hip-BMD: Of 29 groups, five training groups were
considered as WB-AE (Prince et al,, 1995; Hans et al., 2002; Wu
el al, 2006; Sakai et al,, 2010; Marques et al,, 2011¢), 10 groups
as DRT (Prince et al,, 1995; Bemben et al,, 2000; Chilibeck et al,,
2002; Maddalozzo et al,, 2007; Woo et al,, 2007; Nicholson et al,,
2015; Dufl et ul,, 2016; de Oliveira et al,, 2019), three groups as
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Jumping+RT+WB (Kemmler et al, 2004, 2013; Bolton et al,
2012), and 9 groups as WB+RT (Kerr et al, 2001; Bergstrom
et al, 2008; de Matos et al,, 2009; Bemben et al,, 2010; Choquette
et al,, 2011; Marques et al, 2011¢; Chilibeck et al,, 2013; Bello
et al, 2004), The Jumping (Sugiyama et al, 2002) and Tai Chi
(Woo et al, 2007) groups comprised only one intervention
group, thus they were excluded from the analysis. Based on
the mixed-effects analysis, no significant differences were seen
between the subgroups (P = 0,08), According to the subgroup
analysis, Jumping+RT+WB showed the largest effect (exercise
vs, control, SMD = 0,65, 95%-CI: 0,30-1.00) followed by the DRT
(0.51, 0.28-0.74), the WB-AE (0.36, 0.16-0.56), and the WB+RT
group (0,24, 0,08-0.41),

Ground-Reaction Forces (GRF) and Joint-Reaction
Forces (JRF)

Finally, study interventions were categorized in GRE, JRF or
mixed (GRF and JRF) mechanical forces.

LS-BMD: Of 79 groups, 19 training groups applied JRF
exercise (Sinaki et al,, 1989; Pruitt et al,, 1992, 1995; Bloomfield
et al, 1993; Nelson et al,, 1994; Hartard et al,, 1996; Kohrt et al,,
1997; Bemben et al, 2000; Rhodes et al,, 2000; Chilibeck et al,
2002; Maddalozzo et al, 2007; Woo et al, 2007; Orsatti et al,
2013; Moreira et al,, 2014; Nicholson et al,, 2015; Duff et al,, 2016;
de Oliveira et al., 2019), 20 applied GRF exercise (Nelson et al,
1991; Lau et al,, 1992; Hatori et al,, 1993; Martin and Notelovitz,
1993; Bassey and Ramsdale, 1995; Kohrt ¢tal,, 1995, 1997; Prince
et al, 1995; Brooke-Wavell et al,, 1997, 2001; Ebrahim et al,, 1997;
Bassey et al., 1998; Sugiyama et al,, 2002; Yamazaki et al,, 2004;
Wi et al,, 2006; Silverman et al,, 2009; Tartibian et al,, 2011; Basat
etal, 2013), and 35 studies prescribed mixed mechanical forces
protacols (Grove and Londeree, 1992; Caplan et al., 1993; Nichols
et al,, 1995; Lord et al,, 1996; Ryan et al,, 1998; Adami et al,, 1999;
Kemmler, 1999; Iwamoto et al,, 2001, Kerr et al,, 2001; Going
et al, 2003; Jessup ot al, 2003; Milliken et al, 2003; Kemmler
et al,, 2004, 2010, 2013; Verschueren et al, 2004; Englund et al,
2005; Evans et al,, 2007; Bergstrom et al, 2008; Kwon et al,, 2008;
Park et al, 2008; Bocalini et al,, 2009; Chuin et al, 2009; de
Matos et al,, 2009; Deng, 2009; Bemben et al,, 2010; Choquette
et al, 20115 Marques et al, 2011b; Bolton et al,, 2012; Karakiriou
et al, 2012; Basat et al, 2013; Chilibeck et al,, 2013), A further
of 5 training groups (Chan et al, 2004; Woo et al, 2007; Liu
ctal, 2015 Wang et al, 2015), could not be reliably classified
within one of the categories therefore we excluded them from the
subgroup analysis. A mixed-effects analysis found no significant
differences between the categories (P = 0.46). According to the
subgroup analysis, RF exercise triggered the highest effect on
LS-BMD (exercise vs, control, SMD = 0,46, 95%-C1: 0.21-0.70),
followed by the mixed JRF and GRF (0,41, 0,22-0.59). GRF
exercise however, did not significantly (P = 0,09) differ from
corresponding control (0.24, ~0.04 to 0.53).

FN-BMD: Of 78 groups, 19 training groups were classified
as JRF type exercise (Pruitt et al., 1992; Bloomfield et al,, 1993;
Nelson et al, 1994; Prince et al,, 1995; Hartard et al,, 1996; Kerr
et al,, 1996; Kohrt et al,, 1997; Bemben et al,, 2000; Rhodes et al,,
2000; Chilibeck et al., 2002; Maddalozzo et al,, 2007; Orsatti et al.,
2013; Moreira et al,, 2014; Nicholson et al,, 2015; Dufl et al,, 2016;
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de Oliveira et al,, 2019), 18 as GRF (Nelson et al, 1991; Lau et al,,
1992; Bassey and Ramsdale, 1995; Kohrt et al.,, 1995, 1997; Prince
et al, 1995; Brooke-Wavell et al, 1997, 2001; Ebrahim et al,
1997, Bassey et al., 1998; Hans et al,, 2002; Sugiyama et al,, 2002;
Korpelainen et al,, 2006; Wu et al,, 2006; Silverman et al,, 2009;
Marques et al,, 201 1¢; Tartibian et al,, 2011; Basat et al,, 2013) and
26 groups as mixed JRF and GRF protocols (Caplan et al, 1993
Nichols et al,, 1995; Lord et al,, 1996; Ryan et al,, 1998; Adami
et al, 1999; Kemmler, 1999; Going et al,, 2003; Jessup et al,, 2003;
Milliken et al, 2003; Kemmler et al,, 2004, 2010; Englund et al,
2005; Kwon et al,, 2008; Park et al,, 2008; Bocalini et al., 2009;
Chuin et al,, 2009; Deng, 2009; Tolomio et al, 2009; Bemben
ctal, 2010; Choquette et al, 2011; Marques et al,, 201 1b,c; Basat
etal, 2013; Chilibeck et al,, 2013; Bello et al,, 2014). Five training
groups cannot be reliably classified (Chan et al, 2004; Sukal et al,,
2010; Liu et al, 2015; Wang et al,, 2015), therefore they were
excluded from the sub-group analysis, A mixed-effects analysis
demonstrated no significant differences between the subgroups
(P = 0.89), All the groups demonstrated comparable significant
effects on FN-BMD (JRE: SMD = 0,29, 95%-CI: 0.14-0.44 vs,
GRF: 0,35, 0.03-0.66 vs, JRF and GRF: 0,34, 0.19-0,49),

Total Hip-BMD: Of 29 groups, 10 training groups were
included in the JRF group (Pruitt et al,, 1995; Bemben et al., 2000;
Chilibeck et al,, 2002; Maddalozzo et al., 2007; Woo et al,, 2007;
Nicholson et al,, 2015; Duff et al,, 2016; de Oliveira et al,, 2019).
Five intervention groups were classified as GRF (Prince et al,
1995; Hans et al, 2002; Sugiyama et al, 2002; Wu et al,, 2006;
Marques etal, 2011¢) and 12 groups as mixed intervention (Kerr
et al,, 2001; Kemmler et al, 2004, 2013; Bergstrom et al,, 2008;
de Matos et al,, 2009; Bemben et al,, 2010; Choquette et al, 20113
Marques et al, 2011¢; Bolton et al,, 2012; Chilibeck et al,, 2013
Bello et al,, 2014). Two training groups (Woo et al,, 2007; Sakai
et k., 2010) that could not be reliably classified were excluded.
A mixed-effects analysis found no significant differences between
the subgroups (P = 0.57). According to the subgroup analysis,
effect size in the JRE-group was largest (SMD = 0.51, 95%-CI:
0.28-0.74), followed by the GRF (0.44, 0.22-0.66) and the mixed
JRF and GRF subgroup (0.34, 0.14-0.53) obtained a positive
significant difference in comparison with control groups.

DISCUSSION

A considerable number of systematic reviews and meta-analyses
focus on the effect of exercise on BMD at the LS and/or proximal
femur. With few exceptions (for LS; Howe et al, 2011) most
studies reported low effect sizes (SMD = 0.2-0.5) on average (e.g.,
Kelley, 1998a.b; Martyn-St. James and Caroll, 2006; Howe et al,
20115 Marques et al,, 2011a; Zhao et al,, 2017), Due to continued
research in the area, we have been able to Include more exercise
studies in our analysis than previous works (e.g., Howe et al,
20115 Marques et al., 201 1a; Zhao et al, 2017), Nevertheless, our
finding (SMD-LS = 0,37, SMD-FN = 0,33, SMD-tHip = 0.40)
confirmed the results of a significant, but rather small effect of
exercise on BMD, at the LS or a relevant proximal femur-ROIs,
We largely attribute this finding of limited increase in BMD to
the widely diverging effect sizes (e.g., Figures 2A, 3B) across the
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exercise trials included, Apart from participants’ characteristics,
considerable differences in exercise characteristics might explain
these striking variations among the included trials, We sought to
identify parameters that affect the impact of exercise on BMD,
Therefore, studies were classified according to (1) menopausal
status (Kemmler, 1999; Beck and Snow, 2003), (2) type of exercise
(Glangregorio et al, 2014; Beck et al,, 2017; Daly et al, 2019),
(3) type of mechanical forces (JRE, GRE JRF and GRF) (Martyn

St James and Carroll, 20115 Daly et al,, 2019), and (4) duration
of the intervention. Menopausal status might be an important
predictor of exercise effects on BMD (Kemmler, 1999), due to
the high bone-turnover during the carly-menopausal years (Tella
und Gallagher, 2014). However, the corresponding subgroup
analysis did not determine significant differences or a consistent
trend for all BMD-regions (LS, FN, tHip). Type of exercise
and mechanical forces were included since mechanistically, they
might be the most crucial predictors for the effect of exercise
on bone (Gilangregorio et al, 2014; Beck et al, 2017; Daly
ctal, 2019), while longer exposure to exercise (i.e., intervention
duration) should result in higher effects on bone, at least when
strain was regularly adjusted (“progression”) (Kemmler et al,
2015). Accepting the viewpoint that exercise-induced BMD
changes were predominately generated by remodeling (Friksen,
2010), and considering the length of a remodeling cycle in (older)
adults (Eriksen, 2010; Bonucci and Ballanti, 2014), interventions
=8 months might be too short to determine the full extent of
bones mineralization'. In contrast, although non-significant, the
subgroup analysis demonstrated considerably higher effects on
LS-BMD among studies with short compared with moderate or
long durations (SMD = 0,59 vs. 0.30 vs. 0.28). Based on bone
physiology (Iiriksen, 2010), it is rather unlikely that exercise
interventions <8 months resulted in higher increases in BMD-
LS compared with interventions 18 months and longer. We
attribute this dubious finding to the complex interaction of
exercise parameters that might have confounded the interaction
between training frequency and BMD-LS.

Slgnificant  differences in BMD  changes  within  the
corresponding  subgroups was not detected. Tendentially
negative effects of jumping exercise on LS- and EN-BMD? or the
trend (p = 0,06) to higher effects of short exercise duration on LS
and FN-BMD was observed.

We did not address exercise intensity (Rubin and Lanyon,
1985; Frost, 2003) or -frequency (Kemmler and von Stengel,
2013 Kemmler et al,, 2016), which is a key modulator of effective
exercise protocols (Weineck, 2019), It was planned to include
“exercise intensity” in the subgroups analysis; however, it was not
possible to present a meaningful and comprehensive rating of all
the studies”. Since 15 studies did not report attendance rate and

laking into account that DXA only determines the mineralized bone matrix (Le.,
BMD),

*Most recommendations (e.g, Beck et al, 2017; Daly et al, 2019, Kemmler and
von Stenyel, 2019), however, consider Jumping as a favorable of type of exercise for
MW,

YThe classification of exercise intensity in the area of bone research s not trivial,
WK and SV failed to generate a reliable classification of exercise Intensity/strain
magnitude across the (endurance and resistance type) studies of the present review.
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therefore the factual training frequency remained vague, exercise
frequency was not evaluated.

Due to the results of the (exercise) group comparisons and
subgroup analysis, we are unable to give validated exercise
recommendations for optimized bone-strengthening protocols
for PMW, In this context, Gentll et al. (2017) questioned
whether “there s any practical application of meta-analytic
results in strength training” This might be overstating the
issue; however trying to derive exercise recommendations and,
to a lesser degree, the proper effect size estimation will fail
when addressing varying exercise interventions “en bloc.” Several
aspects support this view. First, exercise is a very complex
intervention. The type of exercise alone ranges from HIT-RT or
depth jumps, for example, to brisk walking, chair exercises and
balance training. Additionally, exercise parameters (intensity,
duration, cycle number, frequency etc.; Tolgo and Boutellier,
2006; Welneck, 2019) and training principles (e.g., progression,
periodization etc; Weineck, 2019), fundamentally modify the
effect of the exercise type on a given study endpoint, Even
minor variations in single exercise parameters can result in
considerable differences in BMD changes (e.g., Kemmler et al,
2016). In parallel, the present analysis indicates that a lack
of consistent progression might prevent further BMD changes
after initial adaptations®, according to non-compliance with the
overload principle (Weineck, 2019). At this point, a frequent
limitation of exercise research arises: Unlike in pharmaceutical
trials, the general effectiveness of the exercise protocol was rarely
evaluated before the initlation of the clinical trial (phase I11)
(Umscheid et al, 2011), Further, in some cases, there is an
impression that some older studies (Bloomfield et al., 1993,
Brooke-Wavell et al, 1997, 2001) evaluate the least significant
effect of exercise on bone, This further contributes to the
considerable “apple-oranges problem” (Esteves et al, 2017,
Milojevic et al,, 2018) of meta-analysis in the arca of “exercise.”
In summary thus, we conclude that uncritical acceptance of the
acquired meta-analytic data (particularly) of exercise studies is
certainly unwarranted.

Some study limitations may decrease the validity of our
study. The lack of information related to participant and
exercise characteristics and in the case of missing responses after
contacting the authors meant that we estimated some variables,
For example, in studies that did not provide the menopausal
status of their participants, we consider the age of 51 years as the
menopausal transition age to estimate the post-menopausal age
(Palacios et al, 2010), Further, we excluded studies that included
participants with pharmaceutic agents or diseases, known to
relevantly affect BMD, in order to prevent a confounding,
synergistic/additive/permissive effect on our study endpoints.
However, due to the lack of information in most individual
studies, we were unable to adjust for changes of medication, diet
or emerging diseases,

Another predominately biometrical issue was that SDs of the
absolute change in BMD were not consistently available and have
thus to be imputed, which may have reduced the accuracy of

YWe speculate that lack of progression contribute to the result of the subgroup
lysis that address inter {uration.
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the data, Further, there is considerable evidence for a publication
bias with respect to exercise-induced BMD changes at the LS and
tHip. Considering the aspect that most authors tend to reported
positive effects the true effect size of exercise on BMD might
be slightly lower compared to the results presented here (Sterne
etal, 2011),

The main limitation was the extensive approach of including
all types of exercise in the main analysis, which resulted in large
variations in effects sizes. Moreover, our inability to categorize
adequately relevant exercise characteristics hinders the proper
comparison of homogeneous and widely independent subgroups
and thus prevents validated exercise recommendations. Hence,
upcoming meta-analysis in the area of exercise on bone should
focus on dedicated areas of exercise. However, we conclude that
well-designed randomized controlled trials which allow adjusting
for one single parameter while keeping all others constant
might be the better option for evaluating the contribution of
participants and exercise parameters on exercise effect on bone
and deriving sophisticated recommendations for exercise.

CONCLUSION

In summary, our approach of (1) including heterogencous
exercise studies, (2) categorizing them according to relevant
modulators and exercise parameters, and (3) comparing the
corresponding subgroups to identify modulators of exercise
effects on bone and (more important) the most favorable exercise
protocol on bone by means of enhanced statistics ultimately
failed, This result can be largely attributed to fundamental and
complex differences among the exercise protocols of the large
amount of exercise studies included, which in effect prevent a
meaningful categorization of exercise parameters.
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ZUSAMMENFASSUNG

Hintergrund und Ziele

DRT ist definiert als jede Art vom Krafttraining, die eine Gelenkbewegung beinhaltet und sich
auf die Entwicklung der Muskel-Skelett-Kraft konzentriert. DRT wird die als wichtiger Bestandteil
der Osteoporose-Pravention und -Therapie angesehen. Diese vorliegende Studie wurde
durchgefihrt, um den Effekt des DRT auf die BMD bei PMW zu bestimmen und evidenzbasierte

Empfehlungen fir optimierte Trainingsprotokolle abzuleiten.
Methoden und Material

Dieser Review folgte den Vorgaben, die in der PRISMA-Erklarung (Preferred Reporting Items for
Systematic Reviews and MetaAnalyses) empfohlen werden, und wurde vorab im Internationalen
prospektiven Register systematischer Ubersichtsarbeiten (PROSPERO) (ID: CRD42018095097)
registriert. Literaturrecherchen ohne Sprachbeschriankung wurden bis Marz 2019 in acht
elektronischen Datenbanken durchgefiihrt. Kontrollierte Studien mit > 6 Monate
Interventionsdauer bei PMW, die eine DRT-Intervention mit mindestens einer Trainings- und
einer Kontrollgruppe umfassten, wurden in diese Studie eingeschlossen. Metaanalysen wurden
mit Zufallseffektmodellen und EffektgréBen durchgefiihrt, die anhand der SMD fir BMD-
Veranderungen an LS, FN und tHip berechnet wurden. Moderatoren der Trainingseffekte, d.h.
“Interventionsdauer”, "Art der DRT", "Trainingshaufigkeit", "Reizintensitat" und
"Ubungsvolumen", wurden durch Subgruppenanalysen angesprochen. P < 0,05 wurden als

statistisch signifikant betrachtet.
Ergebnisse

Siebzehn Artikel mit 20 Trainings- und 18 Kontrollgruppen erfiillten unsere Auswahlkriterien.
Die Ergebnisse der Metaanalysen zeigten einen signifikanten Effekt fir die LS (SMD = 0,54, 95%-
Cl: 0,22-0,87), FN (SMD = 0,22, 95%-Cl: 0,07-0,38) und die tHip (SMD = 0,48, 95%-Cl: 0,22-0,75)
(alle P < 0,015). Die Analyse der Subgruppen ergab jedoch keine Unterschiede innerhalb der
Kategorien der Moderatoren fir FN. Eine niedrigere Trainingshaufigkeit (< 2 Sitzungen/Woche)

fihrte zu signifikant hdheren BMD-Veranderungen bei LS und tHip im Vergleich zu einer hoheren

47



Trainingshaufigkeit (= 2 Sitzungen/Woche). Darlber hinaus zeigte unser Ergebnis, dass
Freikrafttraining eine groRere Wirkung als DRT-Gerate zur Verbesserung von tHip-BMD hatte.
Leider konnten aus den Ergebnissen der Subanalyse keine aussagekraftigen

Trainingsempfehlungen abgeleitet werden.
Schlussfolgerung

Diese systematische Ubersichtsarbeit und Meta-Analyse ergab eine signifikante niedrig-
moderate Wirkung des dynamischen Krafttrainings auf die Knochengehalt bei
postmenopausalen Frauen. Die Trainingscharakteristika erlaubten es uns jedoch nicht,
aussagekraftige Trainingsempfehlungen im Bereich der Bewegung und Osteoporose-Pravention

oder -Therapie abzuleiten.
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SUMMARY

Background and Aims

DRT defined as any kind of resistance exercise that involves joint movement and focuses on the
development of musculoskeletal strength, which is considered an important component of
osteoporosis prevention and therapy. This current study conducted to determine the effect of
DRT on BMD in PMW and derive evidence-based recommendations for optimized training

protocols.
Material and Methods

This review followed the guidelines recommended by the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) statement and was registered in advance in
the International prospective register of systematic reviews (PROSPERO) (ID: CRD42018095097).
Literature searches with no language restriction were conducted through eight electronic
databases up to March 2019. Controlled trials with > 6 months intervention duration among
PMW that comprised DRT intervention with at least one exercise and one control group were
included in this study. Meta-analyses were performed using random-effects models and effect

sizes calculated using the SMD for BMD changes at LS, FN, and tHip. Moderators of the exercise

”n u ”n u

effects, i.e., “intervention length,” “type of DRT,” “training frequency,” “exercise intensity,” and
“exercise volume,” were addressed by sub-group analyses. P-values < 0.05 were considered

statistically significant.
Results

Seventeen articles with 20 exercise and 18 control groups met our eligibility criteria. Results of
the meta-analyses showed a significant effect for LS (SMD = 0.54, 95%-CI: 0.22-0.87), FN (SMD
=0.22, 95%-Cl: 0.07-0.38), and tHip (SMD = 0.48, 95%-Cl: 0.22-0.75) (all P < 0.015). However,
sub-group analysis revealed no differences within categories of moderators for FN. Lower
training frequency (< 2 sessions/week) resulted in significantly higher BMD changes at LS and
tHip compared to higher training frequency (> 2 sessions/week). Furthermore, our result

demonstrated that free weight training had a greater effect than DRT devices for improving tHip-
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BMD. Unfortunately, sub-analysis results did not allow meaningful exercise recommendations

to be derived.

Conclusions

This systematic review and meta-analysis revealed a significant low-moderate effect of dynamic
resistance exercise on BMD in PMW. However, exercise characteristics did not allow us to derive
meaningful exercise recommendations in the area of exercise and osteoporosis prevention or

therapy.
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EINLEITUNG Projekt 2

Die Wirksamkeit von koérperlichem Training auf die BMD per se und der Einfluss
unterschiedlichen Trainings- und Teilnehmer-Charakteristika auf dieses Ergebnis wurde im
ersten Teil des Projekts evaluiert. Die Analysen der Subgruppen ergaben jedoch keine
signifikanten Unterschiede zwischen den verschiedenen Trainingstypen. Entsprechend den
erzielten Ergebnissen konnte sich die Frage stellen, warum der zweite Teil des Projekts
durchgefihrt wurde. Bei der Beantwortung dieser Frage ist zu beriicksichtigen, dass wir uns im
ersten Teil des Projekts aufgrund der hohen Anzahl der Artikel auf unsere Hauptergebnisse
konzentriert haben. Daher wurde der Effekt von Teilnehmercharakteristika (z.B.
Menopausenstatus) und Interventionscharakteristika (z.B. Interventionsdauer) nur auf der Basis
der verschiedenen Knochenregionen (LS, FN, T-Hifte) evaluiert, ohne bestimmte Trainingstypen
zu bericksichtigen. Eine betradchtliche Anzahl von Studien in diesem Bereich und der hohe Effekt
der Interventionsparameter auf die Wirksamkeit dieser Art von Intervention flihrten uns zur

Durchfiihrung dieser Analyse.

AuBerdem beschrankten sich die wenigen anderen friiheren Meta-Analysen auf Studien, die vor
mehr als 14 Jahren veréffentlicht wurden (Martyn-St James und Carroll, 2006; Kelley et al.,
2001). Aufgrund der fortgesetzten Forschung in diesem Bereich wurden weitere randomisierte
kontrollierte Studien veroffentlicht (Bemben et al., 2010; Maddalozzo et al., 2007; Woo et al.,

2007; de Oliveira et al., 2019; Duff et al., 2016; Nicholson et al., 2015; Orsatti et al., 2013).

Zusatzlich ist der vorliegende Artikel nach unserem besten Wissen die einzige Studie, die sich
speziell mit Trainingsparametern bei PMW befasst. Daher besteht, abgesehen von einer Meta-
Analyse, die sich auf isolierte DRT-Protokolle konzentriert, Forschungsbedarf mit dem Ziel,
effektive Trainingsparameter zu identifizieren, um Empfehlungen fiir Trainingsprotokolle im

Bereich der Osteoporose zu erarbeiten.

Aus diesem Grund zielten wir in der vorliegenden systematischen Review und Meta-Analyse

darauf ab, den Effekt (GroRe) der isolierten DRT auf die BMD bei PMW im Vergleich zu

51



Kontrollgruppen zu  bestimmen (primares Studienziel) und weiter relevante
Trainingscharakteristika durch Subanalyse zu identifizieren, um daraus Empfehlungen fir

optimierte Trainingsprotokolle in der klinischen Praxis abzuleiten (sekundares Studienziel).

Insgesamt wurden 17 eligible Studien mit 20 Trainings- und 18 Kontrollgruppen in die aktuelle

systematische Review und Meta-Analyse aufgenommen (siehe Abb. 2).
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Abstract

This systematic review and meta-analysis st out to determine the effect of dynamic resistance exercise (DRT) on areal bone
mineral density (aBMD) i postmenopausal women and denve evidence-based recommendations for optimized traming proto-
cols, A systematic review of the litersture according to the PRISMA statement included (a) controlied trials, (b) of isolated DRT
with at least one exercise and one control group, (¢) with intervention durations = 6 months. (d) aBMD assessments at lumbar
spine or proximal femur, (¢) in cohorts of postmenopausal women. We searched eight electronic databases up to March 2019
without language restrictions. The meta-analysis was performed using a random-effects model. Standardized mean differences
(SMD) for BMD changes at lumbar spine (LS), femoral neck (FN), and total hip (TH) were defined us outcome measures.
Muoderators of the exercise effects, i.e,, “intervention length,” “type of DRT.” “training frequency,” “exercise intensity,” and
“exercise volume,” were addressed by sub-group analyses, The study was registered in the intermational prospective register of
systematic reviews (PROSPERO) under [D: CRD42018095097. Seventeen articles with 20 exercise and 18 control groups were
cligible, SMD average is 0.54 (95% C10.22-0.87) for LS-BMD, 0.22 (0.07-0.38) for FN-BMD, and 0.48 (0.22-0.75) for TH-
BMD changes (all p = 0.015). While sub-group analysis for FN-BMD revealed no differences within categories of moderators.
Tower tmining frequency (< 2 sessions/week) resulted in significantly higher BMD changes at LS and TH compared to higher
training frequency (= 2 sessions/week). Additionally, free weight training was significantly superior to DRT devices for improv-
g TH-BMD. This work provided further evidence for significant, albeit only low-moderate, effects of DRT on LS-. FN-, and
TH-BMD. Unfortunately, sub-analysis results did not allow meaningful exercise recommendations to be denved. This systematic
review and mets-analysis observed a significant low—moderate effect of dynamic resistance exercise on bone mineral density
changes in postmenopausal women. However, sub-group analyses focusing on exercise chamctenisties found no results that
enable the denvation of meaningful exercise recommendations in the arcs of exercise and osteoporosis prevention or therapy .

Keywords Bone mineral density - Dynamic resistunce exercise - Exercise chamcteristics - Postmenopausal women

Introduction

focuses on the development of musculoskeletal swrength is
considered an important component of osteoparosis preven-

Physical exercise is the most powerful non-pharmaceutical
fracture prevention strategy in postmenopausal women |1,
2]. Dynamic resistance training (DRT) as defined as any kmd
of resistance excrcise that involves joint movement and
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uon and therapy [3-5]. Nevertheless, with respect 1o areal
bone mineral density (@BMD), recent meta-analysis on DRT
reported on avernge low exercise-induced effect sizes at best
(review in [6-9]). Reviewing the underlyng studies, however,
there is some evidence that not only isolated DRT protocols
were included in the meta-analysis. Further, large variations
between the individual study findings can be observed. The
main reason for this outcome can be attributed 10 the complex-
ity of exercise interventions with respect to exercise variables
(e.g., exercise mtensity, duration, frequency ), training princi-
ples (e.g., progression, periodization), and training conditions
(e.g., supervision, devices) [10]. Previous meta-analysis on
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DRT did not account for training parameters. At best, there
was separate analysis for “exercise intensity™ [6]. Thus, apart
from meta-analysis that properly focuses on isolated DRT
protocols, there is a need for research aimed at identifying
cffective training parameters to generate recommendations
for exercise protocols in the area of osteoporosis,

Therefore, in the present systematic review and meta-anal-
ysis, our primary study aim was to determine the effect (size)
of isolated DRT on BMD at lumbar spine and proximal femur
regions of interest (ROI) in postmenopausal women in com-
parison with control groups and further (secondary study aim)
to identify relevant exercise characteristics by sub-analysis to
derive recommendations for optimized exercise protocols in
clinical practice.

Material and methods
Data sources and search strategy

The present study on DRT was based on a comprehensive
systematic review of the effect of exercise on (areal) BMD
in postmenopausal women. This systematic review and
meta-analysis followed strictly the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [11]. The study was registered in the international pro-
spective register of systematic reviews (PROSPERO) (1D:
CRDA42018095097). Briefly, eight electronic databases
(PubMed, Scopus, Web of Science, Cochrane, Science
Direct, Eric, ProQuest, and Primo) were searched for relevant
articles published up to March 1, 2019 without language re-
strictions, The search strategy related to the population, inter-
vention, and outcomes and was constructed around search
terms for “Bone Mineral Density”, “Exercise,” and
“Postmenopausal.” Key words and their synonyms were used
to sensitize the search by applying the following query:
(“Bone" or “Bone mass™ or “Bone status"” or “Bone structure”
or “Bone turnover™ or “Bone metabolism™ or “Bone mineral
content” or “Skeleton” or “Bone Mineral Density™ or *BMD"™
or “Bone Density” or “Osteoporoses™ or “Osteoporosis™ or
"Osteopenia”™) AND (“Postmenopause™ or “Post-
Menopause™ or “Postmenopausal™) AND (“Exercise” or
“Training” or “Athletic” or “Sport™ or" “physical activity")
AND (“Clinical trial” or “Randomized clinical trial”).
Unpublished reports or congress abstracts were not consid-
ered. One reviewer (MS) conducted the search and, following
the omission of duplicate publication, screened studies by title
and abstracts according to the eligibility criteria. In the sec-
ondary search, reference lists of articles included were
reviewed to further identify relevant and eligible studies.

In summary, 42 authors were contacted by e-mail due to the
following issues: (a) participants/group allocation, (b) missing
drop out data, (¢) separation of the pre- or postmenopausal

9} Springer

group, (d) result given in a graph only, (¢) no mean change of
BMD given, (f) missing standard deviation (SD).

Inclusion and exclusion criteria

We included studies (or study arms) if they met the following
criteria: (a) randomized and non-randomized controlled trials
with at least one exercise group as an intervention versus one
control group with sedentary/habitual active lifestyle without
exercise or with sham exercise; (b) women with postmeno-
pausal status at study onset; (¢) intervention of at least
6 months; (d) areal BMD of the LS or/and the proximal femur
regions “TH" and/or "FN" were listed as outcome measures at
baseline and follow-up assessment; (f) BMD determined by
dual-energy X-ray absorptiometry (DXA) or dual-photon ab-
sorptiometry (DPA); (g) < 10% of participants on hormone
(replacement) therapy (HT or HRT), osteoanabolic/
antiresorptive (e.g., bisphosphonate, denosumab, strontium
ranclate), or osteocatabolic (glucocorticoids) and
pharmaceutic agents, albeit only when the number of users
was comparable between exercise and control. For the present
analysis on isolated DRT effects, we further included only
studies (0 that applied isolated DRT without any adjuvant
exercise component and without bone specific warm-ups with
validated effect on bone (e.g., running, hopping, acrobic
dance),

We excluded studies that included (a) mixed gender or
mixed pre- and postmenopausal cohorts without separate
BMD analysis for postmenopausal women', (b) women un-
dergoing chemo- and/or radiotherapy, and (¢) women with
discases that relevantly affect bone metabolism. Further, (d)
double/multiple publications from one study and preliminary
data from subsequently published trials and (e) review articles,
case reports, editorials, conference abstracts, and letters were
not considered. For the present analysis on isolated DRT ef-
feets, we likewise excluded studies (f) that reported a pre-
study history of RT type exercise = 60 min/week | year prior
to the study intervention,

Data extraction

Two reviewers (SvS and MS) independently evaluated full-
text articles and extracted data from the included studies, If
they could not reach a consensus, a third reviewer was
consulted (KW), We designed a pre-piloted extraction form
to extract relevant data, This covered the publication charac-
teristies (e.g., (first) author’s name, title, country, and publica-
tion year), methodology (i.¢., design, objectives, sample size
for each group), participant characteristics (i.e., age, weight,
BMI, years since menopause), exercise characteristics (e.g.,

' We do not exclude studies with participants that were not community
dwelling
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intervention duration, training frequency, exercise intensity,
movement/velocity, progression), compliance/withdrawals,
risk assessment, BMD, and outcome characteristics.

Outcome measures

The primary outcomes in the present study was the change in
(arcal) BMD at lumbar spine, total hip (TH), and femoral neck
(FN) regions of interest (ROI) as assessed by DXA or DPA
between baseline and follow-up,

Quality assessment

All the articles that satisfied the predefined inclusion criteria
were independently assessed for risk of bias by two indepen-
dent raters (WK and MV) using the PEDro (Physiotherapy
Evidence Database) scale [12, 13). Disagreements were
solved by discussion including a third assessor (SvS) until a
consensus was reached. We classified the methodological
quality of the included studies as follows: =7 = high, 5-6 =
moderate, and < 5 = low [14].

Data synthesis

According to the “Cochrane Handbook for Systematic
Reviews of Interventions™ [15), standard deviation (SD) can
be obtained from the standard error (SE) or confidence inter-
val (C1) by using the following formulas™;

SD = SE x Vy
SD = Vy x (upper limit-lower limit)/3.92

Further, authors (n = 11) were contacted to provide missing
SDs. In cases of no reply or unavailable data (1 = 11), the exact
p value of the absolute change in BMD was obtained to com-
pute the SD of the mean change, In cases of unreported p2 values
(n=11), we calculated the SDs using pre- and post-SDs and
correlation coeflicients according to the Cochrane Handbook
of Systemic Reviews [15]. Lastly, when the absolute mean
difference was not available, it was imputed by calculation of
the difference between post- and pre-intervention (1= 7). In
cases of multiple BMD assessments, we considered only
changes between the bascline and final BMD asscssments.

To identify potential predictors of successful DRT proto-
cols, we applied several sub-group analyses for the following:
(@) intervention period (<8 months vs, 918 months vs, >
18 months); (b) type of RT (machines vs. free weight vs, both
types): (¢) net trining frequency” (<2 vs, > 2 sessions/week);
(d) exercise intensity (low (< 65% 1RM) vs, moderate (65-<
80% 1RM) vs. high (= 80% 1RM)); and (¢) exercise volume

¥ One study reported Cland 8 studies wiilized SE
o considering participants attendance rate.

per session (exercises * sets * repetitions) as structured in low
(< 160 reps/session), moderate (160 to < 300 reps session),
and high (= 300 reps/session) volume,

Statistical analysis

The statistical analysis was performed using the statistical sofl-
wire R (R Development Core Team) [16], Effect size (ES)
vitlue was considered as the standardized mean differences
(SMDs) combined with the 95% confidence interval (C1).

Random-effects meta-analysis was performed by applying
the metafor package [17). Heterogeneity for between-study
variability was determined using the Cochran (2 test; compa-
rable to other statistical analysis, @ p value < 0,05 was consid-
ered significant, The level of heterogeneity was analyzed with
the 7 statistic, An /* of between 0 and 40% is considered as
low, 30 to 60% as moderate, and 50 to 90% as substantial
heterogeneity, respectively [15], For those studies with two
different intervention groups, the control group was propor-
tionally split into two groups for comparison against each
intervention group [15]. Sensitivity analysis was conducted
1o check whether the overall result of the analysis is robust
regarding the use of the imputed correlation coefficient.
Funnel plots with regression test and the rank correlation be-
tween effect estimates and their standard errors (SEs), using
the 7 test and Kendall's 7 statistic respectively, were applied to
explore potential publication bias. To adjust the results for
possible publication bias, we also conducted a tim and fill
analysis using the LO estimator proposed by Duval et al. [18].
A p value of < 0,05 was considered as significant for all tests.

In order to identify potential moderators of exercise, sub-
group analyses were performed with the exercise parameters
and their corresponding categories as listed above,

Results
Study characteristics and quality assessments

In total, our search identified 17 eligible studies ([19-35];
Fig. 1), with 20 exercise and 18 control groups. Table 1 dis-
plays participant baseline characteristics of the included
studies,

The pooled number of participants in the intervention and
control groups was 423 and 373 women, respectively. Sample
sizes in the exercise arms ranged from 10 [31] to 35 partici-
pants [27] per group. Only one study [24] included women
with osteopenia/osteoporosis’; none of the other studies con-
sidered bone status (Table 2). Age of the postmenopausal
women in the studies ranged between 41 and 60 years [19]
and 65-82 years [32]. Menopausal age varied from 0.5 [34] to

* > 30% of bone tissue loss as d

1 by X-my ut LS or hip.
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Fig. 1 Flow diagrum of scarch
process according to PRISMA Records identified through

[11) database search (n=1743)

584 PubMed

522 Scopus

103 Web of Sclence
41 Cochrane

241 Science Direct
25 Eric

225 pro Quest

Additional records identified
through other sources (n«14)

2 Primo

l

(n=142)

Number of duplicates citations

Records excluded after reading
Abstracts and Titles (n =1462)

l

Exclusions due to: active control,
l outcome measures, mixed gender or pre-
/post-menopausal status without sepa-

Records screened (n=1615)

rate analysls, diseases/theraples with
— impact on bone, radiotherapy

l

l Full-text articles excluded (n =136)
Exclusions due to:

eligibility (n=153)

Full-text articles assessed for

Intervention, outcome measures, study
wmmp | duration £ 6 months, mixed gender or pre-
/post-menopausal status without sepa-

l

rate analysis, diseases/therapies with
l Impact on bone, sub-studies of larger
studies, no BMD result at baseline or/and

review (n =17)

Studies included in systematic

study end

> 21 years post [26]. Three studies [19, 27, 31] focused par-
ticularly on cohorts of “early postmenopausal women™ (1-<
7 years post). Average body mass index among the groups
averaged from 23.1 28] to 28.7 kg/m” [19). Six studies in-
cluded participants with sedentary/habitually active lifestyles
or at least no prior R'T exposure [20, 22, 26, 28, 30, 33, 35], 8
trials involved participants with exercise activities presumably
with minor effects on bone (19, 21, 23-25, 29, 31, 32], and
two studies did not provide corresponding information (27,
34]. The studies were conducted in Australia [29), Brazil
[22, 30), Canada [21, 23, 36], Germany [24], Hong Kong
[35), and the USA [19, 20, 25-28, 31, 32, 34],

Intervention characteristics
Vitamin-D and calcium supplementation

Six studies provided Vit-D and/or calcium supplementation
[19. 21, 23, 26, 32] in their exercise and control groups.

Exercise
Table 2 specifies the exercise protocols of included studies.

Apart from three studies [19, 25, 32], all trials compared a
single exercise group (EG) with a single non-exercise control

&) Springer

group (CG). From the criteria, all the studies applied DRT: the
majority of studies used conventional RT machines or free
weights, one study [22] applied “Pilates exercises™ with spe-
cific devices (e.g.. reformer, cadillac), and another study [35]
used an resistance band of low-moderate strength,

Length of the intervention (or study) ranged from six [19,
22, 24, 29| to 24 months [34]: no study reported a delay
between the end of the intervention and the control assess-
ment. Most studies focused on all or most main muscle
groups.” Kerr etal, [25] applied a unilateral DRT that stresses
the “ipsilateral forearm and hip region,” Sinaki et al, [34)
focused on back strengthening in a prone position, Woo
etal. [35) predominately conducted hip and lower limb exer-
cises, and Maddalozzo et al, [27] specified back squats and
deadlifts, Apart from two studies that did not provide sufli-
cient information for the LS-site [25, 35], all the studies ad-
dressed their specified BMD ROI (i.e., LS and hip) with spe-
cific exercises,

Most studies prescribed a training frequency of three ses
sions per week (Table 2); however, when considering partic-
ipant attendance, the net training frequency of five studies [24,
26-29] was on average below two sessions per week, Length

* In addition 1o the DRT, Kot et al. [26] applied 2-3 = 10 min bouts of

inlense rowing exercise.
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Table 1 Buseline characteristics of participants in included swidies (0= 17)
First author, year Initial sample size (1) Age (years) Menopausal age (years)  Body mass (kg Height (em) BMI (kg/m*)
Bemben®, 2000 HE: 13 HI: 5042 Hi:dw 1 HE: 747 4 5.6 HI: 16242 HI: 28,7024
HR: 11 HR: 5242 HR: 2+1 HR: 62,7434 HR: 16542  HR: 232412
Can Ci8241 Ci341 C:66.5+4.2 C 166+ 2 C:24.241.7
Bemben 2010 E:22 6 e >3 E: 766432 B 16142 3041
12 Cr634 | C: 77945 Cil63«) C:29=1
Chilibeck, 2002 E: 14 E: 5742 E:9+2 E: 72443 E: 16442 E:27.04 1.7
C: 14 C: 5942 C: 842 C:732448 C:lo5+ 1 C:26641.2
de Oliveim, 2018 E: 17 E: S6+7 E:8+7 E 6744806 B 15720 B; 272427
C: 17 Ci5445 Ciou? C:646166 Cil154 54 C:27.3425
Duff, 2016 E: 22 E:6545 ny. ng. E: 16246 ng.
C:22 (SRR ny. ng. Ci 16027 ng
Hartard 1996 E: I8 E:od 6 E>2 E: 67477 E 16227 ng.
C: 16 Cr 67410 C>2 C:638+11.2 C: 15846 ng.
Kerr", 1996 HI: 28 HI: S8 =4 HE: 8+ 3 HE694 114 HI: 168 +7 ng
HR: 28 HR: 564 5 HR: 60 4 HR: 7082 10 HR: 16516 ng.
Kohr, 1997 ° E: 15 65+ ng E: 72,6423 E: 16442 ng.
C: 15 Cio8+ 1 ng C:716% 18 Cr163+2 ng.
Madda-lozzo, 2007 E: 35 E: 8243 E:24) E: 704 8.7 ng. ng.
C: 34 5243 Ci 241 C:67.1£126 ng n.
Nelson, 1994 E: 21 Ei6)+4 E: 1248 E: 64.747.7 E: 1636 244258
C: 19 C: 5746 C: 1045 C:62.2489 C: 164 8 C:23.1222
Nicholson, 2015 E: 28 Ei 6644 Ei>5§ F: 70.6 £9.1 Eil6d+4 E: 26432
C:29 Ci66+5 C:i>$ C: 0684107 Co163+8 C:24.5429
Orsatti, 2013 E+ P20 E+PL:5649 E+PLY946 ng. ng. E+PLE2643.0
Pl 20 Pl: 55 £ 8 P86 ng. ng Pl: 304453
Pruit, 1992 ° E: 17 Ei sS4+ | B3+ E: 642419 E 162+ ng.
C: 10 C: 5641 C:du C:655429 C: 16322 ng.
Pruitt, 1995 HL: 15 HE: 67 =1 na. HE: 645492 HE 16247 HI: 245434
HR: 13 HR: 684 1 ng HR: 61,54 4.6 HR: 16045 HR: 2394 1.6
c: 12 C; 7044 ng. C:638+9.1 C: 16049 C:25.143.1
Rhodes, 2000 E: 22 Ei 69+ 3 ng. E: 684+ 12 Ei 16l +5 ng
C:22 C:6843 n.g. C:61.74129 C: 15904 n.g.
Sinnki, 1989 E: 34 E:56+4 ng E: 662493 B 16326 ng.
C: 34 C:56+4 ng C: 6602106 Ci 161 +5 ng.
Woo, 2007 E: 30 E: 7023 ng. ng. ng. 2 24.6 +4.0
C:30 C 6943 ny. ng. ng ;249430

All values are presented as mean = SD, otherwise stated
HI high intensity, HR high repetition, C control (group), £ exercise (group), P/ placebo, in.g. not given
*Values are presented as mean = SE

“ Baseline data of the study completers (n = 25)
" Unilateral loading (hip, forcarm) with the contralateral side as control

of the exercise sessions varied from about 1-2 min (i.e,
10% back extension [34]) to about 120 min (i.e., 36 sets *
20 reps, 2-3 min of rest between the sets). Most studies
applied a multiple set approach ([19-21, 23-28, 30, 32,
33]. The protocol of Nicholson et al, [29] scheduled 10 =
4-6 min blocks of one (¢.g.. squats) or several exercises
for the same muscle groups (e.g., chest, back, triceps). As
a result, repetitions per set for a single exercise were up to
108 reps (132 reps/block) [29] for the laner study, but
most studies applied sets with 7-12 repetitions [19-28,

30-341.° Three studies [19, 25, 32], comparing high ver-
sus low intensity RT protocols, further scheduled sets of
14-20 reps in their low intensity study arms.
Correspondingly, relative exercise intensity ranged be-
tween 80% IRM [19, 20, 25, 26, 28, 30, 32] and <30%
IRM [29, 34]. Absolute exercise intensity (i.e,, “effort™)

“This relates 10 the high intensity exercise groups of three studies (19, 25, 32).
Further, one study [30] prescribed sets of 2030 reps for two exercises,
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was rarely prescribed, however. Five studies prescribed
either work to repetition maximum [30, 31, 37] or work
to muscular fatigue [23, 26] as a set endpoint [38]; anoth-
er study [22] referred to 5-6 (i.c., strong-strong+) on the
Borg CR10 scale. Reviewing the repetition number and
relative exercise intensity (% 1RM), some studies [34] or
study arms [19, 32] clearly excrcised with low or very
low effort.” Time under load or velocity during the differ-
ent sections of the movement (concentric-isometric-ec-
centric) [39] was also rarely mentioned [24, 27, 33].
Time under load varied from 3 to 4 s [40] to 5-6 s [36]
per repetition. None of the studies reported an explosive
movement in the concentric or eccentric phase, Apart
from the 24 month study by Sinaki et al, [34], progression
or at least regular adjustments of exercise intensity was
realized by all the studies. The application of periodiza-
tion models [41] was not reported by any of the studies.

Most studies focused on a supervised group exercise pro-
tocol ([19-25, 27-32, 35], while two other studies relied on
partially supervised individual gym-based RT [33] or non-
supervised exercise training at home [34].

The Pedro Score of the reviewed studies ranged from4 1o 8
of 10 total score points (Table 3). Level of agreement between
the raters for methodological quality of the studies was 100%,
The methodological quality of five studies can be considered
as high [35]." 10 were considered to be of moderate, and 2 of
low quality. According to the mixed-effects analysis, no sig-
nificant differences between the Pedro Score categories (high
vs. moderate vs. low) were detected at LS- (p=0.639), FN-
(p=0.968), or TH-BMD (p =0.416).

Results for primary outcomes

Apart from two studies [31, 34] that applied DPA, all the
others used DXA. Furthermore, all the other studies except
two ([25]: hip only; [34): LS only) determined both BMD at
LS and proximal femur regions of interest.

Effect of exercise on LS-BMD

Sixteen studies with 18 exercise groups evaluated the effect of
exercise on LS-BMD, In summary, the exercise interventions
resulted in significant positive effects (p = 0,001), The pooled
estimate of random effect analysis was SMD 0,54, 95% (I
0.22-0.87, however with a substantial level of heterogeneity
between trials (= 74.8%, Q0 =70.1) (Fig. 2). A sensitivity
analysis imputing minimum SD (best case; SMD 0.70, 95%

T E,g 10 reps at 30% maximum isometric biack muscle strength [34]or 1410
reps ot A0% TRM [19, 32], The same might be true for some exercises of the
stocol of Woo et al. [35].
Comparing Pedro Score eategories (low < 5 vs. moderate 5-6 vs. high = 7
score points; [14]) did not indicate significant BMD differences (p > 0,416) at
LS+, FN-, and TH-ROIL,

@ Springer

C10.27-1.13) or maximum SD (worst cases: SMD 0.42, 95%
C1 0.17-0.67) resulted in significant result in all cases. We
expect that the mean value imputation comes closest to the
true effect (Fig. 2).

The funnel plot suggested positive evidence of publication
bias (Fig. 3). The regression (p = 0.920) and rank (p = 0,881)
correlation test for funnel plot asymmetry did not indicate any
significant asymmetry. Adjusting for possible publication bias
using a tnm and fill analysis [18] did not result in varying
results,

Sub-group analyses for LS-BMD
Intervention duration

OF 18 groups, 6 trining groups conducted short-term inter-
ventions (< 8 months), 11 groups applied a moderate duration
(918 months) intervention, and one training group scheduled
a 24-month intervention (Table 2). According to a mixed-
effects analysis, no significant difference was observed be-
tween the sub-groups (p=0.421).

Type of exercise

Of 18 training groups, 10 groups worked with resistance train-
ing devices, four with free weights or resistance bands, and
four conducted a mix of both types (Table 2). According to a
mixed-effects analysis, no significant difference was observed
between the sub-groups (p = 0.700).

Training frequency

Of 18 training groups, 5 groups exercised fewer than 2 ses-
sions per week and 13 groups exercised = 2 sessions per week
(Table 2). According to a mixed-effects analysis, a significant
difference was observed between the two groups (p = 0.002),
The sub-group analysis demonstrated the highest effects sizes
for the lower training frequency (SMD 1,26, 95% C1 0.88
1.64) compared to an SMD of 0.24 (95% C1 ~,05-0.54) in the
sub-group that exercised = 2 sessions per week,

Exercise Intensity

OF 18 training groups, 5 groups exercised with low (< 65%
IRM), 7 with moderate (65-<80% IRM), and 6 with high
relative intensity (2 80% 1RM) (Table 2). According to a
mixed-effects analysis, no significant difference was observed
between the sub-groups (p = 0.404).

Exercise volume/session (exercises x sets x reps)

Of I8 training groups, 7 groups applied a low (< 160
reps/session), 8 a moderate (160 to < 300 reps/session), and
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Random-effects Analysis of LS data

EG cG
Mean SD Mean SD
Bemben (2000H1) 0.008 0.024 0,008 0,018 ——— ——— 40.04 [-1.10, 1.02|
Bemben (2000L1) 0.000 0.022 0,008 0.010 e 0.09 [-0.88, 1.06)
Bemben (2010) 0.007 0.023 0,002 0.027 e +0,20 (-0.90, 0.51)
Chilibock (2002) 0.007 0.025 0,002 0010 e 40.22 096, 0.52]
De Oliveira (2018) 0.020 0.020 0.000 0,010 e 1231050, 1.97]
Duft (2016) 0.003 0.028 0,011 0038 —— 0,43 [-1.03, 0.16)
Hartard (1996) 0.002 0.036 0,084 0027 e 1.73[0.94, 252)
Kohrt (1997RE) 0.013 0.014 0.002 0017 —— 0,69 [-0.05, 1.42]
Maddalozzo (2006)  0.002 0.023 0,042 0,034 - 1.50 [ 0.97, 2.04)
Nelson (1994) 0,009 0033 0,019 0,035 e 0.81(0.186, 1.45]
Nicholsan (2015) 0.011 0.021 0,023 0.024 L 1.50 [ 0.91, 2,09]
Orsatti (2013) 0.000 0.027 0,010 0.028 ] 0.19 (-0.43, 0.81)
Pruitt (1992) 0.012 0.024 0.023 0.027 ——— 1.36 [ 0.50, 2.22)
Pruitt (1995H1) 0.007 0.018 0.000 0.020 [ 0.36 [0.50, 1,32)
Pruitt (1995L1) 0.005 0.027 0.000 0.020 ———— 0,19 .0.78, 1.16)
Rhodes (2000) 0.020 0.032 0.000 0.027 [ 0.66[0.05, 1.27]
Sinak (1989) 0,015 0.031 {0011 00206 [ +0.14 [.0.61, 0,34)
Woo (2007RE) 0.013 0.021 0.007 0.014 [ 0,33 (-0.18, 0.84)

RE Model for All Studies (Q = 70.09, df = 17, p < 0.001; 1 = 74,89)

— 054022, 087]

favors control group (CG) favors exercise group (EG)
T T T T 1
2 1 4] 1 2 3
d mean diff (SMD)

Fig.2 Forest plot of meta-analysis results at the LS, The data are shown as pooled standard mean difference (SMD) with 95% C1 for changes in exercise

and control groups

3 a high (=300 reps/session) exercise volume/session
(Table 2). The mixed-effects analysis did not demonstrate
any significant difference between the sub-groups (7 = 0.697).

Effect of exercise on FN-BMD

Fifteen studies with 18 exercise groups evaluated the effect of
exercise on FN-BMD. In summary, the exercise interventions
resulted in significant (p = 0,005), but low effects sizes (SMD
0.22, 95% C10.07-0.38) (Fig. 4). There was a negligible level
of heterogeneity in estimates of the exercise effect (1 = 0.0%.

Random-Effects Modell: Funnel Plot

o
s ©
5 .. .
5 s :
/ .
e / ol Ve
g s . .
o) « -
-] LA
e *
8 - .
o T T T L | T T
08 0 05 1 15 2

Slandardued Moan Ddlerence
Fig. 3 Funnel plot of the DRT studies that address LS BMD

@ Springer

(= 13.0). Sensitivity analysis of imputation determined that
even in the worst case (i.e., imputing maximum SD), there is a
significant effect (SMD 0.17, 95% C1 0.02-0.33, p=0.027).
Results listed in Fig. 4 are based on mean value imputation.

The funnel plot indicates evidence for a publication bias
(Fig. 5). The regression (p = 0.604) and rank correlation test
(2= 0.601) for funnel plot asymmetry indicate relevant asym-
metry, The analysis indicates missing studies on the lower
right-hand side. A trim and fill analysis resulted in slightly
higher effects sizes (SMD 0.26, 95% C1 0,11-0.41), after
adjusting for publication bias,

Sub-group analyses for FN-BMD

Intervention duration

OF 18 groups, 6 studies applied a short, 12 groups a moderate,
and no group a long duration of the exercise intervention

(Table 2). A mixed-cffects analysis did not observe significant
differences between the sub-groups (p = 0.694),

Type of exercise
Ten groups worked with resistance training devices, two with

free weights or resistance bands group, and six groups con-
ducted a mix of both types (Table 2). A mixed-eflects analysis
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Random-effects Analysis of FN data

EO co
Mean  SD Mean SD
Bemban (2000H1) -0.007 0116  -0.0100 0.083 —_— 0,03 [-1.03, 1.08]
Bemben (2000L1) 0001 0125  -0.0100 0,083 —_— 0.07 [-0.89, 1.04]
Bamben (2010) 0003 0018  -0.0018 0013 ] 0,07 [0.77, 0.63)
Chillbeck (2002) 0,002 0076  -0.0030 0,053 ———— 0.01 [-0.73,0.78)
Do Ofiveira (2018) 0.010 0,050 0.0000 0,030 ey 0.24 [-0.44, 0.91]
Duft (2016) 20,002 0.034  -0.0230 0.026 ] 0.68 (0.07,1,20)
Hartard (1990) 0011 0106  -0.0620 0.053 [ 1 0.58 [-0.10, 1.27)
Kerr (1096EnRE) 0001 0120  -0,0070 0.110 L 0,07 [-0.46, 0.59]
Keotr (1096RE) 0,000 0100  -0.0020 0,300 Coom 0,02 [-0.50, 0.54)
Kohit (1997RE) -0.002 0,014 -0,0080 0,024 et 0.30 (-0.42, 1.02)
Maddalozzo (2006) 0011 0.070  -0.0240 0.058 [N Il 0.20 [-0.27,0.67)
Netson (1984) 0,005 0030  -0,0220 0,035 e 0.71[0.07, 1.35)
Nicholson (2018) 0,001 0090  -0.0000 0,079 I ] 0.12 [-0.40, 0.64)
Orsatti (2013) 0,007 0.094 0,0000 0,873 I 0,01 (+0.63, 0.61)
Pruitt (1992) 0,020 0.009 00020 0.063 et +0.22 [-1.00, 0.57)
Pruitt (1995H1) 0.002 0.154 0.0050 0.018 L —— +0.06 [-1.00, 0.90)
Pruitt (1996L1) 0.008 0.018 0.0050 0.016 —_—y 0,16 [-0.81, 1,13)
Rhodes (2000) 0.010 0.090  -0.0800 0,050 ] 0.77 [ 0.16, 1.39)
RE Model for All Studies (Q = 1302, df =17, p=0.735,1" = 0.0%) -> 0.2210.07,0.38)
favors control group (CG) favors exercise group (EG)
) T T T 1

<15

1 1

05 0 05 1 16

mean dif (SMD)

Fig. 4 Forest plot of meta-analysis results at the femoral neck. The data are shown as pooled standard mean difference (SMD) with 95% CI for changes

n ise and grouy

demonstrated no significant differences between the sub-

groups (p = 0.490),

Training frequency

Five groups exercised fewer than 2 sessions per week and 13
groups exercised = 2 sessions per week (Table 2). In contrast
to LS-ROL no significant difference was observed between
the two groups (2 = 0.260) from mixed-effects analysis.

Random-Effects Modell: Funnel Plot

135

Standsed Eror
027
:
-

» .
$ OO
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o
* e

ﬁ e 4 - \
a T T ' ' ' —_—

A 05 o 05 1 15

Standardzed Mean Ditfersnce

Fig. 5 Funnel plot of the DRT studies that address femoral neck BMD

Exercise intensity

Four groups exercised with low (< 65% IRM), 7 with mod-
erate (65-< 80% IRM), and 7 with high relative intensity (=
80% IRM) (Table 2). The mixed-cflects analysis determined
no significant differences between the sub-groups (p = 0.279),

Exercise volume/session (exercises x sets x reps)

Six groups applied a low (< 160 reps/session), 7 a moderate
(160 to < 300 reps/session), and 5 a high (= 300 reps/session)
exercise volume/session (Table 2), No significant differences
between the sub-groups (p = 0.373) were demonstrated by the
mixed-effects analysis,

Effect of exercise on TH-BMD

Nine studies with 11 exercise groups evaluated the effect of
exercise on TH-BMD (Fig. 6). In summary, the pooled esti-
mate of random effect analysis was 0,48, 95% C10.22-0.75,
Level of heterogencity between trials was low (= 35.8%,
Q= 14.7). Sensitivity analysis demonstrated that even in the
worst case (i.e., maximum SD), there is a significant effect
(SMD 0.44, 95% C1 0.22-0.65, p = 0.001). Results listed in
Fig. 6 are based on mean value imputation,

Q Springer
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Random-effects Analysis of hip data

EC co
Mean SD Mean SD

Bemben (2000H1) -0.002 0.037 0006 0.019 —_—————— 0.12 |.0.94, 1.17)
Bemben (2000L1) 0.003 0.037 0,006 0.019 e 0.26 [0.71, 1.23)
Bemben (2010) 40,003 0.014 0,002 0010 e @ et 0.08 [-0.78, 0.63]
Chilibeck (2002) -0.002 0.022 -0,000 0,013 e 0.22 [0.53, 0.90)
De Oliveira (2018) 0,020 0,030 0.000 0,010 ' - ' 087 [0.17, 1.58)
Duft (20106) 0,008 0.031 0,001 0,024 L ] 0,25 [-0.39, 0.84]
Maddalozzo (2006)  .0.004 0.026 0,023 0,012 . 0,01 041, 1.40]
Nicholson (2015) 0,002 0.024 0,028 0028 e 0,98 (043, 1.53)
Pruitt (1995H1) 0.005 0.014 0.007 0.010 —_—— +0.15 [-1.09, 0.80)
Pruitt (1995L1) 0.008 0.012 0.007 0.010 —_—— 0.08 [.0.88, 1.08)
Woo (2007RE) 0.000 0.026 0,010 0012 — 0.79(0.26, 1.31)

RE Mode! for All Studies (Q = 14,71, df « 10, p « 0.143, I" « 35.8%)

tavors control group (CG)
f T T

4 e — — —————

0,48 0.22, 0.78)
favors exercise group (EG)
) T 1

<15 08 0 08 1 15 2
Standardized mean difference (SMD)

Fig. 6 Forest plot of meta-analysis results at the total hip. The dots are shown as §

and ¢ Rrouy

The funnel plot suggested positive evidence of publi-
cation bias (Fig. 7). The regression (p = 0.013), but not the
rank correlation test (p=0.218) for funnel plot asymme-
try. demonstrated significant asymmetry, Comparable to
FN-BMD, there is a lack of studies on the (lower) right-
hand side. A trim and fill analysis resulted in considerably
higher effects sizes after adjusting for publication bias
(SMD 0.67, 95% C1 0.40-0.93).

Sub-group analyses for the TH-BMD
Intervention duration
Of 11 groups, 5 training groups were classified as short-term,

6 groups as moderate, and no training groups was categorized
as long-term interventions (Table 2). A mixed-cffects analysis

Random-Effects Modell: Funnel Plot

e
Eér

N .

8 - .

g y )
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X .
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05 0 0.5 1 16

Standardued Mean Differonce
Fig. 7 Funnel plot of the DRT studies that address total hip BMD
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1 mean diffe

(SMD) with 95% CI for changes in

indicated no significant difference between the sub-groups
(I; =(.835),

Type of exercise

OFf 11 groups, 7 groups worked with resistance training de-
vices, three with free weights or resistance bands group, and
one group conducted a mix of both types (Table 2). A mixed-
effects analysis indicated a significant difference between the
sub-groups (p = 0.013). The sub-group analysis demonstrated
the highest effects sizes (SMD 0.89, 95% C1 0.59-1.19) for
the “free weight” training group (vs. RT devices 0,23, ~ 0,09
0.55; vs. mix 0.25, < 0,35-0.84),

Training frequency

Only two training groups applied low trining frequency (<2
sessions/week); nine training groups prescribed a high train-
ing frequency (=2 sessions/week), Differences between the
groups were significant (p =0.023); sub-groups analysis pro-
vided higher effect sizes for the sub-group with lower training
frequency (SMD 0.94, 95% C1 0.57-1.31 vs. high frequency
0.34, 0.07-0.61).

Exercise intensity

Four groups worked with low relative intensity (< 65% 1RM),
four with moderate relative intensity (65-<80% 1RM), and
three with high relative intensity (= 80% 1RM) (Table 2), The
mixed-effects analysis did not determine any significant dif-
ferences between the sub-groups (p = 0.090).
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Exercise volume/session (exercises x sets x reps)

Two groups exercised with low, six with moderate, and three
with high exercise volume/session protocols (Table 2). No
significant differences between the sub-groups (p = 0.84) were
observed.

Discussion

In this systematic review and meta-analysis, we clearly con-
firmed the significant positive effects of DRT type exercise on
BMD in postmenopausal women, However, effect sizes dif-
fered considerably between the regions of interest, While
SMD for the LS-BMD (0.59) and total hip BMD (0.48) can
be considered as moderate, the corresponding effect for the
FN was quite low (SMD 0.22), We hypothesize that different
loading configuration during DRT might predominately ex-
plain the different results at not only LS and FN but also FN
and TH-ROL” One explanation for the significantly lower
effect on the femoral neck region during resistance exercise
might be the high stress level from everyday activities at this
site. Due to leverage ratios, weight-bearing loads in one-
legged stand situations such as walking result in high tensions
of the abductor muscles and high stresses especially at the
femoral neck region. Force measurements revealed corre-
sponding loads of approximately three times the body mass
(e.g., [42]). Also, RT-induced joint reaction forces might not
have exceeded the threshold for bone adaptation, and hence,
no exercise effect occurred.

Summarizing the few other meta-analyses [6, 8, 43, 44)
that focus on the effect of RT on BMD at LS, or proximal
femur ROIs, effect sizes vary considerably. Most of them
reported negligible to low effects of RT on BMD, be it at
the LS (SMD =0.24 [43)]) or femoral neck (SMD =0.21
[9]). We observed higher effects sizes particularly for LS
(SMD = 0,54) and TH-BMD (SMD 0.48). Due to the longer
scarch period, we included more studies than most other sys-
tematic reviews but the main difference between the present
study and previous analyses might be the more careful screen-
ing of eligibility [43] related to isolated DRT protocols, Of
importance for the generation of exercise protocols, one anal-
ysis [6], which divided studies according to their exercise
intensity, reported a missing effect for low “force” RT proto-
cols (LS =5, MD = 0,17%; FN n=3,MD - 0.03%;: TH, n =
3: MD 0.21%), “High force” RT protocols (= 60% IRM),
however, demonstrated significant but low-moderate BMD
effects at the LS (n=8, MD 0.86%) and FN (n =8, MD

7 Of imponance, femora) neck ROL is a usually 15 mm slide ncross the middie-
distal end of the femoml neck, while total hip ROI started slightly below the
trochanter minor and include intertrochanter. trochanter, ward, and femornl
neck ROL

1,03%) but not for BMD at TH (n=35, MD 0.11%, 95% Cl
=0.06-0.29%). On the other hand, the study of Martyn-St-
James et al. [8] that included only high intensity DRT studies
and our sub-group analyses did not confirm the result that RT
with moderate (65-<80% 1RM) or high intensity (= 80%
IRM) is superior to RT protocols with low “force™ [6].'" If
anything, reviewing the data of the sub-analyses revealed
some unexpected findings.

Intervention duration

Considering that the mechanical stress during RT induces
changes of BMD in adults might be triggered predominately
by remodeling, we hypothesized that studies below 9 months
of length would not determine the full amount of new miner-
alized bone [45]."" Nevertheless, addressing this issue by
mixed-effects analysis, no significant BMD difference was
observed between studies of longer and shorter durations, be
itat the LS+, FN-, or TH-ROI, One may thus speculate that
despite (Table 2) progressive increase of exercise intensity, '
no relevant further exercise-induced effects occur after initial
bone adaptation, be it by modeling or (fast) remodeling [24,
46]. We are unable to reject this conjuncture for pure RT
protocols; however, previously published studies applying
mixed exercise long-term protocols [47, 48] observed an on-
going effect of exercise on BMD at LS and FN up to 16 years.

Type of exercise

From a pragmatic point of view, it is important to determine
whether specific RT devices are needed to generate successful
exercise programs. In summary, in consistent favor for “free
weight training” (vs, “device and “mixed type” of training),
we observed BMD differences at the LS-, FN-, and total hip-
ROI, but albeit significant for the TH-ROL This result is very
welcome, not only due to the much lower material effort of
free weight training. Of relevance for older people, free
weights might be more favorable to increase function [49]
and in particular leg extensor strength [50] with its crucial
relevance on mobility limitations, disability, morbidity, and
mortality [S1-53].

TrFr

This parameter might be the most important aspect for design-
mg an exercise protocol. Apart from its direct impact on the
' ner the results of higher effects on 1
hip ROL

' At least when bearing in mind that initial conditioning phases conducted by
most studies might further shorten the period of over-threshold strain
application. ..

'* Apant from two studies, all the RT studies included progressively increased
exercise intensity durning the intervention (Table 2).

| neck ROI compared to total
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outcome addressed, training frequency (TrFr) immediately af-
fects the feasibility of the program and thus participant com-
pliance [54]. In summary. our result clearly indicates that low-
er net training frequency (< 2 sessions/week, s/w) demonstrat-
ed significantly higher effect sizes for BMD changes at the
LS-ROI and TH-ROI'" versus higher training frequency (=
2 s/w). At the latest at this point, we have to subject our meta-
analytical results to a critical review. Although some exercise
studies did not detect significant BMD differences after
exercising with varying TrFr'* [55-57), other studies
[58-61] clearly demonstrated significantly higher effect sizes
for BMD changes at LS and hip-ROI when applying TrFrofat
least 2 s/w, compared with 1-< 2 s/w, In these studies, lower
TrFr was not only less favorable but showed no effects on
BMD at LS or hip-ROIs at all, Nevertheless, there might be
some explanations for at least similar BMD results after
exercising with different TrFr, Firstly, one may speculate that
higher intensity might compensate the effect of lower frequen-
¢y or (vice versa) high frequency combined with high inten-
sity might result in incomplete adaptation to exercise [10].,
However, a sub-analysis combining training frequency with
exercise intensity did not support this hypothesis. From the
literature results mentioned above, '™ it would also be conceiv-
able that particularly during the carly phase of an intervention,
each bone-specific exercise protocol might trigger positive
cffects on BMD largely independent of TrFr. However, com-
bining training frequency and intervention duration in another
sub-analysis did not support this hypothesis, cither, Finally,
the rather low variance within net TrFr (= 1.5-3.5 s/w) might
confound a proper result on this issue. However, summarizing
the result on TrFr of the present study, from a sport-scientific
point of view, it is hardly possible that in this reasonable range
of TrFr, a lower TrFr triggers significantly higher effects on
BMD changes compared with higher TrFr.

Exercise intensity

Another key parameter of exercise effects on a given outcome
is “exercise intensity,” We categorized relative exercise inten-
sity according to % 1RM (low < 65% vs, moderate 65-< 80%
vs, high intensity = 80% 1RM) as listed by the exercise trials,
In summary, however, the sub-group analysis did not reveal
significant differences between the groups. Although not con-
sistently determined (e.g., [19, 57]), there is a high level of
evidence [25, 62-64] that high exercise intensity is superior to

Y LSBMD: 5 (low ExFry v, 13 (high ExPr) study groups TH: 2 vs. 9 study
§mup~ (see "Results™),

Y Ashe et al, [$5]: 02 sessions/w.(w/w); Bailey et al. [$6): 0-7 s/w; Bemben
ctal. [57]: 2 vs. 3 9w, However, studies did not adjust for subjects” attendance:
therefore, results should be interpreted with caution,
¥ While exercise protocols of studies that did not detect difference for Trfr
were 6, 8, and 12 months, the lengths of studies that detected significant higher
BMD changes in favor of the higher Trir were 1.5, 4, 12, and 16 years.

_@_ Springer

moderate or low exercise intensity for addressing BMD. The
superiority of high intensity RT is strongly supported by basic
rescarch [65, 66], which indicates that the higher strain mag-
nitude generated by higher deformation of the bone increases
bone formation lincarly to its deformation magnitude.
Contrary to a fixed “bone adaptation threshold™ at 1000 3,
as suggested by the Mechanostat theory [67], other authors
revealed that loading thresholds for modeling/remodeling
vary between different skeletal sites. according to their habit-
ual loading history [68-70]. However, as reported, we did not
find any evidence for the superiority of high intensity RT at
any ROI'® addressed by this study.

Exercise volume/session

Basically, there is a close interaction between exercise vol-
ume, in particular cycle number (i.c.. number of reps) and
strain magnitude (i.c., exercise intensity) [10]. With respect
to bone physiology, the number of loading cycles is negligible
when applying a high strain magnitude [71]: however, there is
some evidence |5, 72] that higher cycle numbers might com-
pensate for low to borderline strain magnitudes. In this con-
text, Cullen etal, [73] demonstrated that 40 repetitions with o
strain magnitude of 1000 p¥ did not relevantly affect bone
formation rate, while 120 or 400 reps resulted in a significant
increase in this parameter. However, addressing the relevance
ol exercise volume/session for BMD changes by our sub-anal-
ysis, we do not observe any relevant (2 = 0.373) effect of this
parameter,

Limitations

In summary, our evaluation of exercise characteristics with
particular relevance on BMD to identify moderators of exer-
cise effects on bone strength largely failed. Accordingly, we
are unable to recommend any promising DRT protocols for
bone strengthening. In his critical review, Gentil et al. [74]
questioned the relevance and practical application of meta-
analytic results in strength training. While this might be going
too far, it is nevertheless obvious, however, that the complex
interaction of exercise variables, training principles, and train-
ing conditions'” prevent, or at least aggravate, a proper anal-
ysis of single exercise parameters even when focusing on
relative homogeneous types of exercise (i.e., DRT). This is
even more the case when applying exercise regimens in the
real world and not in laboratory-based, artificially supported
study settings. In addition, the brief reporting on relevant

" In detail, the subgroup annlysis on this issue was inconsistent, with higher
effects of low intensity for TH-BMD and modemte intensity for FN- and LS-
BMD.

7 Phis might be the main difference to meta-analysis in the area of
phar ic agents or suppl (e.g. [75, 76), with their limited number
of inherent modulators.
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chameteristics in research papers often does not provide suf-
ficient information, Thus, meta-analyses might be an appro-
priate tool for determining the general effects of dedicated
exercise on a given outcome, but their ability to distinguish
between exercise parameters is more limited,

Some limitations and features of this work should be ad-
dressed to allow the reader to adequately interpret our findings
and to follow our conclusions,

(1) We set out to determine the effect of preferably isolated
DRT. DRT was defined as any kind of resistance exercise thit
involves joint movement and focuses on the development of
musculoskeletal strength, ' correspondingly excluded studies
with other types of exercise, be it as training components or
(bone) specific warm-ups. However, in reality, our approach
might not always be considered consistent. Indeed, we includ-
ed a study that also applied short bouts of rowing [26]. While
accepting that 10 min of intense rowing can no longer count as
RT,"” we did not think that the joint reaction force character of
rowing [26] would confound our results. In parallel, studies
that applied cycling or stretching. i.¢., exercises with no rele-
vant mechanical impact on bone [79, 80|, were included. (2)
Although, with 17 studies, including 20 exercise and 18 con-
trol groups, our sample size of isolated DRT studies was
higher than the sample size of recent meta-analyses, the sta-
tistical power might have been too low to address some ded-
icated issues by sub-group analyses. This limitation refers
particularly to TH-ROI with considerably lower sample sizes.
(3) There is a consistent lack of reporting of relevant DRT
exercise parameters in the present literature: correspondingly.,
we are unable to evaluate all the promising exercise variables.
Apart from absolute intensity (“effort”),”” movement veloci-
ty"! was rarely reported [27). However, strain rate (corre-
sponding to movement velocity in DRT), as defined as alter-
ation in strain magnitude per second during the acceleration or
deceleration of loading (p32/s) is an important mechanical
parameter, Turner et al, [81], for example, observed a linear
increase in bone formation rate with higher strain rates when
using a protocol with constant strain magnitude but varying
strain rates. Von Stengel et al. [82] confirmed this finding for
DRT, by comparing fast-explosive vs, slow movement veloc-
ity during high intensity DRT, The authors reported that BMD
changes in the power training group (i.e., explosive concentric
velocity) significantly exceeded the results of the resistance
training group (i.¢., TUT 4 -0 s-4 ). Considering the impor-
tance of this parameter for bone strengthening and the easy

"n 1o other r hers (e.g (77, we do solely include studies that
apply progression (1L.e. progressive resistance traiming s defined as “exercise in
which o load iy increased in predetermined steps™ [78]).

" By definition “strength” started st 30% IRM [10]; relative intensity of
10 min of rowing (at least = 250 reps) s below this cutoff.

0 g, as defined nccording o the set endy Py h of Steele et al. [38],
N s reported in time under tension in differont sections of the moverent (e.g.,
(S LSR8y 2

and safe applicability of high strain rates/fast movement ve-
locity generated by joint reaction forces during DRT even in
older, more vulnerable cohorts [83], more exercise studies
should focus on this exercise variable. (4) Although we did
our best to adequately classify our exercise characteristics nc-
cording to exercise terminology or bone physiology, we admit
thiat some of the categorizations (e.g., exercise volume/ses-
sion) were made somewhat arbitrarily in order to ensure an
appropriate distribution for comparisons. (5) Even after
adjusting primary study outcomes (LS-, FN-, TH-BMD) for
multiple testing, the significance of the results remained.
However, following recent recommendations [84], we do
not adjust on secondary outcomes (i.¢., sub-analyses). (6)
There is some evidence for a publication bias for LS-, FN-,
and TH-BMD data. Due to the preference to report positive
effects [85], the true effect size of exercise on BMD was in
general considered lower for unadjusted data, However, the
lack of studies in the (lower) right-hand corner of the funnel
plot indicates that small-moderate size studies with positive
effects are missing. Indeed, using trim and fill analysis [ 18],
we determined no changes for the LS-BMD but higher effects
sizes for FN and particular TH-BMD.

In conclusion, it is difficult to generate exercise recommen-
dations on bone strengthening based on the meta-analytic re-
sults of the present exercise trials. Unceritical acceptance of the
acquired meta-analytic data i1s certainly unwarranted in this
context. Based on this experience, we conclude that dedicated,
accurately designed randomized controlled exercise trials
might be the more appropriate tool for addressing single ex-
ercise characteristics and thus generating exercise recommen-
dations in the arca of osteoporosis prevention and therapy.
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SCHLUSSFOLGERUNG / RESUMEE

Auf der Grundlage der aktuellen Meta-Analysen haben wir die folgenden Schlussfolgerungen

zusammengefasst:
1) Korperliche Bewegung kann die BMD an der LS, FN und t-Hip bei PMW erhéhen.

2) Die Analysen der Subgruppen zeigen einen gréBeren Nutzen von Multikomponenten-
Interventionen, die WB- und RT-Ubungen beinhalten, im Vergleich zu einem einzigen
Trainingsmodus. Die Unterschiede zwischen den Gruppen waren jedoch statistisch nicht

signifikant. Daher sind die Ergebnisse nicht auf bestimmte Trainingstypen verallgemeinerbar.

3) Aufgrund der grundlegenden und komplexen Unterschiede zwischen den Trainings-
protokollen der zahlreichen eingeschlossenen Trainingsstudien konnten wir mit Blick auf die
meta-analytischen Ergebnisse der vorliegenden Trainingsstudien keine Trainingsempfehlungen

zur Knochenstarkung erstellen.

Die untersuchten Artikel dieser Dissertation betreffen nur die erste Phase des Projekts "ACTLIFE-
Physikalische Aktivitat - das Werkzeug zur Verbesserung der Lebensqualitdt von Osteoporose-
Patienten". Auf der Grundlage dieser Betrachtungen kommen wir zu dem Schluss, dass spezielle,
genau konzipierte, randomisierte und kontrollierte Trainingsstudien das geeignetere Instrument
sein konnten, um einzelne Trainingscharakteristika anzusprechen und so Trainings-
empfehlungen im Bereich der Osteoporose-Pravention und -Therapie zu generieren. Daher
besteht der nachste Teil des Projekts darin, eine RCT mit einer geeigneten kombinierten

Trainingsintervention unter PMW durchzufihren.

Die Ergebnisse der aktuellen Meta-Analyse zeigen, dass alle Arten von Training, insbesondere
die kombinierte Trainingsintervention, den BMD-Verlust bei PMW verringern koénnen.
Trainingsprogramme kdnnen nicht nur knochenfestigkeit, sondern auch die Sturzrate, die
Gehfahigkeit, das Gleichgewicht und die Kraftleistung bei dlteren Menschen verbessern (Cadore
et al., 2013; Sherrington et al., 2019). Sie konnen auch die Muskelkraft, Muskelmasse und

korperliche Leistung bei Senioren positiv beeinflussen (Bao et al., 2020; Law et al., 2016).
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