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Cycle training is widely performed as a major part of any exercise program seeking to improve aerobic capacity and
cardiovascular health. However, the effect of cycle training on muscle size and strength gain still requires further
insight, even though it is known that professional cyclists display larger muscle size compared to controls. Therefore,
the purpose of this review is to discuss the effects of cycle training on muscle size and strength of the lower extremity
and the possible mechanisms for increasing muscle size with cycle training. It is plausible that cycle training requires
a longer period to significantly increase muscle size compared to typical resistance training due to a much slower
hypertrophy rate. Cycle training induces muscle hypertrophy similarly between young and older age groups, while
strength gain seems to favor older adults, which suggests that the probability for improving in muscle quality appears
to be higher in older adults compared to young adults. For young adults, higher-intensity intermittent cycling may
be required to achieve strength gains. It also appears that muscle hypertrophy induced by cycle training results from
the positive changes in muscle protein net balance.
Keywords: acrobic exercise, muscular adaptation, lower body, cycling, ergometer

Endurance training is a major part of any exercise program seeking to improve aerobic
capacity and cardiovascular health. Another major part of exercise programming is strength/
resistance training, which improves muscle morphology. Thus to improve muscular strength
and cardiovascular fitness in young, middle-aged and older populations, the American
College of Sports Medicine recommends combining training intensity, volume, and frequency
to optimize muscle hypertrophy and strength gain as well as aerobic capacity (VO,max) (23).
However, the vigorous training intensity and/or high training frequency might hinder some
older adults from participating in this type of training program. Interestingly, recent studies
have reported concurrent improvements in VO,max and muscle hypertrophy in young and
older populations after single exercise training (27, 62, 64, 65). These single exercise modes
include ambulatory exercise (walking, jogging, and running), cycling, and swimming.

Corresponding author: Hayao Ozaki

School of Sports and Health Science, Juntendo University

1-1 Hiragagakuendai, Inzai, Chiba, Japan

Phone: (+81) 47698-1001; Fax: (+81) 47698-1030; E-mail: ozaki.hayao@gmail.com

0231-424X/$ 20.00 © 2015 Akadémiai Kiado, Budapest



2 Ozaki H et al.

Recently, we have summarized whether or not ambulatory exercise produces muscle
hypertrophy and strength gain in the lower extremities (65). According to the literature, it
seems that relatively long periods, over half a year, of walking and jogging can increase leg
muscle size among older adults. However, competitive marathon running and regular high-
intensity distance running may not produce leg muscle hypertrophy in young and middle-
aged adults, which might be related to insufficient recovery from the muscular damage
caused by repeated eccentric contractions during running. Meanwhile, cycling exercise
involves mainly concentric contractions and therefore muscular damage is lower in cycling
compared with running (59). With respect to muscle damage, cycle training may therefore be
better suited for improving muscle size and function compared to running.

To discuss the effect of cycle training on muscle size and strength, cross-sectional and
longitudinal studies have been used. In cross-sectional studies, it is known that professional
cyclists have larger thigh muscle size compared to controls (36, 52). Hug et al. (36) have
shown that total thigh muscle cross-sectional area (CSA), especially vastus lateralis (VL) and
biceps femoris (BF) muscle CSA, is larger for professional cyclists than for recreationally-
active sport science students. Maximum isometric strength of knee extension is greater in
track sprint cyclists than in untrained subjects (52). In addition, both fast- (FT) and slow-
twitch (ST) muscle fiber areas in VL are larger in cyclists than that of untrained subjects (25,
52). It is unclear, however, whether the greater muscle size and strength were induced
exclusively by cycle training because elite cyclists perform other types of exercise training
such as resistance training. Moreover, the influence of genetic factors may have also
confounded the observed differences. Unfortunately, it is difficult to differentiate the effect of
cycle training on muscle size and strength from these confounding factors with a cross-
sectional study design. Therefore, the results of training studies employing untrained subjects
needs to be reviewed.

A training intensity of more than 60% of one’s concentric repetition maximum (1RM) is
commonly considered as the minimum intensity required to achieve muscle hypertrophy
under work matched conditions (23). However, in recent years, it has been established that,
when performed repetitively or until volitional failure, a low exercise intensity such as 30%
1RM can lead to an increase in myofibrillar protein synthesis (9). These results suggest that
high external loads are not a prerequisite for increasing muscle protein synthesis or muscle
size (60). Peak muscular activation in VL and vastus medialis (VM) during cycling
corresponded to approximately 50% of maximum voluntary contraction (MVC) (19).
Therefore, cycle training that consists of repetitive movements may suffice as a minimum
stimulus required to increase muscle protein synthesis. In fact, previous studies have shown
that protein synthesis acutely (28) and chronically (77) can be stimulated by cycling in
untrained subjects. Furthermore, muscle hypertrophy by cycle training is frequently observed
when cycle training has been performed for relatively long periods (24, 58, 62). Thus, it is
plausible that cycle training does not increase muscle size during short periods (34, 35) but
that cycle training requires relatively long periods to induce significant muscle hypertrophy
(5, 58).

The primary purpose of this review is to discuss the effect of cycle training on muscle
size and strength of the lower extremity, especially thigh muscle mainly activated during
pedaling, with three groups of subjects: untrained and healthy young adults, older adults and
patients. Furthermore, we also discuss the possible mechanism of muscle hypertrophy
induced by cycle training.
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Methods

Literature search

Typical online search using MEDLINE, Web of Science and SPORTDiscuss was performed
with the following keywords to obtain relevant articles: ‘endurance training’, ‘cycling’,
‘cycle’, ‘ergometer’, ‘training’, ‘muscle’, ‘muscle strength’, ‘muscle size’, ‘muscle cross-
sectional area’, ‘protein synthesis’, ‘concurrent resistance and endurance training’,
‘concurrent strength and aerobic training’, ‘combined resistance and endurance training’ and
‘combined strength and aerobic training’. References from pertinent articles and names of
the authors cited were cross-referenced to locate any further relevant articles not found with
the initial search.

Inclusion criteria

To be included, a study needed to meet the following criteria: (a) Study population: Subjects
were untrained healthy young (2040 years) and older (more than 60 years) adults and
untrained patients (more than 20 years) defined as individuals with a cardiovascular and/or
muscular disease. Young and older adults could be physically active but could not be
participating in regular strength and endurance training. (b) Outcome measures: The study
needed to investigate whole muscle size, muscle fiber size, fat-free mass (FFM) and/or
muscle strength (1RM, isokinetic and/or isometric strength). FFM and muscle volume
estimated by skinfold measurements were excluded. (¢) Language: The search was limited to
original research that was written in English. Furthermore, to investigate the effect of typical
cycle training on muscle size and strength, studies were excluded if cycling was performed
with one-leg. Studies were also excluded if cycle training was combined with other
interventions such as nutritional and/or blood flow restriction to an exercised muscle. We also
discuss the possible mechanism of muscle hypertrophy induced by cycle training, including
the articles which were not collected by means of the aforesaid online search procedures.

Analysis of effect size

Analysis of effect size was performed by reference to previous studies (73, 89) to investigate
the magnitude of muscle hypertrophy and strength gain with cycle training. Effect size (ES)
was calculated with the following formula: [(posttest mean — pretest mean) / pretest standard
deviation], using the data of the searched articles which clearly demonstrated pretest and
posttest mean and standard deviation (SD) or standard error (SE) in terms of muscle size and
strength. When only SE was reported, SD was calculated from the SE. Differences of ES
among the three subject groups and within training design variables (less than vs. more than
40 training sessions, continuous vs. interval training) were evaluated with one-way ANOVA
and unpaired -test, respectively. Statistical significance was set at p = 0.05.

Changes in muscle size and strength induced by cycle training

Overall effect size for muscle hypertrophy and strength gain

The ES is presented in Table I and Fig. 1. The 31 ESs for lower limb muscle hypertrophy and
22 ESs for lower body strength development were obtained from 39 studies. The mean ES for
muscle hypertrophy was 0.40 (95% confidence interval [CI]: 0.10, 0.71; the number of ESs
[n]: 18) for young adults, 0.28 (95% CI: —0.31, 0.87; n: 6) for older adults and 0.69 (95% CI:
—0.07, 1.44; n: 7) for patients. A significant difference was not found among the three groups.
Meanwhile, the mean ES for strength gain was 0.16 (95% CI: —0.06, 0.39; n: 12) for young
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adults, 0.49 (95% CI: —0.01, 1.00; n: 4) for older adults and 0.21 (95% CI: 0.03, 0.39; n: 6)
for patients. Although the value of the older adults tended to be higher compared to the other
two groups, a significant difference was not found among the three groups.

Table I. Effect size for muscle hypertrophy

Overall Number of training sessions
<40 40 =

Mean (95% CI) N Mean (95% CI) N Mean (95% CI) N
Young (Y) 0.40 (0.10, 071) 18 0.21 (-0.13, 0.54) 13 0.91 (0.34, 1.48) 5
Older (O) 0.28 (-0.31, 0.87) 6 ID 0.41 (-0.63, 1.45) 4
Y+O 0.37(0.12, 0.62) 24 0.18 (-0.11, 0.47) 15 0.69(0.24, 1.13) 9
Patient (P) 0.69 (-0.07, 1.44) 7 0.63 (-0.32, 1.59) 5 ID
Y+O+P 0.44 (0.20, 0.68) 31 0.29 (0.01, 0.58) 20 0.71(0.27, 1.15) 11

CI: confidence interval; N: number of effect sizes; ID: insufficient data (< 4 Effect sizes); * p < 0.05, vs <40

0.8 ~
8
wn1
2
&
25
T 1
Young Older Patient
Fig. 1. Effect size for lower body strength gain
Untrained young adults

With respect to the probability of muscle hypertrophy in young adults, 8 out of 22 studies
evaluating muscle size have reported that cycle training induced thigh muscle hypertrophy at
the whole muscle level and/or muscle fiber level for young adults. It is suspected that training
design variables could be the key determinants for these hypertrophic effects. One study has
shown that muscle fiber hypertrophy was observed in cycle training at 75-85% HRmax for
30-60 min, 4 days per week, (62) whereas another study demonstrated no muscle hypertrophy
with cycle training at an exercise intensity varying from the ventilatory threshold to 90%
VO,max for 21-42 min, 3 days per week (5). There were not large differences in exercise
intensity, duration and frequency between the previous two studies but the program period of
the former was approximately two times longer than that of the latter. As summarized in
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Table II, muscle hypertrophy is more likely to take place when the training period or the total
number of training sessions is greater. Moreover, this trend is kept consistent regardless of
the exercise protocol used, although the previous studies investigating the effect of cycle
training on muscle size are broadly divided into two types: continuous or interval training.
For continuous cycling, 2 of 9 studies with less than 40 training sessions have shown muscle
hypertrophy at the whole muscle or muscle fiber level, while 3 of 4 studies with equal to or
more than 40 training sessions have observed it. Muscle fiber area tended to increase in both
ST (17%, ES: 2.09) and FTa (11%, ES: 0.77) fibers in the only study without muscle
hypertrophy (15). Meanwhile, for interval cycling, both studies with equal to or more than 40
training sessions have shown muscle hypertrophy but no studies with less than 40 training
sessions have observed significant changes. Therefore, program period would appear to be
the key determinant for the probability of muscle hypertrophy with cycle training in young
adults. Meanwhile, similar to the probability of muscle hypertrophy, program period appears
to be the key determinant for the magnitude of change. The mean ES for muscle hypertrophy
in previous studies with less than 40 training sessions was 0.21 (95% CI: —0.13, 0.54; n: 13),
whereas that with equal to or more than 40 training sessions was 0.91 (95% CI: 0.34, 1.48;
n: 5), and the value of the latter was significantly higher than that of the former.

To better determine the reason why cycle training requires a relatively longer period of
training until increases in muscle size are observed, we compared the magnitude of muscle
hypertrophy between cycle and resistance training. Mikkola et al. (58) compared the
percentage of muscle hypertrophy between resistance training, continuous cycle training and
the combination of both. As a result, muscle CSA of the quadriceps femoris significantly
increased by 6% for the resistance training group and only by 2% for the cycle training group
after the same training period (42 training sessions). In other words, the magnitude of muscle
hypertrophy with cycle training appears to be one third of that of resistance training. However,
the calculation of percentage increases cannot be accurately compared either within or across
research studies because percent change does not take into consideration the variance of
muscle hypertrophy among subjects (73). Therefore, we calculated the ES for muscle
hypertrophy with the previous data of McCarthy et al. (57) and Bell et al. (5). The ES was
0.56—1.17 for lower body resistance training whereas only 0.16—0.39 for continuous cycle
training despite a similar training period and frequency. Therefore, it is plausible that cycle
training requires a longer training period than typical resistance training until significant
increases in muscle size can be observed because of a much slower hypertrophy rate. It is also
possible and likely that there are differences in the intrinsic muscular environment between
resistance and cycle training such that although increases in muscle size occur with cycling,
those changes may never reach the magnitude observed with resistance training.

In addition to the probability of muscle gain for young adults, significant increases were
observed in 1RM and/or isokinetic and/or isometric strength in 4 out of 11 studies. This is
similar to that found for changes in muscle size. However, the key determinant for the
strength gain is unlikely to be identical to that of muscle hypertrophy. While the occurrence
of muscle hypertrophy depends on the program period or the total number of training sessions,
strength gain following cycle training is more likely to be influenced by the exercise type and
intensity. In previous studies evaluating muscle strength, 3 out of 4 studies using maximal or
submaximal interval cycling resulted in strength gain in the lower limb muscle. However,
with continuous cycling, this adaptation was observed only for 1 out of 7 studies using
continuous cycling. Therefore, it appears that exercise intensity or effort, rather than the
training period, is the key factor for strength gain after cycle training in untrained young
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subjects. Furthermore, we compared the mean ES for strength gain between both types of
training to better determine the differences in the magnitude of strength development. As a
result, the ES was 0.19 (95% CI: —0.17, 0.56; n: 7) for continuous training, whereas 0.13
(95% CI: —0.30, 0.56; n: 5) for interval training. Significant differences were not found
between both types. Therefore, in young adults, the magnitude of strength gain with cycle
training is low and might not necessarily differ between two types though further studies are
needed to verify this because of the small number of ESs.

Untrained older adults

With respect to the probability of muscle hypertrophy in older adults, 4 out of 8 studies
evaluating muscle size have shown thigh muscle hypertrophy at the whole muscle and/or
muscle fiber level in untrained older adults. In agreement with young adults, the increase in
muscle size in older subjects consistently occurred more when the total number of training
sessions was high. As summarized in Table III, for continuous cycle training, all 4 studies
with less than 40 training sessions showed no muscle hypertrophy, but 2 out of 3 studies with
more than 40 training sessions observed muscle hypertrophy. For interval cycle training, both
studies with over 40 training sessions have shown a significant increase in muscle fiber area.
No studies were found that used less than 40 training sessions. The probability of muscle
hypertrophy after cycle training tended to be higher for older adults compared to young
adults. However, it is unlikely that this difference resulted from physiological variance.
Simply, there are so many studies that used less than 40 training sessions for young subjects
that the probability of muscle hypertrophy is reduced. Indeed, of the searched articles, 5 out
of 8 older adult studies used the total number of training sessions equal to or more than 40,
while only 7 out of 22 young subject studies satisfied this number. Meanwhile, similar to the
probability of muscle hypertrophy, program period might also be the key determinant for the
magnitude of change. When the ESs of both young and older adults were pooled together
because of insufficient data within older adults to draw conclusions based on age, the mean
ES for muscle hypertrophy in studies with equal to or more than 40 training sessions (ES:
0.69; 95% CI: 0.24, 1.13; n: 9) was significantly higher than that with less than 40 training
sessions (ES: 0.18; 95% CI: —0.11, 0.47; n: 15). Also, the ES was 0.91 (95% CI: 0.34, 1.48;
n: 5) in young adult studies with equal to or more than 40 training sessions, whereas 0.41
(95% CI: —0.63, 1.45; n: 4) in older adult studies with it, and a significant difference was not
found between both age groups. Therefore, as long as the total number of training sessions
exceeded 40, the magnitude of hypertrophy with cycle training between young and older age
groups appears similar, although this needs to be verified with more studies.

Regarding the probability of strength gain in older adults, a significant increase was
observed in 1RM and/or isokinetic and/or isometric strength in 7 out of § studies evaluating
muscle strength. The probability of strength gain after cycle training is higher in older adults
than in young adults. Unlike young adults, most of the studies that used continuous cycle
training showed significant strength gain in older adults as summarized in Table III. This
suggests that significant muscle strength gain can be achieved regardless of exercise type or
intensity for untrained older adults. Furthermore, the mean ES for strength gain in older
subjects (ES: 0.49; 95% CI: —0.01, 1.00; n: 4) was approximately three times higher than that
in young subjects (ES: 0.16; 95% CI: —0.06, 0.39; n: 12). Therefore, it appears that strength
gain favors older adults. It is unclear whether these findings suggest a physiologic difference
with age or if the difference in strength may partially be explained by an attenuated baseline
strength test due to an inability to maximally produce force under novel conditions such as

Acta Physiologica Hungarica 102, 2015



11

Muscular adaptations to cycle training

(¥S)

ur 09 SIM/P € ¥9) (£9) To0T

0z e | ax (1) su | XewOA %08-0S | ymgI W 212 DlEzZEyO
((29)

uru og IM/Pp € (89) (€€) L661

€C () su S WIH %08-0L M g1 W ‘Te 30 o[ddoy
(8%)

U 6—0€ IM/Pp € (sL) (0$) 0102

<1 L | 1n 81 | OS ¢ | XeWCOA %0L-0S | ym9] W B 19 [[9A0]
su (zh)

91 el AN un G0z mpee | (1L) (L2) 600T

0€ I ! A0 se | 9 (I-)su | WIH %0809 yMZ] | Te 39 1oqrey

(L1) su

(©su | gn (9¢)

(19)su | vII Ut og AM/P € (69) (12) 8661

¥ I (D) su | ead°OA %08-0L | ymT] A Te 19 YonadIa,]
(9¢)

i 00T vV yM/p € (¥9) (1D o102

0C su T ST T | (1-)su CLA %001-08 M 71 W ‘[& 19 210pR)D)
(T9)

ui O4—0¢ IM/P T (89) (L€) ¥00T

— (p)su| 10 11 0S | (0)su | xeurdH %06-0L M 9] W [e 30 op1oInbz]

(8-) su

(¢)su | qIr (9]

(Dsu | eqq ur ()9 AM/p (€9) (22) 9661

9 I (0) su | XewryH %08-0L M9 IN | '[e 10 10udssKor]

3upodd snonunuoy)

(VxXaa) (suorssas)
(%) INAH (TA) VSOJu vSsow SLIPWOS] | dIUD{OS| AT ssew Kouanbaxy | (38V)
x«ENO\v (%) 9718 APSNIA (%) YISUI)S I[ISNIA! Apog Surure.ay, poridg bEN aoyny

S)[NPe IOP[O PAUTENUN UT XeWOA SE [[oM St [3Suans pue ozIs ojosnur uo ururen) SurjoLo Jo s109539 YL 777 2]91L

Acta Physiologica Hungarica 102, 2015



Ozaki H et al.

12

9SBAIOUI JUBOYIUSIS :[S JUBOYIUSIS

jou :su ‘wnwrxew uonnador auo Y ‘Soy 10ddn 11 ‘Anowondiosqe Ker-x AS10uo [enp 1y XHAJ ‘Ssew 9axj-1e) (N ‘TT 2dA T T 9dA) ] ‘SijeIoje] SMISEA (A ‘BdTe [BUOIIOIS
-SSOI0 1S “OWIN[OA J[IsNW A A ‘sSurnswey (H ‘stowdy sdooupenb : 10 ‘enbs 10§ ‘ssaxd 397 : 4T ‘UOISUIX 20Uy (Y ‘SUONN[0AAI [epad Y J ‘WNWIXLW SUOTIN[OAI JATY
‘OAIOSAI el 1Y Y Y H “OFel MBI [BWIXBUW (XBURJH ‘dyeidn udSAX0 [BwIxewW :XBWCOA ‘PIOYSIIY} AIOJB[HUDA PU0IS ET A “IOqY S[OSIUL JJUl “D[ISOUWL (W D[] : ] “O[eW ]\

Ud 8xS1S 7
Y T JO %08 (2)
IS +dd 91xS19S ¢
— IS su Y T30 %0% (1)
IS Ad 8§x5198 §
— IS su N T30 %08
(81)
IS | d1 Ad 9TxS108 § SIM/P € (69) (19) €002
— IS | ax su N T 30 %0F M 91 d [e 30 osn[edry
.\m&NQ
$)9S oUW ¢
(xeuryH
€T %S§L—9) I 4 (99)
(9)su | eI (xeuryH IM/P (€L) (€1) €00T
il I — %S6—S8) uI | M ] W Te 30 Yy
108 xUI 710
(xeurgHq
€l %S6-08) Ul ¢ (zh) (98
(@su | el [(0)su| H (xeuryH IM/Pp € (€4) | “$8) 800T ‘900
0T I |[@su| A0 | €1 |[ad| ¢1 | a9 (z)su | 9g8-¢L) uru [ M pT N Te 30 Kourop
Bupodd (pasapuy
(TL) 92)
(1o U op=g 1 IM/P € A (18) 600T
(9)su su d1 (1) su meNO\./ %09 M T W ‘[e 19 Jassens
(Vxaa) (suo1ssas)
(%) AL (TA) VSOJm vsow JLIJOWIOS] | d1IUIYOS| AT ssew Ksuanbaxy | (38y)
E«ENO\V (%) 3718 IS\ (%) YISUI)S I[ISNIA Apog Surure.ay, poridg bEN Joyny

(u09) 'I17 219]

Acta Physiologica Hungarica 102, 2015



13

Muscular adaptations to cycle training

(s-) (zp)
su | 9H Ui 0¢ Am/p §-T 9seasip (9¢) (1L) 600T
su (1-) su | vxXda (1) su | 93 — meNO\V %0L—S9 M 71 Apouuay| — RCREREINEIE |
(99)
(6)su | 14 Ui 0¢ AM/P € ey (zs) (z¥) 000T
— (or)su | 1S su |9y — xmuamo\v %09-0S M1 1191 O1UOIYD W ‘[B 19 LIONAR[ITY]
(0¢) (L9)
Ut 0g AM/P € d (9%) 8002
i (9)su| g1 — xmu%o\./ %0L=0S | M 2101 oyons W NCREEES
(o)
urw GG AM/P T omrey (zL) (z¢) soo0t
4 € | d1 | — WAH %0L—09 AM T | Weoyomomyd | | [eje AysmoxAeq
20 (9¢)
LT 1 Ut 0g AM/P € amrey d () 661
L1 T 1 — xwu%o\v %01 M g 319y oTUOIYd | N ‘e 32 1[[ouIpIe[og
9SBISIP
0 Areuowynd | (39)
Qoue um O¢ AM/pe 9A1ONNSqO d (69) ¥00T
— (0) su | -podur — JeadyH %08 M 8 OIuoIYd N Te 30 enid
o)
Ui 0g AM/pe | oseasip Koe | (96) (08) 00T
— 9 vxXdada 61 su [ gy | su | 9 — xmummo\v %09~ M g A18U0100 W ‘T8 19 1oUIS
(81 (zp)
Ut 0T /P € d (£9) 600t
() su su [ gy | su | 9 (0) su xmu%o\v %08-0S M9 sIsA[erpowoy wW ‘T8 19 UdSIRg
3u1124> snonuuo))
WA (TA) VSOJw | ornowosy |opoupjosy | AT (suoyssas)
(%) ssewt Kduanbaay (8v)
xxonNO\v (%) 9ZIS APSNIA (%) YISUNS AISNIA! Apog Surure.ay, pordg 193[qng pEIN aoyny

syuoned uT xewWO A SE [[oM Sk [3Suons pue 9zIs 9[osnu uo Jururen) SurjoLo Jo s109§30 YL A7 2/q1L

Acta Physiologica Hungarica 102, 2015



Ozaki H et al.

14

aseaIoul JuedYIUSIS (]S JUBOYIUSIS J0U :SU ‘S19qY

UNIMI-ISE) 11 ‘SI1qY YImI-mols 11§ ‘wnwixew uonnadal ouo (A | ‘Anowondiosqe Aei-x AS10ud [enp 1y XH ‘SSeuwt 2a4-1e) (A ‘I1 2dA1 o] T 2dA) ] ‘sijeIare] smisea (JA
‘BAIB [BUOINI3S-SSOI0 1S ‘Apoq 1omo] :gT ‘ssa1d 9] :J7 ‘Uorsudxa diy :gH ‘UOIXa[ 9ouy : I3 ‘UOISUIXS 23U (Y ‘Propiom yead :yeadp ‘Tomod d1qoIde [ewIXeu :Xew ]
QAIOSA1 3)RI 11BAY Y H ‘el 11eay yead jeadyH ‘Oyerdn uadAxo yead yeadloA Oyeidn udSAXO [BWIXBW IXBWCOA I9qY S[OSNU (JW DOSNUIL W D[BW ] ‘Do A

(xewrq) urw 1 (7)
(xewd %0t) (cL) (¥t
)su || €1 | I urw 7 () AM/Pp € oo o | —07) (81) 800T
01 @su|adA| o1 | I — unu $x9 M T | -eN00TRYD) [ N Te 30 IpueyN [
(eadCOA %SL)
urw g (¢)
(edZOA %05) (o)
| a3 (1) urwr g (1) AM/p p—¢ | oanyrey uedy | (09) (¥1) zoOT TE
(0) su ¢ | gy su uru Of M 71 9A1}SO3U0D W 10 9[[opreseog
1591 :995 ()9 (7)
yeadm 9¢) (19)
N4 T %05 995 0¢ (1) SM/P € aamnyrej d () 1102
8 (Dsu | yXaa 01 | — ut (O~ SM I | Jedg oo | N Te 39 eyonog
3u1podd ppasapuy
(09) AydonsAp
(ty)su| 1M |(2)su|dH (1) U o¢ SM/P G~ Iemosnur | (Zg) (z8) 800T
IS (1) su | yxda | (6e)su | 1 |[(S)su|dy su XeWCOA %59 M ZT Ioyo0g N Te 10 UdIAS
Wad (TA) VSOJw | oupowos] |opoupjosy | AT (suorssas)
(%) ssew Kouanbaxy (38vy)
xnunmo\v (%) 3ZIS PSS (%) [ISUIS AISNIA! Apog Surure.ay, pordg 193[qng pEIN aoyny
(1u00) AT 2191[

Acta Physiologica Hungarica 102, 2015



Muscular adaptations to cycle training 15

exercise (e.g. fear of injury). Meanwhile, in the only study without strength gain after
continuous cycle training, training intensity was constant throughout the training period,
while in the other studies observing significant strength gain gradually increased exercise
training intensity over the training period. This suggests that it is important that workload is
adjusted to maintain sufficient mechanical stress to skeletal muscle.

Patients

Generally, fitness levels are lower in patients compared to healthy adults because of lower
levels of daily activity, which may influence muscle adaptations to cycle training. Therefore,
we will discuss the effect of cycle training on muscle size and strength for patients separately
from healthy adults (Table [V). With respect to the probability of muscle hypertrophy, 2 out
of 4 studies evaluating muscle size have shown muscle fiber hypertrophy of the VL after
continuous cycle training in patients. In patients, muscle hypertrophy following cycle training
appears to be influenced more by the initial value rather than training design variables. Both
type I and type II fiber size significantly increased after 8 weeks of continuous cycle training
even at an exercise intensity of 40% VO,peak (4) but did not change after 12 weeks of cycle
training at 50-60% VO,peak (42) in patients with chronic heart failure. Thus, a longer
training period and a higher exercise intensity do not necessarily contribute to muscle fiber
hypertrophy after continuous cycle training in patients. Meanwhile, with respect to initial
level of muscle size, muscle fiber area was much lower in both studies observing an increase
in muscle size (approximately 2500-4000 pm?) (4, 80) compared to the other 2 studies where
no change in muscle size occurred (approximately 4000-6000 um?) (42, 82). Therefore, it
appears that muscle fiber hypertrophy is observed especially in patients with lower muscle
fiber area. Furthermore, the mean ES tended to be higher in patients (ES: 0.69; 95% CI:
—0.07, 1.44; n: 7) compared to untrained healthy young (ES: 0.40; 95% CI: 0.10, 0.71; n: 18)
and older (ES: 0.28; 95% CI: —0.31, 0.87; n: 4) adults, which may be also related to lower
muscle size for patients compared to healthy adults. Meanwhile, to the best of our knowledge,
there is no study evaluating whole muscle size measured by MRI and CT in patients before
and after cycle training. Future research needs to determine whether cycle training elicits
muscle hypertrophy at the whole muscle level in patients.

Regarding the probability of strength gain, only 1 out of 7 previous studies using
continuous cycle training have shown increased strength in patients, whereas strength gain
was observed in all 3 studies using interval training. Interval cycle training could result in a
greater training stimulus to the exercising muscle because interval training allows patients to
exercise for longer total periods of time at a higher exercise intensity (74). Therefore, it
appears that interval cycle training may be more suitable to improve muscle strength in
patients than continuous cycle training. One of the reasons that significant strength gain is
frequently observed in continuous training for older adults may be the lower initial value of
strength compared to young adults. Thus, even continuous cycle training is likely to induce
significant strength gain for patients because they generally have lower values of strength
compared to untrained healthy adults. However, continuous cycle training does not appear to
be an effective method for strength gain in patients. For example, the mean ES for strength
gain tended to be lower in patients (ES: 0.21; 95% CI: 0.03, 0.39; n: 6) compared to older
adults (ES: 0.49; 95% CI: —0.01, 1.00; n: 4). In contrast to older adults, patients may not
increase strength after continuous training for several reasons. To illustrate, in previous
studies employing patients, the training period, exercise time and intensity were 6—12 weeks,
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20-30 min and 50-80% VO,peak, respectively, which appears to be shorter or lower
compared to untrained healthy subjects. Furthermore, a relative mechanical stimulus to
skeletal muscle might be lower in patients than that in untrained healthy adults even if the
relative exercise intensity (%VO,peak) was the same between both adult groups because
exercise intensity was frequently set using VO,peak measured by an incremental symptom-
limited exercise test. Therefore, a lack of strength gain found after continuous cycle training
for the patients may be related to a lower exercise intensity, shorter training period and shorter
exercise time compared to the studies employing untrained healthy adults.

Possible mechanisms for cycling-induced muscle hypertrophy

In this section, we discuss the possible mechanisms for continuous cycling-induced muscle
hypertrophy due to the insufficient data regarding interval cycling. The following mechanisms
may be common to interval cycling because cycling training can induce muscle hypertrophy
regardless of exercise type as mentioned previously. However, it should be acknowledged
that there may be distinct or subtle differences between continuous and interval cycle exercise.

Muscle activity during pedaling

Numerous studies have reported muscular activation during pedaling using EMG analysis
(19, 54, 76). For example, Ericson et al. (19) have quantified the activation of thigh muscles
during ergometer cycling as recorded by EMG in recreationally-active students. Peak
muscular activation (normalized by EMG recorded during MVC (%MVC)), when performing
cycle exercise at 120 W and 60 rpm, was the following values for each muscle: 12% in RF,
54% in VM, 50% in VL, 12% in BF and 10% in medial hamstring (SM and ST). VM and VL
muscles were especially activated by cycling exercise and corresponded to ~50% MVC.
Meanwhile, Marsh and Martin (54) found that the average %MVC during cycling was
approximately 30% in VL at 200 W and 110 rpm in young non-cyclists. In recent years, it has
been established that a very low exercise intensity such as 30% 1RM can lead to an increase
in myofibrillar protein synthesis when performed repetitively or until volitional failure (9).
Therefore, cycle training that consists of repetitive movements may suffice as a minimum
stimulus required to increase muscle fiber activation high enough to result in favorable
physiologic increases in muscle protein synthesis.

Muscle cell swelling

It is empirically known that a bout of high-intensity cycle exercise induces a temporary increase
in thigh size similar to resistance training, which is likely due to a fluid shift from the plasma
into the muscle cell. According to hypothetical model for cell swelling introduced by Haussinger
(30), cell swelling may affect protein metabolism, gene expression and proteolysis through the
activation of MAPK (49). These acute changes in muscle size are considered an indirect
measure of muscle cell swelling although the possibility of the increase in muscle size induced
by just an increase in interstitial fluid cannot be completely ruled out (49). Ploutz-Snyder et al.
(70) have shown that the CSA of vasti and adductor muscle groups increased 10% and 5%,
respectively, whereas plasma volume decreased immediately after squat exercise and the
reduction of plasma volume was correlated with the increase in muscle CSA. We have
confirmed that muscle thickness significantly increased 8% in RF and VL after a bout of 5 min
pedaling exercise at 90% VO,max (unpublished data), the value of which is not largely different
from that after a bout of resistance training. Therefore, muscle cell swelling may be one of
factors affecting muscle protein metabolism after a bout of cycle exercise.
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Muscle protein synthesis (mTOR and MAPK signaling pathway)

Skeletal muscle hypertrophy results from a prolonged shift of muscle protein turn-over
towards synthesis rather than breakdown (75). The translation of messenger ribonucleic acid
(mRNA) plays a prominent role in protein synthesis following an exposure to exercise stimuli
(43, 61). In translation, the mechanistic target of rapamycin (mTOR) enhances mRNA
translation through the phosphorylation of eukaryotic translation initiation factor 4E binding
protein 1 (4E-BP1) and ribosomal protein S6 kinase 1(S6K1) (8, 9, 16, 17), which in turn
results in an increase in muscle protein synthesis. Several mitogen-activated protein kinase
(MAPK) signaling pathways such as extracellular signal-regulated kinase (ERK) and p38-
MAPK signaling pathways also play an important role in muscle protein synthesis (16, 53).
Some studies have shown that a bout of cycle exercise activated both mTOR (55) and MAPK
(87) signaling pathway as well as muscle protein synthesis (28). However, the magnitude of
increase appears to be smaller for cycle exercise compared to resistance exercise. For
example, S6K1 phosphorylation increased above basal values immediately after both cycle
and resistance exercise (88). However, after 4 hours, S6K1 phosphorylation remained above
basal values only for the resistance exercise (88). Furthermore, one study has shown that
myofibrillar protein synthesis was stimulated over the 4-hour period following resistance
exercise but not after cycle exercise (88). These results suggest that increased myofibrillar
protein synthesis rate after cycle exercise is smaller or slower compared to resistance exercise,
or that cycle exercise may not necessarily stimulate myofibrillar protein synthesis. A smaller
or slower increase in myofibrillar protein synthesis may provide some explanation for why
many training sessions are required for cycle training to induce muscle hypertrophy as
mentioned earlier.

Proteolytic gene expression

In addition to protein synthesis, it is known that three proteolytic systems are involved
in muscle protein degradation: ubiquitin-proteasome system (UPS), cytosolic calcium-
dependent calpain system and the lysosomal system. Among these systems, UPS plays a
prominent role in muscle protein breakdown (3, 38) through the elevated expressions of
muscle-specific ubiquitin ligases: Atrogin-1 and muscle ring finger 1 (MuRF1) (6, 26).
Therefore, it appears that a reduced expression following exercise results in muscle
hypertrophy through a positive change in muscle net protein balance (90). Konopka et al. (27,
44) have shown that 12-week cycle training induced muscle hypertrophy and significantly
reduced mRNA expression of Forkhead transcription factor 3A (FOXO3A) at rest with a
trend for its downstream targets, Atrogin-1 and MuRF1, to also be reduced. Furthermore,
FOXO3A significantly decreased 6 hours after an acute bout of 60-minute cycle exercise
compared to rest (28). Therefore, following a bout of cycle exercise, the reduction of
proteolytic mRNA expression may be another factor contributing to muscle hypertrophy.
However, to better determine the overall contribution of reduced proteolytic systems to
muscle hypertrophy, more research investigating the change in muscle protein degradation
rate following cycle exercise is needed.

Satellite cell

The proliferation of satellite cells may also contribute substantially to muscle hypertrophy
(40, 68). Although muscle fibers have multiple myonuclei, the addition of new myonuclei are
thought to be important for substantial long term increases in human skeletal muscle mass
(31). Satellite cells are ordinarily in a quiescent state but they can increase muscle fiber area
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through differentiation and ultimate fusion with a muscle fiber if they are activated to enter
the cell proliferation cycle when a muscle is injured or subjected to mechanical stress (31).
Charifi et al. (13) and Verney et al. (85) have investigated the effect of cycle training on
muscle size and satellite cells in older men. They demonstrated that cycle training induced a
12-23% increase in type II a fiber area of VL muscle and increased the number of satellite
cells per fiber. However, the number of myonuclei per fiber did not change in either study (13,
85). This is likely because new myonuclei are not required when the magnitude of muscle
fiber hypertrophy does not exceed 26% (40) or a myonuclear domain of ~2000 um? (68).
Therefore, it is likely that levels of muscle hypertrophy induced by cycle training can be
observed independent of changes in myonuclei.

Conclusion

Cycle training appears to be capable of inducing muscle hypertrophy as well as increased
aerobic capacity. However, it is plausible that cycle training requires a longer training period
than typical resistance training until an increase in muscle size can be observed due to a much
slower hypertrophy rate.

Practical applications

Our research suggests that cycle training elicits muscle hypertrophy of the thigh similarly
between healthy untrained young and older adults, while strength gain seems to favor older
adults. Thus, this suggests that improving muscle quality may be higher in older adults than
in young adults. Cycle training is a training mode to produce muscle hypertrophy and strength
gain but may not be the most effective way. Cycle training appears to require a relatively
longer period of time to promote significant increases in muscle size compared to traditional
resistance training. Therefore, trainers and therapists need to select the most suitable training
method based on the preference and purpose of exercise training of their clients. Furthermore,
future research is needed to determine an optimal training design to maximize the hypertrophic
effect and/or strength gain.

Acknowledgement

There was no funding received. No potential conflicts of interest were disclosed.

REFERENCES

1. Allemeier CA, Fry AC, Johnson P, Hikida RS, Hagerman FC, Staron RS: Effects of sprint cycle training on
human skeletal muscle. J. Appl. Physiol. 77, 2385-2390 (1994)

2. Andersen P, Henriksson J: Capillary supply of the quadriceps femoris muscle of man: adaptive response to
exercise. J. Physiol. 270, 677-690 (1977)

3. Baar K, Nader G, Bodine S: Resistance exercise, muscle loading/unloading and the control of muscle mass.
Essays Biochem. 42, 61-74 (2006)

4. Belardinelli R, Georgiou D, Scocco V, Barstow TJ, Purcaro A: Low intensity exercise training in patients with
chronic heart failure. J. Am. Coll. Cardiol. 26, 975-982 (1995)

5. Bell GJ, Syrotuik D, Martin TP, Burnham R, Quinney HA: Effect of concurrent strength and endurance training
on skeletal muscle properties and hormone concentrations in humans. Eur. J. Appl. Physiol. 81, 418-427 (2000)

Acta Physiologica Hungarica 102, 2015



20.

21.

22.

23.

24.

25.

26.

217.

Muscular adaptations to cycle training 19

. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, Poueymirou WT, Panaro FJ, Na E,

Dharmarajan K, Pan ZQ, Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos GD, Glass DJ: Identification of
ubiquitin ligases required for skeletal muscle atrophy. Science 294, 1704—1708 (2001)

. Bouchla A, Karatzanos E, Dimopoulos S, Tasoulis A, Agapitou V, Diakos N, Tseliou E, Terrovitis J, Nanas S:

The addition of strength training to aerobic interval training effects on muscle strength and body composition in
CHEF patients. J. Cardiopulm. Rehabil. Prev. 31, 47-51 (2011)

. Burd NA, Holwerda AM, Selby KC, West DWD, Staples AW, Cain NE, Cashaback JGA, Potvin JR, Baker SK,

Phillips SM: Resistance exercise volume affects myofibrillar protein synthesis and anabolic signalling molecule
phosphorylation in young men. J. Physiol. 588, 3119-3130 (2010)

. Burd NA, West DWD, Staples AW, Atherton PJ, Baker JM, Moore DR, Holwerda AM, Parise G, Rennie MJ,

Baker SK, Phillips SM: Low-load high volume resistance exercise stimulates muscle protein synthesis more
than high-load low volume resistance exercise in young men. Plos One 5, 12033 (2010)

. Busko K, Madej A, Mastalerz A: Changes of muscle torque after sprint and endurance training performed on the

cycle ergometer. Biol. Sport 25, 275-294 (2008)

. Cadore EL, Pinto RS, Lhullier FL, Correa CS, Alberton CL, Pinto SS, Almeida AP, Tartaruga MP, Silva EM,

Kruel LF: Physiological effects of concurrent training in elderly men. Int. J. Sports Med. 31, 689-697 (2010)

. Carter SL, Rennie CD, Hamilton SJ, Tarnopolsky MA: Changes in skeletal muscle in males and females

following endurance training. Can. J. Physiol. Pharmacol. 79, 386-392 (2001)

. Charifi N, Kadi F, Feasson L, Denis C: Effects of endurance training on satellite cell frequency in skeletal

muscle of old men. Muscle Nerve 28, §7-92 (2003)

. Delagardelle C, Feiereisen P, Autier P, Shita R, Krecke R, Beissel J: Strength/endurance training versus

endurance training in congestive heart failure. Med. Sci. Sports Exerc. 34, 18681872 (2002)

. Denis C, Chatard JC, Dormois D, Linossier MT, Geyssant A, Lacour JR: Effects of endurance training on

capillary supply of human skeletal muscle on two age groups (20 and 60 years). J. Physiol. (Paris) 81, 379-383
(1986)

. Drummond MJ, Dreyer HC, Fry CS, Glynn EL, Rasmussen BB: Nutritional and contractile regulation of human

skeletal muscle protein synthesis and mTORC1 signaling. J. Appl. Physiol. 106, 1374-1384 (2009)

. Drummond MJ, Fry CS, Glynn EL, Dreyer HC, Dhanani S, Timmerman KL, Volpi E, Rasmussen BB:

Rapamycin administration in humans blocks the contraction-induced increase in skeletal muscle protein
synthesis. J. Physiol. 587, 1535-1546 (2009)

. El Mhandi L, Millet GY, Calmels P, Richard A, Oullion R, Gautheron V, Feasson L: Benefits of interval-training

on fatigue and functional capacities in Charcot-Marie-Tooth disease. Muscle Nerve 37, 601-610 (2008)

. Ericson MO, Nisell R, Arborelius UP, Ekholm J: Muscular activity during ergometer cycling. Scand. J. Rehabil.

Med. 17, 53-61 (1985)

Farup J, Kjolhede T, Sorensen H, Dalgas U, Moller AB, Vestergaard PF, Ringgaard S, Bojsen-Moller J, Vissing
K: Muscle morphological and strength adaptations to endurance vs. resistance training. J. Strength Cond. Res.
26, 398407 (2012)

Ferketich AK, Kirby TE, Alway SE: Cardiovascular and muscular adaptations to combined endurance and
strength training in elderly women. Acta Physiol. Scand. 164, 259-267 (1998)

Freyssenet D, Berthon P, Denis C, Barthelemy JC, Guezennec CY, Chatard JC: Effect of a 6-week endurance
training programme and branched-chain amino acid supplementation on histomorphometric characteristics of
aged human muscle. Arch. Physiol. Biochem. 104, 157-162 (1996)

Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, Nieman DC, Swain DP: American
College of Sports Medicine position stand. Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for prescribing
exercise. Med. Sci. Sports Exerc. 43, 1334-1359 (2011)

Gollnick PD, Armstrong RB, Saltin B, Saubert CW 4th, Sembrowich WL, Shepherd RE: Effect of training on
enzyme activity and fiber composition of human skeletal muscle. J. Appl. Physiol. 34, 107111 (1973)
Gollnick PD, Armstrong RB, Saubert CW 4th, Piehl K, Saltin B: Enzyme activity and fiber composition in
skeletal muscle of untrained and trained men. J. Appl. Physiol. 33, 312-319 (1972)

Gomes MD, Lecker SH, Jagoe RT, Navon A, Goldberg AL: Atrogin-1, a muscle-specific F-box protein highly
expressed during muscle atrophy. Proc. Natl. Acad. Sci. U. S. A. 98, 14440-14445 (2001)

Harber MP, Konopka AR, Douglass MD, Minchev K, Kaminsky LA, Trappe TA, Trappe S: Aerobic exercise
training improves whole muscle and single myofiber size and function in older women. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 297, R1452-R1459 (2009)

Acta Physiologica Hungarica 102, 2015



20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ozaki H et al.

Harber MP, Konopka AR, Jemiolo B, Trappe SW, Trappe TA, Reidy PT: Muscle protein synthesis and gene
expression during recovery from aerobic exercise in the fasted and fed states. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 299, R1254-R1262 (2010)

Harridge SDR, Bottinelli R, Canepari M, Pellegrino M, Reggiani C, Esbjornsson M, Balsom PD, Saltin B:
Sprint training, in vitro and in vivo muscle function, and myosin heavy chain expression. J. Appl. Physiol. 84,
442-449 (1998)

Haussinger D: The role of cellular hydration in the regulation of cell function. Biochem. J. 313, 697-710 (1996)
Hawke TJ, Garry DJ: Myogenic satellite cells: physiology to molecular biology. J. Appl. Physiol. 91, 534-551
(2001)

Haykowsky M, Vonder Muhll I, Ezekowitz J, Armstrong P: Supervised exercise training improves aerobic
capacity and muscle strength in older women with heart failure. Can. J. Cardiol. 21, 1277-1280 (2005)

Hepple RT, Mackinnon SL, Goodman JM, Thomas SG, Plyley MJ: Resistance and aerobic training in older men:
effects on VO,peak and the capillary supply to skeletal muscle. J. Appl. Physiol. 82, 1305-1310 (1997)
Hoppeler H, Howald H, Conley K, Lindstedt SL, Claassen H, Vock P, Weibel ER: Endurance training in humans:
aerobic capacity and structure of skeletal muscle. J. Appl. Physiol. 59, 320-327 (1985)

Howald H, Hoppeler H, Claassen H, Mathieu O, Straub R: Influences of endurance training on the ultrastructural
composition of the different muscle fiber types in humans. Pfliigers Arch. 403, 369-376 (1985)

Hug F, Marqueste T, Le Fur Y, Cozzone PJ, Grelot L, Bendahan D: Selective training-induced thigh muscles
hypertrophy in professional road cyclists. Eur. J. Appl. Physiol. 97, 591-597 (2006)

Izquierdo M, Ibanez J, Hakkinen K, Kraemer WJ, Larrion JL, Gorostiaga EM: Once weekly combined resistance
and cardiovascular training in healthy older men. Med. Sci. Sports Exerc. 36, 435-443 (2004)

Jackman RW, Kandarian SC: The molecular basis of skeletal muscle atrophy. Am. J. Physiol. Cell Physiol. 287,
(C834-C843 (2004)

Jacobs I, Esbjornsson M, Sylven C, Holm I, Jansson E: Sprint training effects on muscle myoglobin, enzymes,
fiber types, and blood lactate. Med. Sci. Sports Exerc. 19, 368-374 (1987)

Kadi F, Schjerling P, Andersen LL, Charifi N, Madsen JL, Christensen LR, Andersen JL: The effects of heavy
resistance training and detraining on satellite cells in human skeletal muscles. J. Physiol. 558, 1005-1012 (2004)
Kaljumae U, Hanninen O, Airaksinen O: Knee extensor fatigability and strength after bicycle ergometer training.
Arch. Phys. Med. Rehabil. 75, 564-567 (1994)

Kiilavuori K, Naveri H, Salmi T, Harkonen M: The effect of physical training on skeletal muscle in patients with
chronic heart failure. Eur. J. Heart Fail. 2, 53-63 (2000)

Kimball SR, Jefferson LS: Control of translation initiation through integration of signals generated by hormones,
nutrients, and exercise. J. Biol. Chem. 285, 29027-29032 (2010)

Konopka AR, Douglass MD, Kaminsky LA, Jemiolo B, Trappe TA, Trappe S, Harber MP: Molecular adaptations
to aerobic exercise training in skeletal muscle of older women. J. Gerontol. A Biol. Sci. Med. Sci. 65, 1201-1207
(2010)

LaStayo PC, Pierotti DJ, Pifer J, Hoppeler H, Lindstedt SL: Eccentric ergometry: increases in locomotor muscle
size and strength at low training intensities. Am. J. Physiol. Regul. Integr. Comp. Physiol. 278, R1282-R1288
(2000)

Lee MJ, Kilbreath SL, Singh MF, Zeman B, Lord SR, Raymond J, Davis GM: Comparison of effect of aerobic
cycle training and progressive resistance training on walking ability after stroke: A randomized sham exercise-
controlled study. J. Am. Geriatr. Soc. 56, 976-985 (2008)

Linossier M T, Denis C, Dormois D, Geyssant A, Lacour JR: Ergometric and metabolic adaptation to a 5-s sprint
training program. Eur. J. Appl. Physiol. Occup. Physiol. 67, 408—414 (1993)

Linossier MT, Dormois D, Geyssant A, Denis C: Performance and fibre characteristics of human skeletal muscle
during short sprint training and detraining on a cycle ergometer. Eur. J. Appl. Physiol. Occup. Physiol. 75,
491-498 (1997)

Loenneke JP, Fahs CA, Thiebaud RS, Rossow LM, Abe T, Ye X, Kim D, Bemben MG: The acute muscle
swelling effects of blood flow restriction. Acta Physiol. Hung. 99, 400-410 (2012)

Lovell DI, Cuneo R, Gass GC: Can aerobic training improve muscle strength and power in older men? J. Aging
Phys. Act. 18, 14-26 (2010)

Macaluso A, Young A, Gibb KS, Rowe DA, De Vito G: Cycling as a novel approach to resistance training
increases muscle strength, power, and selected functional abilities in healthy older women. J. Appl. Physiol. 95,
2544-2553 (2003)

Acta Physiologica Hungarica 102, 2015



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

71.

Muscular adaptations to cycle training 21

Mackova E, Melichna J, Havlickova L, Placheta Z, Blahova D, Semiginovsky B: Skeletal muscle characteristics
of sprint cyclists and nonathletes. Int. J. Sports Med. 7, 295-297 (1986)

Mahoney SJ, Dempsey JM, Blenis J: Cell signaling in protein synthesis ribosome biogenesis and translation
initiation and elongation. Prog. Mol. Biol. Transl. Sci. 90, 53—-107 (2009)

Marsh AP, Martin PE: The relationship between cadence and lower extremity EMG in cyclists and noncyclists.
Med. Sci. Sports Exerc. 27, 217-225 (1995)

Mascher H, Andersson H, Nilsson PA, Ekblom B, Blomstrand E: Changes in signalling pathways regulating
protein synthesis in human muscle in the recovery period after endurance exercise. Acta Physiol. (Oxf) 191,
67-75 (2007)

McCarthy JP, Agre JC, Graf BK, Pozniak MA, Vailas AC: Compatibility of adaptive responses with combining
strength and endurance training. Med. Sci. Sports Exerc. 27, 429-436 (1995)

McCarthy JP, Pozniak MA, Agre JC: Neuromuscular adaptations to concurrent strength and endurance training.
Med. Sci. Sports Exerc. 34, 511-519 (2002)

Mikkola J, Rusko H, Izquierdo M, Gorostiaga EM, Hakkinen K: Neuromuscular and cardiovascular adaptations
during concurrent strength and endurance training in untrained Men. Int. J. Sports Med. 33, 702-710 (2012)
Millet GY, Lepers R: Alterations of neuromuscular function after prolonged running, cycling and skiing
exercises. Sports Med. 34, 105-116 (2004)

Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L, Baker SK, Phillips SM: Resistance
exercise load does not determine training-mediated hypertrophic gains in young men. J. Appl. Physiol. 113,
71-77 (2012)

Ishii N, Ogasawara R, Kobayashi K, Nakazato K: Roles played by protein metabolism and myogenic progenitor
cells in exercise-induced muscle hypertrophy and their relation to resistance training regimens. Jpn. J. Phys.
Fitness Sports Med. 1, 83-94 (2012)

Nelson AG, Arnall DA, Loy SF, Silvester LJ, Conlee RK: Consequences of combining strength and endurance
training regimens. Phys. Ther. 70, 287-294 (1990)

Okazaki K, Kamijo Y1, Takeno Y, Okumoto T, Masuki S, Nose H: Effects of exercise training on thermoregulatory
responses and blood volume in older men. J. Appl. Physiol. 93, 1630-1637 (2002)

Ozaki H, Loenneke JP, Thiebaud R, Abe T: Resistance training induced increase in VO,max in young and older
subjects. Eur. Rev. Aging Phys. Act. 10, 107-116 (2013)

Ozaki H, Loenneke JP, Thiebaud RS, Stager JM, Abe T: Possibility of leg muscle hypertrophy by ambulation in
older adults: a brief review. Clin. Interv. Aging 8, 369-375 (2013)

Parcell AC, Woolstenhulme MT, Sawyer RD: Structural protein alterations to resistance and endurance cycling
exercise training. J. Strength Cond. Res. 23, 359-365 (2009)

Petersen AC, Leikis MJ, McMahon LP, Kent AB, McKenna MJ: Effects of endurance training on extrarenal
potassium regulation and exercise performance in patients on haemodialysis. Nephrol. Dial. Transplant. 24,
2882-2888 (2009)

Petrella JK, Kim JS, Cross JM, Kosek DJ, Bamman MM: Efficacy of myonuclear addition may explain
differential myofiber growth among resistance-trained young and older men and women. Am. J. Physiol.
Endocrinol. Metab. 291, E937-E946 (2006)

Pitta F, Brunetto AF, Padovani CR, Godoy I: Effects of isolated cycle ergometer training on patients with
moderate-to-severe chronic obstructive pulmonary disease. Respiration 71, 477-483 (2004)

Ploutz-Snyder LL, Convertino VA, Dudley GA: Resistance exercise-induced fluid shifts: change in active
muscle size and plasma volume. Am. J. Physiol. 269, R536-R543 (1995)

Preisler N, Andersen G, Thogersen F, Crone C, Jeppesen TD, Wibrand F, Vissing J: Effect of acrobic training in
patients with spinal and bulbar muscular atrophy (Kennedy disease). Neurology 72, 317-323 (2009)

Putman CT, Xu X, Gillies E, MacLean IM, Bell GJ: Effects of strength, endurance and combined training on
myosin heavy chain content and fibre-type distribution in humans. Eur. J. Appl. Physiol. 92, 376-384 (2004)
Rhea MR: Determining the magnitude of treatment effects in strength training research through the use of the
effect size. J. Strength Cond. Res. 18, 918-920 (2004)

Sabapathy S, Kingsley RA, Schneider DA, Adams L, Morris NR: Continuous and intermittent exercise responses
in individuals with chronic obstructive pulmonary disease. Thorax 59, 1026-1031 (2004)

Sandri M: Signaling in muscle atrophy and hypertrophy. Physiology (Bethesda) 23, 160-170 (2008)

Sarre G, Lepers R, Maffiuletti N, Millet G, Martin A: Influence of cycling cadence on neuromuscular activity of
the knee extensors in humans. Eur. J. Appl. Physiol. 88, 476-479 (2003)

Short KR, Vittone JL, Bigelow ML, Proctor DN, Nair KS: Age and aerobic exercise training effects on whole
body and muscle protein metabolism. Am. J. Physiol. Endocrinol. Metab. 286, E92-E101 (2004)

Acta Physiologica Hungarica 102, 2015



22

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ozaki H et al.

Simoneau JA, Lortie G, Boulay MR, Marcotte M, Thibault MC, Bouchard C: Human skeletal muscle fiber type
alteration with high-intensity intermittent training. Eur. J. Appl. Physiol. Occup. Physiol. 54, 250-253 (1985)
Sleivert GG, Backus RD, Wenger HA: The influence of a strength sprint training sequence on multijoint power
output. Med. Sci. Sports Exerc. 27, 1655-1665 (1995)

Steiner R, Meyer K, Lippuner K, Schmid JP, Saner H, Hoppeler H: Eccentric endurance training in subjects with
coronary artery disease: a novel exercise paradigm in cardiac rehabilitation? Eur. J. Appl. Physiol. 91, 572-578
(2004)

Strasser B, Keinrad M, Haber P, Schobersberger W: Efficacy of systematic endurance and resistance training
on muscle strength and endurance performance in elderly adults — a randomized controlled trial. Wien. Klin.
Wochenschr. 121, 757-764 (2009)

Sveen ML, Jeppesen TD, Hauerslev S, Kober L, Krag TO, Vissing J: Endurance training improves fitness and
strength in patients with Becker muscular dystrophy. Brain 131, 2824-2831 (2008)

Tabata I, Atomi Y, Kanehisa H, Miyashita M: Effect of high-intensity endurance training on isokinetic muscle
power. Eur. J. Appl. Physiol. Occup. Physiol. 60, 254-258 (1990)

Tarnopolsky MA, Rennie CD, Robertshaw HA, Fedak-Tarnopolsky SN, Devries MC, Hamadeh MJ: Influence
of endurance exercise training and sex on intramyocellular lipid and mitochondrial ultrastructure, substrate use,
and mitochondrial enzyme activity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R1271-R1278 (2007)
Verney J, Kadi F, Charifi N, Feasson L, Saafi MA, Castells J, Piehl-Aulin K, Denis C: Effects of combined lower
body endurance and upper body resistance training on the satellite cell pool in elderly subjects. Muscle Nerve
38, 1147-1154 (2008)

Verney J, Kadi F, Saafi MA, Piehl-Aulin K, Denis C: Combined lower body endurance and upper body resistance
training improves performance and health parameters in healthy active elderly. Eur. J. Appl. Physiol. 97, 288~
297 (2006)

Widegren U, Wretman C, Lionikas A, Hedin G, Henriksson J: Influence of exercise intensity on ERK/MAP
kinase signalling in human skeletal muscle. Pfliigers Arch. 441, 317-322 (2000)

Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA, Rennie MJ: Differential
effects of resistance and endurance exercise in the fed state on signalling molecule phosphorylation and protein
synthesis in human muscle. J. Physiol. 586, 3701-3717 (2008)

Wilson JM, Marin PJ, Rhea MR, Wilson SM, Loenneke JP, Anderson JC: Concurrent training: a meta-analysis
examining interference of aerobic and resistance exercises. J. Strength Cond. Res. 26, 2293-2307 (2012)
Zanchi NE, de Siqueira MV, Lira FS, Rosa JC, Yamashita AS, Carvalho CRD, Seelaender M, Lancha AH:
Chronic resistance training decreases MuRF-1 and Atrogin-1 gene expression but does not modify Akt, GSK-3
beta and p70S6K levels in rats. Eur. J. Appl. Physiol. 106, 415-423 (2009)

Acta Physiologica Hungarica 102, 2015



