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Introduction
This study investigates how much volume (amount of weight lifted) is needed to maintain muscle mass and
strength in young and elderly lifters.

Conclusions

Young and elderly individuals can gain a proportionally same amount of muscle with the same training
program.

Detraining leads to reverting back to pre-training muscle levels; however, cutting volume to 1/3 of initial, or
even 1/9 of initial, maintains muscle mass in younger individuals, but not older individuals.

Strength is maintained with detraining, and increases with both limited volume groups.

During training, there is a fiber type switch toward type 2a muscle cells, but when training is stopped or
reduced to 1/9th of initial volume, fibers switch back to type 2x.

Amendments

Study Design & Additional Information

This study had 53 participants of two age brackets - young (20-35 years)
and older (60-75). These participants had no trained in at least 5 years.
They had their muscle size measured by DEXA scan, as well as muscle
biopsies taken, and strength tested by 1 repetition maximum. They all
underwent the same training program - leg press, squat, and leg extension
at 75-80% of their established 1 repetition maximum for 3 sets of 8-12, 3
times a week, with progressive overload (increasing difficulty over the
weeks). The resistance training program was implemented for 16 weeks.
After the 16 weeks, the 53 participants were split into three groups (all
groups containing a mixture of young and older participants) - 1.
detraining, wherein they stopped resistance training entirely; 2. 1/3 of
normal volume, wherein participants trained only once a week at the same
volume in that session (effectively cutting volume to 1/3 for the week); 3.
1/9 volume, wherein participants cut their weekly volume to 1/9th of
normal - so, lifting only once a week, and even then reducing the sets
performed, but maintaining intensity (amount of weight lifted).

Muscle Fiber/Cell Types:

Type 1: Low fatigue, low force output.
Type 2x: High fatigue, high force output.
Type 2a: Middle ground between 1 and 2x.
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iahle th ic options 1o pe-related mobility (5,8.9,14.17). Although we have shown a
loss of skeletal muscle mass (i.e., sarcopenia) and ences in resistance trining (RT}-mediated musele hype

the ensuing physical dysfunction and  reduced phy {favoring the young) (23.24), clearly the myofibers of
quality of remain among the most pressing challenges older adults are malleshle to such training and can regrow
of hiomedicine in our aging society. The efficacy of any i as few as 4 months to reach the size of myofibers in un-
sarcopenia countermensure should be measured by both its trained adults 400 yr and younger (24). Further. as we and
poteney and sustainability. In our view, poteney should be others have shown, voluntary strength, muscle power, and
assessed by the therapy's ability 1o counteract sarcopenia motor unit activation indices (during submaximal weight

ut its Toots—by inducing muscle regrowth—as well s re- bearing tasks) are also largely restored to match the untrvined
storing or, at least substantially improving. muscle function. vyoung after relatively brief periods of RT (6.11,24,32)
OF the countermensures tested o date including pharmaco- Enhancement of muscle function meay in part result from
logie therapies and various modes of exercise training, in- enhanced myofiber functional properties (40) as well as the
Lense resistanc training has consistently shown the putative 1l-to-Ila shift in myofiber-type  distribution—an
highest degree of potency in this context—inducing musele  adaptation we have found 1o be induced by RT with equal
hypertrophy and markedly increasing strength, power, and potency i the old and young (24).

Although potency is established, a major limiting factor
of BT as a therapeutic approach 1o sarcopenia is the second
key ingredient that defines efficacy—sustainability. This is
not a challenge unigue to exercise prescription but one that
challenges the wiility of most all disease therapies, For ex-
ample. medications that “control™ blood pressure or glucose
levels o counteract the untoward consequences of chronic
hypertension or diabetes mellius
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effective form of medical treatment (e, Amencan College
of Sports Medicine's Exercise [s Medicine inttiative), but in
a similar fashion, 5 remains a challenge.

The pos 1 and iomal wd 53

older adults versus that i young. To test the hypothesis, we
randomly assigned individuals to one of three groups after
(hcy completed the 16-wk training program. The detraining’

RT are reversed when training ceases in any population. In
voung men, 12 wk of dewaining afier RT has been shown
o result in significant losses in strength and myofiber size
(10,16). Staron et al. (35) reported that young women had
significant reductions in strength with minimal myofiber
atrephy after 30 wk of detmining. A more
mificant type 11 fi
i followed 3 months of RT (19).
Studies that have used magmetic nesonance maging for the

of whal le cross-sectional area (CSA)
after periods of deteaining in older adults have also con-
firmed sigmficant loss of muscle size in 3 months (1,38),
Harris et al (15) studied the effects of previous training in-
tensity on strength retention in a group of older individuals
who hud trained 2 dwk ™" for 18 wh. They determined that
20 wk of detraining resulted in a 13.53% decrease in strength
regardless of previous training intensity. [n one of the few
direct \nmp urisons in both young and old mdividuals, 31
of d after @ wk of RT resulted in greater st

decrements in n|||L| men and

enl report on

VOmEn

versus young (28}
but no age differences n the of muscle phy
assessed by th 5 On the basis of these
combined data, it remains um_l;ar whether aging influences
the detraining time course after RT. However, rapid reversal
of functional improvements has been noted in oclogenarians
after short-term training and detraining (200,

Perhaps a more significant question that has et 1o be

is that of a mini exercise dose

for the prevention of reversibility after RT in older aduls,
A comprehensive exercise program that continues indefi-
nitely is ideal: however, many individuals will not continue
their imensive program consistently for a prolonged period,
Therefore, identifying the minimum dose needed to pro-
mote sustainability is crucial if RT is to be embraced as a
wviable and broadly applicabl
Trappe et al. (39} demonstrated in ﬁve older men that pre-
seribing a maintenance dose equivalent to one-third of the
Wﬂ?ﬂmmm
clent 1o e size for
6 months compal tve older men who underwent
striet detraining. However, three important issues regard-
mg maintenance dosing efficacy remain: (i) potential age
differences, (i) minimum dosing required, and (i) fiber-
type—specific adaptations,

The purpose of this study was to determine the age-
ic efficacy of two different exercise doses toward the
maintenance of gains in muscle mass, myoliber size, and
voluntary strength, as well as maintenance of the 1x-to-la
shift in myofiber phenotype, induced by a 16-wk period of
an intense, progressive RT in the young and old, We hy-
pothesized that the minimum dose of resistance exercise
required o maintain training adaptations would be greater in

e phise 1 incheded a detminmyz control that ceased
training and two programs that were equal to one-thind or one-
ninth of the weekly dose used 10 induce hypertrophy (24).

METHODS

Subjects. Seventy  adulis  from  the  Birmingham,
Alabama metropolitan area were recruited into two age
groups: 60-75 yr {n = 31, 641 = 0.6 yr) and 20-35 yr
(= 38, 275 £ 0.6 y7). Subjects were free of any muscu-
loskeletal or other disorders that could potentially affect
their ability to complete testing andior RT. Subjects were
ot obese (hody mass index <30 kgm ™) or had any lower
extremity BT experience within the past 5 yr. None of the
participants were being treated with exogenous tesios-
terone or other pharmacological interventions thought o
influence muscle mass. The study was approved by the in-
stitutional review boards of both the University of Alalama at
Birmimgham and the Birmingham Veterams Affairs Medical
Center. Before participation, each subject provided written,
informed consent.

Phase 1: progressive RT (0 = 70). The BT program
that was used has previously been deseribed in detail (24).
Subjects wrained the knee extensors 3 dwk ™' for 16 wk.
Subjects performed a 5-min warm-up on a cycle ergometer

or treadmill before cach training session. BT consisted of

three exercises, including knee extension, leg press, and
squats under the direct supervision of a chnial exercise
physiologist who held current American College of Sports
Medicine-Health Fimess Instructor and National Strength
and Conditioning Association Certified Strength and Con-
ditioning Specialist certifications. Each exercise was per-
formed for three sets of B-12 repetitions using resistance
exercise stations or plate-loaded stations {barbell squats
and lincar 45° leg press). A standardized rest period of 90 s
wias used between sets and each exercise session lasted ap-
proximately 35 min. Initial trainimg loads were based on
T5%-80% of baseline one-repetition maximum  (1RM)
strength, As training progressed, resistance was incremented

when a subject completed 12 repetitions for at least two of

the three todal sets at a given resistance while maintaining
proper form (25). The typical increase in resistance was
2.3 kg for knee extenston, and it was ~5% for leg press and
squat. The goal of this progression was to induce volitional
Tatigue in the 8- 10 12-repetition range for each subject
throughout the traming program. A minimum adherence rate
of B3% was required for participants to remain in the stady,
and andherence averaged approximately 91%,

Phase 2: detraining/maintenance training (n = 56).
Afier the 16-wk RT program, participants were randomized
o one of three groups, Thireen i
completing phase 2 because of a variety of different reasons
(e, relocated out of the area, lost interest, family illness),
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16 weeks of prog i training, then (no training), or attempted to
maintain muscle by using 1/3 of initial volume (amount of total weight lifted) or 1/9th of initial volume.

70 participants, one group was 60-75 years old, and the other group was 20-35 years old.

Trained 3 days a week for 16 weeks.

Exercises performed were knee extension (leg extension), leg press, and squat (so, this is limited to
lower body) under supervision of professional.

They performed 3 sets of 8 to 12 repetitions based on a baseline one repetition maximum and using
75% of that one repetition maximum.

Progressive overload was used over the 16 weeks.

After the aforementioned training for 16 weeks, participants were split into 3 groups (13 participants
dropped out, leaving 57 left, but one was excluded, so results are based on 56)



15 excluded because of
hus, phase 2 results are based on o = 56.
A detraining group (n = 16, 7 young and 9 old) did not
perform any further BT but retumed for biopsies, dual-energy
x-ray absorptiometry (DXA) scans, and strength testing. The
second group performed a volume that was equal 1o one-third
of the initial 16wk program (o = 19, 10 young and 9 old),
This was accomplished by maintaining intensity {SRM 1o
12RM]. number of exercises (knee extension, leg press, and
squas), and number of sets per exercise (three sets) but by
reducing the weekly training frequency by one-third {from
3o 1 dwk ™). The third group performed at a volume that
was equal o one-ninth of the initial program (r = 21, 11

tack of compliance with

(22,24). We previously confinmed primary antibody (Ab)
specificity by immunoblot (24). Briefly, 6-pum sections were
fixed in 3% newtral-buffered formalin followed by a se-
quential series of blocking and primary and secondary
Ab incubations: (i) anti-MHC 1 mouse monoclonal Ab
(NovoCastra Laboratories, Mewcastle, UK: 1:100) and
Alexa 594-conj 1 goat anti fary Ab (Pierce
Biotechnologies, Rockford, IL: 1:2000; {ii) to locate sarco-
lemmae, anti-laminin mouse MAb (NovoCastra Labo-
ratories, RO} and Alexs 488-conjugated goal amtimouse

v Ab (Pierce Bi ies, 1:200); and (iii) anti-
MHC Tla mouse MAD (University of lowa Hybridoma Bank,
lowa City, [A; 1:80) and Alexa 488 conjugmted goat anti-

voung and 10 old). This was
intensity and number of exercises but reducing both the
number of sets per exercise (three sets 1o one set) and weekly
training frequency (from 3 1o | dwk '), Figure | illustrates
the group assignment, phases of training, and time course of
measuTes.

Muscle biopsy and tissue preparation. Muscle bi-
opsies were performed in the Pittman General Clinical Re-
search Center at the University of Alabama at Birmi

mouse ry Ab {Pierce Biotec 1:200). Nuclei
were fevealed by a Hoecsht 33258 DNA counterstain,
High-resolution (48-bat TIFF) fluorescent images wene
captured at 10, and image analysis was performed using
Image-Pro Plus 5.0 software by a single analyst blinded
o age, sex, and time point, Myofiber-type distribution was
determined from %80 + 41 myofibers per sample ot base-
line, 867 = 45 afier waining, 1439 = B8 after 16 wk of
letraining mii and 1450 £ 103 after 32 wk of

Muscle samples were collected from the vastus lateralis
muscle by percutaneous needle biopsy using a S-mm
Bergstrom biopsy needle under suction as previously de-
seribed (7). For the current study, four samples were ob-
tained per subject: baseline, after wraining (16 wk), and
after follow-up pericds of 16 and 32 whk duning phase 2. At
the bedside, visible connective and adipose tissucs were
removed from the sample with the aid of a dissecting mi-
croscope. A portion of the sample to be used for immuno-

i istry was mounted i on cork in
optirmum cutling temperature mounting mediuvm mised with
tragacanth gum, frozen in liquid nitrogen—cooled isopentane
and stored at —80°C.

py. Methods used
for myofiber typing based on MHC isoform immunoreac-
tivity have previously been described by our group in detail

70 participsits enralled
Young. 1=39 =
Okder n=31
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FIGURE 1—Study timeline: Phase 1 = 16 wk of RT. Phase 2 = det;

24

8T/
DXA

detraiming/maintenance. Myofibers positive for MHC T and
negative for MHC Tla were classified as type 1, fibers pos-
itive for MHC 1 and negative for MHC | were classified
as type [, and fibers negative for both MHC 1 and MHC
Tla were classified as type 11X, Myofibers coexpressing more
than one MHC isoform were excluded from analyses.
Myofiber C58A measurements were performed as detailed
elsewhere (21.24),

Voluntary strength. Our 1RM strength assessment
methods have been detailed elsewhere (24.33). Subjects
attended two Familiarzation sessions within § d before |RM
testing for the three training exercises—squat, leg press, and
knee extension. |RM was defined as the highest load lifted
through a full rnge of metion before two failed anempts
at a given load. To accurately compare test performed on
welght-stack and free-weight stations, all tests performed on
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One group detrained (no exercise, at all) - 7 in the young group, 9 in the elderly group.

Second group did 1/3 of the initial volume of the study (at the start of the 16 weeks training) - 10
young, 9 elderly)

Third group did 1/9 of the initial volume of the study.

Volume was adjusted by decreasing from 3 times a week to once a week training while maintaining
intensity, but also decreasing volume further for the third group.

Muscle samples were taken to look at muscle cells, as well as DXA scan to determine full body
muscle maintenance. Strength was also assessed.



resistance exercise stations were converted 1o actual hoads
litted using regression-curve fitting procedures as we have
deseribed (33). 1RM testing was repeated at weeks 8, 16, 20,
24, 28, 32, 40, and 48, During phase 2 (weeks 20-48). 1EM
was determined for leg press and knee extension only.

Thigh lean mass. Lean mass of each thigh (fat and
bone mass excluded) was determined by DXA using a Lunar
Prodigy imodel 8743; GE Lunar Corporation, Madison, W1y
and enCORE 2002 software (version 6.00.029; GE Lunar
Corporation, Madison, W1), Cheality control was conducted
before each session according to manufacturer’s mstrucuons
the coefficient of variation for lean tissue in owr hands is .
Right and left thigh lean masses (TLM) were summed and
used to estimate bilateral specific strength of the knee
extensors as we have done previously (33).

Statistical analysis. A 1oial of 70 subjects completed
phase 1. Fifty-seven subjects went on to complete the ran-
domly assigned, 32-wh phase 2 portion of the study, One of
these subjects was exchaded because of o lack of compliance
with phase 2 detraming, and muscle biopsies were not per-
formed on one subject afier the baseline sample because of
anticoagulant prescription; thus, = 56 for all phase 2 results
except biopsy data (¢ = 55). The combined phase | and
phase 2 analyses involved 248 scheduled muscle biopsies
(155 subjects = 4 samples) + {14 subjects = first two samples
onlyl). We used mean substitution via established methods
as necessary, For example, in 10 (4%) of 248 cases, either
the tissue was not collected (n = 6) or the tissue yield was
not sufficient for histological analysis (v = 4). Phase | results
were analyzed using two factor (time = age group) repeated-
measures ANOVA to assess the effects of age and RT on
muscle mass, fiber-type-specific CSA. fiber-type distribu-
tign, |RM strength, and specific stength, Phase 2 results
were analyzed wsing a three factor (time * age group = phase
2 group) repeated-measures ANOVA to assess the effects of
age and phase 2 group on muscle mass, fber-type-specific
CSA, fiber-type distmbution, 1RM strength, and specific
strength. Significant main time effects and interaction effects
were evaluated prst hoc using Fisher least squares difference
tests. Additional analyses were conducted vin ANCOVA
{covaried for baseline data) to determine whether pretraining

age diffe affected phase | adaptations (strength, muscle
mass, myofiber size). Similar ANCOVA were tested across
phase 2 groups for changes in srength, muscle mass, and
myofiber size with week |6 data serving as covariate, All
statistical analyses were performed using STATISTICA 8.0
(StatSoft, Tulsa, OK). Statistical significance was accepted at
F< 0,05 for all wests,

RESULTS
Phase 1: Progressive RT (16 wk)

At the conclusion of phase 1, our average sdherence wis
1%, and there were no study-related injunies reported by
the participants, Overall, the 3-d-wk ' phase | RT prescrip-

TABLE 1. Phase 1 nmln for syuliter CSA and yze dtibativn, TLM, and ke #5-
fEnsion sirengm (KE

‘Taung |2 = 35) 0l = 31)
Myuiter G54, (um?)
Ty |
Baseine 40 + 181 4587 = 241
16 wh a1« 178 827 « 217
Type N°
aaseing 4393 + 153 3608 + 251
51T + Be" AE36 + 2987
Myuiber type distributon {%)
Toa |
Baseing B0+ 22 3413
16w M2 820
Tre lla
Basebng &5+18 50314
16 Wik 120 B4y
Type lix
[ 18514 W21l
16 wh 2208 1708
TLM® (g}
ine 12429 + 486 10,717 + 832
16wk 12,126 + 508" 19,164 ¢ 573°
Knae exmasion TRM™ (k)
Easeing 547254 36021
duk LIy e
16wk e 2 15 2947

Values am means « SE

* WWithn-groep trairng etiect from bassine | < 0.06).
Wi age effect {P < 0.05].

© Bge groug < ime imaraction (7 0.05).

“ Chasge tram & wk | = 0,08},

Table 1. This table shows the muscle cell (myofiber) size and distribution in young and elderly/old
participants at baseline (before intervention/resistance training), and at the end of the resistance
training program (16 weeks). Type 1 cells tend to be endurance focused; Type 2a tend to be a hybrid
between Type 1 and Type 2x; Type 2x tend to be power/strength focused - low endurance. TLM is
thigh lean mass - overall muscle size.

Results

- Regardless of muscle cell type or age of partici training il muscle cell size.
- In both age groups, there was a slgnmcant shlft in muscle cell type as Type 2x decreased, yet Type

2a increased.

- TLM increased, regardless of age, with resistance training.

_: Resistance training increases muscle size, and changes muscle type distribution.

tion induced the expected age-specific training adaptations,
as shown in Table 1. Main effects of age (P < 0.05) and time
(P = 0.05) were found for TLM. The young gained 5.6%
during the I6-wk training program, whereas the old gained
4.2%. Type 1l myofibers were larger among the young
(vs old; main age effect, P < 0.005), whereas type | CSA
did not differ by age. There was a significant group = time
interaction for type Il myofiber CSA (P < 0L03), On average,
type || myofiber CSA ingreased 37% (7 < 0.01) and 28%
(7 < 001}y in young and older pamicipants, respectively.
There was no significant group = fime interaction for
type | myofiber C8A, but & significant main time effect for
tvpe 1 fiber CS5A was found, and on average, type | myofiber
C8A increased 22% and 14% in young and older subjects.
Myofiber-type distribution was nearly identical in the two
age groups before training. and training adaptations were not
different in the old and young (no age group = time inter-
wetionsh. There was no significant alteration in type | fiber
distribution for either age group. Tvpe lla distribution in-
creased in both age groups (P < 0,017 with a concomitant
decrease in wype lx distribution (F < 001, Knee exten-
sion |RM strength improved in both age groups during
phase | (P < 0L.001), The majority of strength gains were
wehieved during the first 8 wk. For example, by week 8 |EM
improved 27% in both the young and old, with additional
increases of 1% and 9%, respectively, from week 8 1o 16,
There was an expected overnll age difference in |EM
strength (P < 0.001) because the young were 45% stronger
before training, Despite similar relative strength gains in
the two age groups, an age = fime interaction (7 < 0.001)
was noted because the old achieved strength levels by
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Sand 16 wk that were no longer significantly different from
the young at baseline. Vin ANCOVA (covaried across
age), adjusted means before training for TLM, type [ CSA,
amd TRM strength were 11,671 g 4018 um®, and 46.6 kg,
respectively. With these serving as covariate, no age dif-
ferences were noted (P> 0.035) after wraining-induced
gains in TLM {week 16 LS-adjusted means + SE: young =
341+ 102 g obd = 12,154 £ 115 g) or IRM strength
(week 16 LS-adjusted means + SE: young = 66.2 + 1.7 kg;
old = 64,1 = 1.9 kgh, On the other hand, age groups differed
(P = (.03} in type 11 myofiber CSA afier truining (week 16
LS-adjusted means + SE: young = 5621 = 183 iy old =
5022 = 210 pam®), consistent with the age = time interaction
vin ANOWVA,

Phase 2 Detraining or Maintenance Training (32 wk)

TLM. We found a significant time = phase 2 group in-
teraction (P < 001} for TLM bat no significant three-way
mteraction with age in the model. TLM results (Table 2)
focus on phase 2 group assignments imespective of age;
however, data by age group are also displayed for di i

Voluntary strength. We found o significant time =
phase 2 group interaction {F < 0,001} for both knee exten-
sor strength and leg press, indicating that voluntary strength
changed differentially among the three phase 2 teatments.
There was no age = time « phase 2 group interaction sig-
nifying that age had no effect during phase 2 on strength
performance, Phase 2 group resulls were similar For knee
extension and leg press strength data; thus, for elarity of data
presentation, post koc analyses are presented for knee ex-
tension strength and all age groups are shown for discussion
purposes (Table 2). Post fioc analyses of knee extension
strength revealed a small strength loss of 7% after 32 wk
of detraining (P < 0.05), although strength remained 23%
above baseline (7 = 0.001). On the other hand, both main-
tenance prescriptions preserved IRM strength and even
improved strength above the phase 1 gains by 7% 8% after
phase 2 (# < 0.01). When using week 16 knee extensor
TRM data as the covariate, significant (P < 0,03) differences
persisted at week 48 among phase 2 proup assignments
within each age group.

purposes. Subjects assigned 1o the detraining group gaimed
4.8% (P < 0.001) TLM during phase | and, within the first
& wk of phase 2, lost most all of the gain (P < 0.01). Subjects
ussigned to the one-nimth muintenance prescription gained
6.2% (P < 0.001) TLM during phase 1, and at cach subse-
quent phase 2 time point, TLM remained elevated above
baseline (< 0.001) however, TLM started o dechne af-
ter 16 wk of phase 2 (P = 0.05). Parti i

size. Myofiber size resulis are presented in
Figure 2. We found a significant time = phase 2 group
interaction (P < 0.005), indicating differential changes in
mean fiber area {(MFA} among the three randemly assigned
trestments during phase 2. The mduction of hypertrophy
during phase 1 {# < 0.01) reversed in the detraining group
hecause MFA was no longer different from baseline at both
phase 2 sampling time points. Throughout phase 2, both

to the higher ene-third maintenance dose incressed TLM
5.1% dunng phase 1 (F = 0001} and mamtaned TLM
above baseline throughout phase 2 (P < 0L05). When using
week 16 TLM data as the covariate, significant {7 = (LO5)
differences persisted at week 48 ameng phase 2 group
assignments within cach age group.

p preserved the larger myofibers
attained in phase 1, To further explore the differential effects
of phuse 2 treatment on myofiber size, we analyzed the
sizes of the two primary fiber types (1 and 11 Type 11
C8A results generally followed the patiems for MFA. For
example, a significant time = phase 2 group interuction
0 < 0005} was also noted with the type 11 population. In

TABLE 2 Phase 2 resuts fur TUM and KE 1RM fur delraining (0T}, ure-sinh, and one-thrd maisteance prscriptions.

Bissling duk 16w 0w . 6w 32w 0wk 46 Wk
LM ig)

iy 12,145 + 30 12268 - 675 12164 - 6647 11,080 + 6387
Yowg 138+ 86 12216 + 1021° 12908 - $4° 12826 + 920
] 19,443 + 972 1531 = 876° 1515 = 879 11,067 = 3177

One-ninth 11,482 « 679 11,872 « 738° 11884 = 1135 11418 « 7305
Yoy 11582 832 12416 = 1035 12,385 « 1032 12345 ¢ 1000
o 11209 « 1041 1146t = 9073 11,351 + 1004° 11459 = 9104

Dae-im 11646 = 744 12032 + 333° 115848 = 305° 12089 = E11°
Yong 12,882 - 084 12,365 = 1180° 18204 - 1084 13500 « 1101°
i) 10272 + 967 10561 + 1050 L4 = 1072 AR - 1058

KE 1RM* {kg]

or LIS F Y B1.3 =45 B34 =486 2852 588 =47
Young b6+ 63 8.8 ICE RN A 164 - mo e
0] 406+ 32 2348 SE-47 2147 500 - 46

Dag-ninh %036 BRD:55'  E00:50"  E01=57 07 = 60
Young 3T =30 [ FEE 804 - 35%
i} SE-ER  S66-72  SA0-A0° S8 - 5"

Dne-sind 5058 RRA AR 67062 12063 ETEEd 01 ¢ 6™
g Mo=TE G TE [EESE TR S - E R P TR
] 4388 494 - 58" ®8rast 482807 @p-ay 48882 500 - 53" 2387

Vahses are meens + SE

AT < phesa 7 group Imaraction (< 005]

* Diftesers from hasaline within group {# = 006},
¥ Differant feom week 16 within groep (P < 0.08).
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FIGURE 1 —Myafiber CSA by phase 2 growp. A-C. MFA. D-F. Type 11 fiber CSA. G-1 Type | fiber CSA, *Different from baselime (7 < 0.05)

tDifferemt from week 16 (P < 0.05).

Figure 2: The researchers are showing, graphically, what is shown numerically in
Table 2. The furthest left bars are at baseline (pre-training); the second furthest to the
left are after 16 weeks of resistance training; the second to the right are bars after 32
weeks from baseline (aka, 16 weeks either detrained, 1/3 volume, or 1/9 volume); the
furthest right is 48 weeks (aka, 32 weeks either detrained, 1/3 volume, or 1/9 volume).
The grey bar is the young participants (20-35 years), and the white bar is the elderly
(60-75 years). The line is a combination of both. * is a significant difference compared
to the baseline; ¢ is a significant difference compared to the 16 weeks resistance
training. MFA: Mean Fiber Area (Average Muscle Cell Size); Type I: Endurance
focused muscle cells; Type II: Strength focused muscle cells. Myofiber CSA: Muscle
cell cross sectional area (size).

Results:

- With detraining, overall type Il (likely driven by younger participants) muscle cell size
decreased over time. The same effect was seen in Type I, but not for elderly.

- With 1/3 volume, at 32 weeks, type Il muscle cell size increased, even above the
regular resistance training protocol, in younger participants - decreased in elderly back
to baseline (pre-training).

- With 1/9 volume, muscle cell size (Type | or Il) decreased in the elderly group back to
baseline, but increased with young.

_: Stopping resistance training altogether reduces muscle cell size in both
age groups. However, doing 1/3 or 1/9th of original volume (doing some resistance
training) maintained muscle mass in young, but not older population.

the detraining group, the induction of tvpe 11 hypertrophy
during phase | (P = 001} reversed afier only 16 wk of
detraining. whereas both maintenance prescriptions proved
effective at maintaining the degree of 1 h

young only—MFA remapined above

found in phase |, For type | myofibers, we found only a
main eftect of time (7 < 0001 ); yet much like the findings
for type 11 CSA, detraining resulted in reversal of tvpe 1
myofiber iypentrophy. Type [ CSA was essentially not dif-
ferent from pretraining levels at the two phase 2 sampling
time paints within the detraining group, whereas both main-
tenance prescriptions generally preserved the enlarged type |
C3A throughout phase 2.

The effect of age on detraing
outeormes was lested vin three-
group = phase 2 group). There was o significant three-way
interaction for MFA (P < 0.05). indicating that the two age
groups responded  differenmtly 10 the randomly assigned

. This th Y mteraction was driven
by age differences in the efficacy of the two tested mainte-

and maintenance training

I hout phase 2 for both
Bl Unespectedly, we found a dose response for continued
myofiber hypertrophy among the young dunng phose 2,
wherehy the one-third maintenance program actually indoced
further hypertrophy during the first 16 wk of phase 2 (P <
[L05). In ontrast, among older subjects, the training-mdeced
myofiber hypertrophy was lost by the first sampling time
point during : 2 for both tested maintenance pre-
scriptions—MFA among the old was mot different from
haseline after 16 or 32 wk of attempted maintenance training.
These age-specific changes in MFA durmg phase 2 seemed 10
be largely diven by changes in the swes of tvpe 11 myofibers
(statistical results identical with MFA; Figs. 2A-F). Aler-
ations in type | myofiber sice were less robust throughout
both phases | and 2. but similar to type 11 CSA, preservation
of gains during attemnpted maintenance training was evident
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| previ- type distribution. Muscle fiber composition
changed similarly in the young and older groups during (hn

only among the young (Figs. 2G-1). /
ously, the myofiber CSA of young and old participants
resporded differently to the RT prescription in phase 1. and 48-wk study (Fig. 3). There were significant time x phas
there was a significant effect of age on type 1l myofiber CSA group interactions for type lla and llx myofiber distribution
as a result of phase 2. When using type Il myofiber CSA at (P < 0.01), whereas no changes in type | myofiber distribu-
week 16 as the covariate within each age group, significant tion were noted. The typical RT-induced Tix-to-1la myofiber-
(P < 0.05) differences between phase 2 treatment groups at  type shift found after phase 1 was fully reversed during
week 48 were found for the young only. d g (Fig. 3A). The d of type Ilx iby
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FIGURE 3—Type Ha and 11y myofiber percent distribution by phase 2 group. Representative nohistological images from each time point
are presented oa the right (copper, type I: green, type 1la: negative or dark, type 11 ). *Different from baseline (P < 0.05). *Different from week 16
(P < 0.0%5). §Different from week 32 (P < 0L0%).
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Flg ure 3: This figure shows the proportional amount of type lla muscle cells compared to type 11
muscle cells in a slice of muscle at baseline (pre-training - week 0), then again after 16 weeks of training,
and again after either detraining (stopping training entirely), switching to 1/3 volume (amount of lifting), or 1/9
volume for an additional 16 weeks (32 week mark) and 32 weeks (48 week mark). Cells are stained green
for Type lla and dark for Type IIx. * is significant difference compared to baseline (week 0).

Results:

- Type 2a muscle cells increased and type 2x decreased after detraining (back to baseline).

- 1/3rd volume preserved muscle adaptations of increasing type 2a muscle cells acquired from training.
- 1/9 volume maintained increased type 2a muscle cells and lower type 2x muscle cells compared to
baseline, but not compared to at the 16 week mark of training.

Not training at all for 8 months leads to a fiber (muscle cell) type switch from 2a to 2x -
this is also seen with type 1/9 volume, although the effect is slower. This effect is not seen with the 1/3
volume condition.




was higher than after trmiming o1 both phase 2 time points

0P = 0.05) and had fully returned to baseline by the end of
phase 2. Among these detraining subjects, the data for tvpe
Mla distribution were essentially the mirmor opposite of type
1% across both phases of the project. The one-third volume
maintenance prescription generally preserved the Hx-to-lla
shifl (Fig. 3C), whereas the lower maintenance dose of one-
ninth the volume resulted in a partial shifi reversal as statis-

tcally detected for tpe llx myofibers at the midpomt of
phase 2 {F < 0.05) and for type lla myofibers by the end of
phase 2 (P < 0.05) {Fig. 38).

Specific strength. To estimute specific strength, we
analyzed the 1RM knee extension (kgh-to-TLM (kg) ratio
and found main effects of age (P < 0.001), time (P < 0001,
and  significant time = phase 2 group intersction (F < 0001,
As shown in Figure 4. specific strength remained elevated
above baseling (P < 0.001) throughout phase 2, regard-
hess of the plleM 2 group assignment, Furthermore, both

e ions resulted in additional
(P = D.05) in specific strength during phase 2 with a noted
dose nesponse,

DISCUSSION

To our knowledge, this is the first study to evaluate the
dose response efficacy of different prescriptions aimed 1o
muin .:m progressive RI adaptations, along with potential

in re redg| . The primary
is study was that a once-per-week exercise dose
was generally sufficient to maintaim positive neuromuscular
adaptations; vet age-specific differences were observed in
the required minimum dose for maintenance of muscle size.
A clenr dose response was evident among the young be-
cause one-third volume maintenance dosing led o continued
myofiber hypertrophy and strength gains, whereas one-ninth
volume effectively mamntained improvements in contrast
to strict detraining. Among the old. neither prescription was
sufficient o maintain the gains in muscle size, but strength
= were largely retained by both prescriptions.

i
g

GURE 4—Speeific sreagth estimates by phase 2 group deternsined
v af TRM Kiee extemsion (kgh o TLM kel *Diferent Tram
beaseline (P < BAS). FNiMerent from week 16 (0P < 0,05, $Dilerent from
week 24, Datted fine indicates pretruining specific strength of the un-
trubned young.

o 13 volums dose

2
Weeks

F = Specfic strength (kg 1RMg thigh lean mass) (3 Specific strength (kg 1FMkg thiph lean mass) 00 Speciic strengtn (kg 1RMAg thigh lean mass) =

A dcm. response was also noted (irespective of age) in the
Joading dose required 1o prevent reversal of the 1lx-to-la
myofiber-type shift because only the one-thind dose pre-
vented reversal. Despite apparent age differences in main-
tenance dose requirements Tor some variables of interest, i
15 important to emphasize that older adults achieved and
cnerally maintained voluntary maximum strength levels
similar 1o the untrained young.

Our phase 1 progressive BT program had the desired ef-
fect on the measurements of interest: increased muscle mass,
increased myofiber size with preferential type 11 hypertro-
phy 1lx-to-Ila myofiber-type shift, and gaims in voluntary
strength. As expected. the magnitudes of improvement in
myafiber size and strength among the young exceeded gains
mn the old. These findings are consistent with previous
studies from our laboratory (3,24) and others (9.13,39.41).
Ape differences persisted even when using baseline type 11
myofiber C54 ovanite, further supporting a significant
effect of age on the myofiber response w0 RT. Cur pri-

miary interest in this study was not o determine whether we
could evoke typical changes in skeletal muscle after RT but
o begin o the optimal training volumes necessary

woretain these benefits, p«rm.ulurl\- among older adulis,
during periods of reduced exer requency. Clearly, it is
in the best interest of all adults w adopt progressive RT as a
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Figure 4: The researchers are showing the change in muscle strength with training
and then the conditions afterward (detraining, etc.). The furthest left bars are at
baseline (pre-training); the second furthest to the left are after 16 weeks of resistance
training; the second to the right are bars after 24 weeks from baseline (aka, 8 weeks
either detrained, 1/3 volume, or 1/9 volume); the furthest right is 48 weeks (aka, 32
weeks either detrained, 1/3 volume, or 1/9 volume). The grey bar is the young
participants (20-35 years), and the white bar is the elderly (60-75 years). The line is a
combination of both. * is a significant difference compared to the baseline; + is a
significant difference compared to the 16 weeks resistance training. Higher bars
means more strength.

Results:

- Detraining did not change muscle strength.

- 1/3 volume increased muscle strength compared to 16 weeks training.

- 1/9 volume increased muscle strength compared to the 16 weeks training.

: Detraining for 8 months does not impact strength, but lowering volume
only (1/3 or 1/9 of original volume) does improve strength.



major component of a regular weekly exercise regimen,
The intent of the current study was not to identify a main-
tenance dose 10 be implemented indefinitely; rather, during
defined periods (e, o few weeks) when exercise frequency
is difficult to sustain (e.g.. extended wavel, family illness).
Therefore, we felt it important to provide insight as to the

lapiations and 1o

of both myofiber size and whole limb muscle mass in the
voung and old.

The combined results shown in Table 2 and Figure 4
clearly demonstrate that maintenance of strength during
detruining is, for the most part, not dependent on mainte-
nance of muscle mass. Both the voung and old retained

dosing necessary 1o m@intain positive adap
assess whether differences exist between young and older
individuals.

It s widely recognized that exercise training adapta-
tions are reversed with cessation of training. Depending on
the mode of training and the outcome variablel(s) of inter-
est, reversibility may be rapid (e, days) o deliyved (e,
months). Our detruining strength data are consistent with
others who Tave investigated the effects of detraining on
muscle strength and siee in older adultis. Most studies
suggest that declines in strength associated with detraining
oceur slower than the gains received from RT. For exam-
ple, Tuaffe et al. (36) reported a 68% mcrease in knee ex-
tension strength after 24 wk of training but only a 22%
decrease after 24 wk of detraining. Knee extensor strength
remained 32% greater than baseline even after a 24-wk
detraining phase. A similar siudy was conducted by Ivey
etal. (18], reporting strength gains in older adulis of ~30%
after a Y-wk RT program, whereas 31 wk of detraining re-
sulted in only a 13% decrease in strength. Again, strength
remained significantly higher than baseline measures after
the detraining phase. Our older group had a 36% increase
in strength after 16 wk of RT. which significantly decreased
after 32 wk of detraining, but was still 23% greater than
baseline {Table 2). Thus, most studies sugpest that strength
can be ficantly increased with traditional RT programs
and that these strength gains are realized for several months
even after training ceases. The maintenance prescriptions
that were used | dwk ™" in this study were sufficient 1o
maintain strength in both age growps, and in fat, the young
continued 10 increase strength above phase | levels.

Strength gains during training are due to both skeletal

i i specific strength throughout
N le mass fe.g.. imp

motor unit activation, better coordination of agonisis, and/or
inhibition of antagonists [12]) that affect stength perfor-
mance obviously persist much longer than what seems to
be relatively transient muscle hypertrophy. Previous re-
ports have shown that both middle-age and older adults
demonstrate large increases in strength (35%-65%) despite
bheing accompanied by only modest hypertraphy (2% 10%)
(120, suggesting a disconnest between muscle growth and
strength gains. Therefore, we should not be altogether sur-
prised when @ similar pattern appears in reverse during
detruining. A recent study by Kubo et al. (27) demonstrates
that improvements in strength, metor unit activation level,
amd EMG levels during max contractions last for at least
3 months of detraining m young sdults. We are not aware
of any studies that have systematically investigated the
time course of the loss of non—muscle mass adaptations for
longer periods, but as previously mentioned, Ivey et al. (18)
report strength gains persisting afier 31 wk of detraining in
hoth young and older adults consistent with our findings.
We do need to recognize that a possible contribution to
the persistent increase in specific strength in our study may
have been related 1o the strength testing that occurred every
48 wh during phase 2. From a clinical perspective, it is
important to point out that the older adults assigned to
detraining maintained a specific sirength above pretraining
young subjects throughout the & months of detraining (see
dotted line, Fig. 4} Just 16 wk of heavy RT improves the
nenromuscular function of elder adults o such a degree that
they continue to perform similar to younger untrained sub-
Jjects even afier a period of detraining. This has obvious im-

musele hyy phy and Te mass adaptations (26),
Most of the studies on detraining in older adults have fo-
cused on strength gains/losses, whereas data on muscle
mass changes are more limited. Ivey et al. (18) reported on
muscle volume adaptations owing to 31 wk of detraining in
wvoung and older individuals. All of their groups {voung
and older males and females) increased muscle volume
after BT; however, 31 wk of detraining returned all groups,
except young men, to baseline levels. Others have reported
similar declines in whole muscle size measured by magnetic
resonance imaging in younger participants (1), Taaffe and
Marcus (37) investigated the specific musele fiber adapta-
tions ina small group of elder male subjects (r = Thafler a
24-wk RT program followed by 12 wk of detraining. They
reported  significant hypertrophy of both tvpe 1 and 11
musele fibers (17% and 26%, respectively), which retumed
to baseline after the 12-whk detraining phase. To our knowl-
edge, we are the first o repont congruent detraining losses

plications for ambulatory function and may also favorably
afficet risk of falls.

The primary ohjective of this trial was to assess the dose
response efficacy of two differem maintenance prescriptions.
Trappe et al. (39) provide some of the only data on the ef-
fects of both detraining and exercise maintenance on muscle
strengih and size in older men, They reported that 24 wk of
detraming resulted in an 11% decrease in 1RM with a 5%
decrease in whole muscle size as measured by computed
tomography, However, tmining st one-third of the weekly
volume for 24 wh was sufficent 0 maintain both TRM
strength and whole-thigh CSA. Our data funther expanded
on the work of Trappe et al, (39 by including a young
companison group. o one-nimth weekly volume group, as well
a5 specific myofiber data. Our data are the first 1o suggest
thit older adults requine more sets per week than younger
individuals 1o maintain hypertrophy. Interestingly, within the
young cohort, there was a clear dose response effect to the
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phise 2 programs; ene-thind volume resulied in further hy-

¥ inth volume maintai size, and i
I'BII|IL‘d in myofiber amophy. The dose response was not
evident in the older group because netther phase 2 preserip-
tion maintai the myofiber hy induced by 16 wk
of RT. These findings are further supporied by wsing week
16 myofiber CSA as a covariale,

The Ilx-to-Ila shift in myofiber type is a well-recognized
adaptation to RT (34) that occurs early in a program and is
detectable before myofiber hypertrophy. This shift is typi-
cally considered favorable for fatigue resi and we

of the present human ﬁnd\ngs. twould be of gret value in

future studies to the for
MHC shift reversal even i lhl: presence of myofiber size
iom during training.

Concluslons and diical implications. The conse-
quences of sarcopenia—a major cause of physical frailty—are
great and increasing each year as the obder population con-
tinues to expand at a high rate. Our findings and those of
others strongly support RT as a primary intervention sirat-
epy 1o reduce the dbk,l rious elfects of sarcopenia, We hive

have found the shift with equal potency in the young and old
i the current study and in previous studies (4,24) The time
course of shift reversal with detraining, and dose require-
ments for maintenance, on the other hand, is less clear. Dur-
g detraining in the cument study, approximately half of the
shiff reversed by 16 wk, and complete reversal was noted by
32 wh, with no age differences, We show a dose response
whereby the one-thind muntenance dose fully maintained
the shift, whereas partial reversal was noted with one-ninth
maintenance, This partial shift reversal with the one-ninth
dose occurred imespective of whether type 1l myofiber hy-
pertrophy was maintained (young) or lost (old). The plasticity
of myosin heavy chain isoform expression in response o al-
tered loading s 1 complex phenomenon with multiple levels
of regulation (2). Recent work from the Baldwin laboratory
has begun 1o reveal key promoter elements (29) and epige-
netic isms {e.g., histone (31) that in-
fluence transcriptional activities of the MHC genes. In light
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