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ABSTRACT
Dynamic resistance exercise (DRT) might be the most promising agent for fighting sarcopenia in older people. However, the positive
effect of DRT on osteopenia/osteoporosis in men has still to be confirmed. To evaluate the effect of low-volume/high-intensity (HIT)-
DRT on bone mineral density (BMD) and skeletal muscle mass index (SMI) in men with osteosarcopenia, we initiated the Franconian
Osteopenia and Sarcopenia Trial (FrOST). Forty-three sedentary community-dwelling older men (aged 73 to 91 years) with osteope-
nia/osteoporosis and SMI-based sarcopenia were randomly assigned to a HIT-RT exercise group (EG; n = 21) or a control group (CG;
n = 22). HIT-RT provided a progressive, periodized single-set DRT on machines with high intensity, effort, and velocity twice a week,
while CG maintained their lifestyle. Both groups were adequately supplemented with whey protein, vitamin D, and calcium. Primary
study endpoint was integral lumbar spine (LS) BMD as determined by quantitative computed tomography. Core secondary study
endpoint was SMI as determined by dual-energy X-ray absorptiometry. Additional study endpoints were BMD at the total hip and
maximum isokinetic hip−/leg-extensor strength (leg press). After 12 months of exercise, LS-BMD was maintained in the EG and
decreased significantly in the CG, resulting in significant between-group differences (p < 0.001; standardized mean difference
[SMD] = 0.90). In parallel, SMI increased significantly in the EG and decreased significantly in the CG (p < 0.001; SMD = 1.95). Total
hip BMD changes did not differ significantly between the groups (p = 0.064; SMD = 0.65), whereas changes in maximum hip−/leg-
extensor strength were much more prominent (p < 0.001; SMD = 1.92) in the EG. Considering dropout (n = 2), attendance rate
(95%), and unintended side effects/injuries (n = 0), we believe our HIT-RT protocol to be feasible, attractive, and safe. In summary,
we conclude that our combined low-threshold HIT-RT/protein/vitamin D/calcium intervention was feasible, safe, and effective for
tackling sarcopenia and osteopenia/osteoporosis in older men with osteosarcopenia. © 2020 The Authors. Journal of Bone and Min-
eral Research published by American Society for Bone and Mineral Research.
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Introduction

Physiologically, muscles and bones are regarded as “neigh-
bors with close relationships”(1) or even “Siamese twins.”(2)

In fact, the development and maintenance of bone and muscle

are largely parallel.(2) The term “sarco-osteopenia,” or more com-
monly “osteosarcopenia,”(3) designates the simultaneous pres-
ence of sarcopenia and osteopenia.(4)

Themost effective sarcopenia therapymight be (dynamic) resis-
tance exercise (DRT).(5) In parallel, there is considerable evidence
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for a positive effect of dedicated exercise on bone mineral density
(BMD)(6) and fragility fractures,(7,8) albeit only for postmenopausal
women. In contrast, few exercise studies have focused on male
cohorts, with about half of them applying DRT protocols (reviewed
in Kemmler and colleagues(9)). Summing up their osteogenic
findings,(9) the evidence for a relevant effect on BMD was low to
negligible, particularly for isolated DRT protocols. However, review-
ing these exercise trials, frequent limitations of the study and/or
DRT protocols (eg, short study duration, low exercise intensity,
low training frequency/low attendance rate, no progression/varia-
tion/periodization of theDRT, no supervision, and inadequate BMD
assessments) might have diluted the true effect of DRT-type exer-
cise on bone. Apart from the lack of studies in men and the appli-
cation of state-of-the-art DRT protocols, another rationale for the
present study was that no previous study has focused on the vul-
nerable cohort of people with osteosarcopenia.

Thus, the aim of this study was to validate the effect of a state-
of-the-art DRT on recognized parameters of sarcopenia and oste-
oporosis in older men with osteosarcopenia.

Our primary hypothesis was that, based on adequate supple-
mentation of protein, calcium, and vitamin D, isolated resistance
exercise training has a significantly positive effect on BMD at the
lumbar spine (LS) as determined by quantitative computed
tomography (QCT) in older, community-dwelling (cdw)menwith
osteosarcopenia compared with a non-exercising control group.

Our core secondary hypothesis was that isolated DRT has a
significantly positive effect on skeletal muscle mass index (SMI)
as determined by dual-energy X-ray absorptiometry (DXA) in
older, cdw men with osteosarcopenia compared with a non-
training control group.

Other secondary hypotheses were that isolated DRT has a sig-
nificantly positive effect on (i) BMD at the total hip region of
interest (ROI) as determined by DXA and (ii) maximum dynamic
hip- and leg-extensor strength as determined by an isokinetic
leg press in older, cdwmenwith osteosarcopenia comparedwith
a control group.

Materials and Methods

FrOST study

The FrOST (Franconian Osteopenia and Sarcopenia Trial) is an
ongoing 18-month clinical exercise study with a randomized
and balanced parallel group design. The project focuses on the
effect of DRT on parameters characterizing osteopenia and
sarcopenia in cdwmen aged 72 years and older with osteosarco-
penia. The Institute of Medical Physics (IMP), University of
Erlangen-Nürnberg (FAU), Germany, initiated the project that
was approved by the FAU ethics committee (number 67_15b
and 4464b) and the federal bureau of radiation protection (BfS,
number Z 5–2246212 - 2017-002). The project fully complies with
the Helsinki Declaration.(10) All study participants gave their
written informed consent after receiving detailed information.
Project registration was conducted under ClinicalTrials.gov:
NCT03453463. The present publication reports the main study
outcomes on training-induced changes of recognized osteope-
nia and sarcopenia parameters during the first year (54 weeks)
of the intervention (June 2018 to July 2019).

Participants

The recruitment procedure has been described in detail else-
where.(11) In brief, individuals of the lowest SMI quartile

(n = 242) from the Franconian Sarcopenic Obesity (FranSO) study
(n = 965)(12,13) who participated in the 24-month follow-up
(FU) were contacted. A total of 180 men willing to participate
responded and were checked for eligibility for FrOST. Inclusion
criteria were (i) community-dwelling men, aged 72 years and
older; (ii) SMI, as determined by DXA, ≤7.26 kg/m2 (< −2 SD T-
score, ie, morphometric sarcopenia(14,15); and (iii) BMD at the LS
or total hip (tHip) ROI < −1 SD T-score, ie, osteopenia or osteopo-
rosis).(16) The exclusion criteria were (i) secondary osteoporosis,
(ii) a history of hip fracture; (iii) (osteo)anabolic and antiresorptive
pharmaceutical therapy; (iv) glucocorticoid therapy >7.5 mg/d
during the previous 2 years; (v) diseases and health problems
(inclusive cognitive impairment) that prevent dynamic resis-
tance exercise on machines; (vi) participation in regular resis-
tance exercise (>60 min/week) during the last 5 years;
(vii) alcohol consumption of more than 60 g/d ethanol;
(viii) problems with attending the gym; and (ix) absence of
>2 weeks during the intervention period. Finally, 50 participants
were eligible, albeit only 43 men agreed to be randomly allo-
cated to the exercise group (EG; n = 21) or control group (CG;
n = 22). Five of the seven withdrawals stated unwillingness to
exercise, and two men gave time constraints if allocated to the
EG as the reason for withdrawing. Fig. 1 shows the participant
flow through the study.

Randomization procedures

Stratified for SMI (three strata: <6.70 kg/m2 versus 6.70–7.00 kg/
m2 versus >7.00 kg/m2), participants were assigned randomly
and balanced to the two study arms. To increase participant
compliance with the randomization procedure, the men allo-
cated themselves to the exercise or control group by drawing
lots. Lots were placed in small opaque capsules (“kinder egg,”
Ferrero, Italy) and drawn from a bowl. A person not involved in
the present project prepared the lots, thus neither researchers
nor participants knew the allocation beforehand. After the ran-
domization procedure, the primary investigator (WK) enrolled
participants and instructed them in detail about their study sta-
tus and corresponding do’s and don’ts.

Blinding

Participants were blinded for the dose of protein supplementa-
tion (EG 1.5–1.6 versus CG 1.2–1.3 g/kg body-mass/d; we com-
municated that all participants were supplied with the same
amount of protein based on the results of the nutritional analy-
sis) but not for exercise status. However, outcome assessors
and test assistants were kept unaware of the participant’s group
status (EG or CG) and were not allowed to ask, either.

Study procedure

We focused on the effects of exercise on BMD and lean body
mass in men. However, we provided a supplementation of
protein,(17) cholecalciferol, and calcium(18) (details given below)
according to recent recommendations for all participants. There-
fore, participants were requested to maintain their dietary habits
during the study and they were all asked not to change their
physical activity and exercise routines outside the present study
intervention.
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Interventions

Resistance training

The exercise intervention focused exclusively on resistance exer-
cise onmachines. The consistently supervised sessions were pro-
vided in a well-equipped, centrally located gym (Kieser Training,
Erlangen, Germany) on Monday, Wednesday, and Friday morn-
ings. Participants were requested to exercise regularly two
times/week; however, in intended or unintended cases of tem-
porary inability (holidays, illness), participants were allowed to
visit a third session in the week before and/or after. In summary,
we applied a periodized high-intensity DRT protocol defined as
single-set exercise training with high intensity and effort.(19) With
few exceptions, all the major and minor muscle groups were
addressed by the various exercises (see below). Detailed training
logs prescribed exercises, number of sets, number of repetitions
(reps), movement velocity, and absolute exercise intensity
(or effort). Intensity of the exercise was consistently scheduled
by prescribing a range of reps (ie, 5–7 or 8–10 reps) and the cor-
responding degree of work to failure (“effort”) (eg, maximum
effort minus 1–3 reps; defined as non-repetition maximum
[nRM(20)]: Set endpoint when trainees complete a predetermined
number of repetitions despite the fact that further repetitions
could be completed).(21,22) We used the approach of Steele and
colleagues,(20) which classified set endpoints in nRM, (self-deter-
mined) repetition maximum (RM), or (not applied during year 1)
complete momentary muscular failure.

We structured the intervention into periods of 8 to 12 weeks
with different aims and training protocols. To increase partici-
pant compliance, the aims and procedure of the following

training period were explained and discussed in joint briefing
meetings.

Phase 1. Four weeks of familiarization and learning of proper
lifting technique were followed by 8 weeks of conditioning with
a focus on education and experience to select the adequate load
to the prescribed varying repetitions. We introduced 14 exercises
(leg press, extension, curls, adduction, abduction, latissimus front
pulleys, rowing, back extension, inverse fly, bench press, military
press, lateral raises, butterfly with extended arms, crunches) con-
ducted on resistance devices (MedX, Ocala, FL, USA); however,
only 12 exercises were applied during any one session. One
(8 exercises) to two (4 exercises) sets of 8–15 reps, using nearly
the full range of motion were prescribed. Total time under
tension/rep averaged 5 seconds, structured in a 2-second con-
centric, 1-second isometric and 2-second eccentric (2-second–
1-second–2-second) phase. In phase 1, we scheduled incomplete
work to failure.(20) Ninety- to 120-second breaks/rest pauses
were specified between the sets or exercises.

Phase 2. We introduced the single-set approach (ie, one set
per exercise) structured into two (intensity-based) linearly peri-
odized 4-week phases, with each fourth week as a recovery week
with low exercise intensity and effort. Four new exercises were
added (calf raises, hip extension, pull-overs, lateral crunches).
Per session, 14 of 18 exercises with 90 seconds of rest between
the exercises were prescribed. Participants were requested to
choose a load that ensured a repetition maximum −1 rep
(5–10 reps) or −2 reps (10–18 reps) (repetition in reserve [RIR]
approach suggested by Zourdos and colleagues(23)). We did
not prescribe a target repetition number (ie, 10 reps) but a repe-
tition range (ie, 5–7 or 8–10 reps). Movement velocity varied

Fig. 1. Participant flow through the study.
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between the sessions from very slow (4 seconds–1 second–
4 seconds per rep) to fast (1 second–1 second–2 seconds
per rep).

Phase 3. Starting with phase 3, about one-third of the sets
were conducted with an explosive movement in the concentric
phase (not for back extension). Additionally, we introduced the
repetition maximum approach(20) (set endpoint when trainees
properly complete the final repetition possible but if the next
repetition were attempted, they would definitely achieve
momentary failure;(20) however, according to the definition, sets
conducted with high velocity were terminated when explosive
velocity was no longer possible). However, this approach was
used only for sets ≤10 reps. Breaks between the sets averaged
90 seconds (after nRM) to 120 seconds (after RM).

Phase 4.We additionally introduced the superset approach, a
characteristic of HIT-RT. Supersets addressed the same or related
muscle groups (eg, knee extension and leg press) or agonist and
antagonist (eg, leg press and leg curls). Two or three exercises
were included in a superset sequence (altogether 10 exercises).
Rest pauses averaged 30 to 45 seconds within a superset block
and 2 minutes after a superset.

Phase 5. In phase 5, we further introduced drop sets; ie, after
work to RM (≤10 reps) or RM–1 rep, load was immediately
decreased by 10% to 20% to completemore reps also conducted
up to RM or RM–1 rep. Load was decreased only once. Drop sets
referred to seven exercises included in the supersets. Rest pauses
averaged 1 minute within and 2 minutes between the supersets.

Protein supplementation

All participants were provided with whey protein powder (Active
PRO80, inkospor, Roth, Germany). The chemical score of this
product is 159, and 100 g/d represented a caloric value of
1526 kJ (360 kcal) and contained 80 g of whey protein with a
high L-Leucine (9 g) and essential amino acid (57 g) component.
Further, the supplement contains 2.8% of fat and 6.4% of carbo-
hydrates. Participants were asked to take the protein powder
with low-fat milk. Doses of more than 40 g had to be split; how-
ever, we did not focus on an intake at a specific time of the day.
All participants were instructed in detail how to apply the protein
supplementation; participants were also regularly interviewed
about and encouraged to maintain their protein intake habits
during the WB-EMS sessions. The EG was supplied with up to
1.5–1.6 g/kg body-mass/d, while the CG received 1.2–1.3 g/kg
body-mass/d.(17) Dietary protein intake was calculated based
on 4-day dietary protocols (see below) conducted by the partic-
ipants at baseline and after 28 and 54 weeks.

Vitamin D and calcium supplementation

Based on 25 OH vitamin-D 3 (25-OH D3) levels sampled at base-
line (see below), participants of the EG or CG with serum concen-
trations below 75 nmol/L (n = 37) were asked to ingest four
cholecalciferol units (MYVITAMINS, Manchester, UK) of 2500 IE/d
a week (ie, 10,000 IE/wk). Participants 76–≤ 100 nmol/L were
requested to take two capsules of 2500 IE/d a week (ie,
5000 IE/wk).

As per German guidelines,(18) we aimed to ensure a calcium
intake of 1000 mg/d in all the participants. The amount of dairy
dietary calcium was evaluated based on dietary calcium ques-
tionnaires (Rheumaliga, Switzerland). Considering the amount
of calcium provided by the protein powder, the required

additional daily calcium was provided by calcium capsules
(Sankt Bernhard, Bad Dietzenbach, Germany).

Compliance with the intervention

The gym’s chip card system allowed accurate assessment of par-
ticipant attendance rate and exercise duration. Nevertheless, the
participants’ training logs were checked for attendance after
each of the 8- to 12-week meso-cycles. Additionally, the certified
instructors who consistently supervised the exercise sessions
noted participant attendance. In parallel, instructors determined
participant compliance with the prescribed exercise protocol by
monitoring the load/repetition proportion listed by the
participants.

Adherence to the prescribed supplementation of protein,
vitamin D, and calcium was monitored by (i) checking the corre-
sponding distribution logs; (ii) biweekly phone calls of the nutri-
tionist; and (iii) personal interviews at 28-, 36-, and 52-week
follow-up assessments.

Study outcomes

Primary study outcome:

• Integral BMD at the lumbar spine as determined by QCT at
baseline and after 54 weeks.

Secondary study outcomes:

• SMI as determined by DXA at baseline and after 54 weeks.
• BMD at the total hip ROI as determined by DXA at baseline and
after 54 weeks.

• Maximum dynamic hip- and leg-extensor strength as deter-
mined by an isokinetic leg press at baseline and after
54 weeks.

Changes of trial outcomes after trial commencement

No changes of trial outcomes were made after trial
commencement.

Assessments

The 54-week assessments were conducted during a regenera-
tion week. Participants were asked to maintain their physical
activities and diet but not to exercise 48 hours before the tests.
We placed great emphasis on the standardization of the assess-
ments. All the tests/measures were consistently conducted and
analyzed by the same research assistant at about the same time
of the day (�2 hours), with the same calibrated devices and in
identical order at the same location.

Body height was assessed by a Holtain stadiometer (Crymych
Dyfed, UK); direct-segmental, multi-frequency Bio-Impedance-
Analysis (DSM-BIA; InBody 770, Seoul, Korea) was used to deter-
mine body mass and body composition (in parallel to DXA, we
also measured body composition by BIA; however, data reported
here refer to the DXA assessment.) BMD at the lumbar spine,
proximal femur ROIs, and total body as well as body composition
was evaluated by DXA (QDR 4500a, Discovery upgrade, Hologic
Inc., Bedford, MA, USA). Based on the total body scan (excluding
the skull), subtotal lean body mass (LBM) was assessed using the
“compare mode” at follow-up, so that area and placement of the
baseline assessment could be reproduced exactly. Using the LBM
results of the upper and lower limbs according to the standard
analysis of the DXA device, we calculated the appendicular
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skeletal muscle mass (ASMM). According to Baumgartner,(14) SMI
was defined as ASMM/body height (kg/m2). We applied weekly
spine phantommeasurements using the specifications provided
by the manufacturer. Long-term coefficient of variation for BMD
at the LS from study start to 12-month assessment was 0.5% as
determined by the weekly spine phantom measurements.

CT scans of the lumbar spine were obtained on a Somatom
Force scanner (Siemens, Erlangen, Germany). Participants were
scanned on top of a Siemens Osteo phantom, which was used
for simultaneous BMD calibration. Scans covered mid T12 to
mid L3 and were acquired with 120 kV, 100 mA as reference
current-time product, CAREDose 3D, pitch 1 and with a collima-
tion of 38.4 mm. Filtered back-projection was used for recon-
struction. Slice thickness and reconstruction increment were
set to 1 mm, each with a BR40s kernel and a field of view of
20 cm, which fully included the vertebral body and the BDC
phantom. Table height was constant for all CT scans. Scans were
analyzed with MIAF-Spine version 5.0.0R (MIAF: Medical Image
Analysis Framework, University of Erlangen-Nürnberg, Ger-
many). For the purpose of this study, integral BMD averaged
over L1 and L2 vertebrae was obtained. The same CT scanner
was used for all subject scans of this study. The same acquisition
and reconstruction protocol was used for all scans. Hounsfield
units of the CT scanner were regularly calibrated according to
the manufacturer recommendations. The stability of the calibra-
tion of the HU values to BMD was monitored using the in-scan
calibration phantoms. Specifically the parameters of the result-
ing calibration equation obtained for each scan were controlled
for drifts and breakpoints, but no corrections had to be
applied.(24)

Maximum isokinetic leg−/hip-extensor strength was tested
using an isokinetic leg press (CON-TREX LP, Physiomed, Laipers-
dorf, Germany) at baseline and after 28 weeks, 36 weeks, and
1 year. Maximum bilateral hip/leg extension strength was con-
ducted in a sitting, slightly supine (15�) position, fixed by hip
and chest straps. The ankle was positioned on a flexible sliding
footplate. The range of motion during leg extension was 30� to
90� within the knee angle, using the standard velocity of
0.5 m/s. After briefing and familiarization with the testing proce-
dure, participants were requested to perform five repetitions
with maximum voluntary effort (specification: “push as strongly
as possible”). Two trials intermitted by 2 minutes of rest were
conducted; the higher value for maximum hip/leg extension
strength was included in the data analysis.

To quantify the relative intensity (% 1RM) of our approach of
prescribing a range of reps and the corresponding “effort,”(20)

we frequently conducted 1RM-maximum tests for leg and bench
press according to the approach of Kraemer.(25)

Participants completed a standardized questionnaire(26) at
baseline that asked for (i) demographic parameters; (ii) diseases,
pharmacologic therapy/dietary supplements, and operations;
(iii) physical limitations; (iv) falls and injurious falls; (v) injuries
and low-trauma fractures within the last year; and (f) lifestyle,
including physical activity and exercise.(27) After 28 weeks,
36 weeks, and 1 year, participants conducted a follow-up ques-
tionnaire that focused on changes during the study period that
might affect our study endpoints. Apart from changes of exercise
habits and physical activity that were monitored by a specific
questionnaire,(27) high emphasis was placed on changes of medi-
cation and emerging or worsening of existing complaints/dis-
eases. Therefore, participants were required to carefully list their
medications, supplements, and diseases at home before visiting
the test center. Finally, questionnaires were carefully checked for

consistency, completeness, and accuracy in close interaction
between the primary investigator and participants.

Four-day diet records were conducted by all the participants at
baseline and after 54 weeks. Participants were provided with diet
records (Freiburger Nutrition Record, nutri-science, Hausach, Ger-
many) and were carefully instructed on how to keep the records.
The Freiburger Nutrition Record is based on a tally list of how
often specified food products were consumed. The same
research assistant consistently analyzed the diet records. Partici-
pants had to record the protocol three weekdays and one week-
end day typical for their nutritional habits. Results of the diet
records were carefully checked and discussed with the partici-
pants. In cases of unrealistic results (eg, energy intake
<1000 kcal/d or >3500 kcal/d), the participant was asked to com-
plete another diet record based on more representative days.

Sample size

The sample size calculation for the FrOST project was based on
integral BMD at the LS as determined by QCT. Assuming an effect
(Δ-EG versus Δ-CG) on BMD-LS of 4.0 � 3.5%(26) and applying a
t test-based sample size calculation, 16 participants per group
were required to detect a type-I error of alpha = 0.05 with 90%
power (1-β). However, to adjust for dropouts and missing values
relevant for the additional per protocol analysis, we opted to
include more participants.

Statistical analysis

Intention to treat (ITT) analyses included all participants randomly
assigned to the study arms (EG versus CG) regardless of their loss
to follow-up or compliance. Multiple imputation (ITT) was calcu-
lated using R statistics software (R Development Core Team,
Vienna, Austria) in combination with Amelia II.(28) The full data set
wasused formultiple imputations,with imputationbeing repeated
100 times. Imputation worked well in all cases as confirmed by
over-imputation diagnostic plots (“observed versus imputed
values”) provided by Amelia II. Per protocol analyses that included
all participants with complete data sets (baseline and 1 year) were
also applied for primary and secondary outcomes. Normal distribu-
tion of the data was checked by statistical (Shapiro-Wilks) and
graphical (qq-plots) tests. All the primary and secondary outcomes
addressed herewere analyzed by dependent t tests. To identify dif-
ferences between EG and CG, t test comparisons with pooled SD
were applied. All tests were 2-tailed, and significancewas accepted
at p < 0.05. We further calculated standardized mean difference
(SMD) according to Cohen,(29) to indicate the size of the effect for
primary and core secondary endpoint variables.

Results

Participant and exercise characteristics

Table 1 displays participants’ baseline characteristics. With one
exception, no significant differences were observed between
the exercise and control group. Average dietary protein intake
was very high in the CG, however, and differed significantly from
the EG (Table 1).

Two participants of the EG and 2 participants of the CG were
lost to 1-year FU (Fig. 1). Participants in the EG exercised on aver-
age 102.1 of 108 scheduled sessions per week (95 � 4%). Four-
teen EG men completed all the prescribed sessions. Average
net time to complete the session was 47 � 4 minutes. In general,
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compliance with the exercise protocol was high. However, com-
pliance with the set endpoint-based prescription of intensity was
less positive. Although participants said in their training logs that
they worked to repetition maximum, it was apparent that the
individual proportion of load and repetitions did not always
agree with the study defaults. Analyzing the completed training
logs of the participants retrospectively, we estimate that one-
fourth to one-third of the sets were conducted with inadequate
low effort. However, of importance, we did not observe any unin-
tended side effects during the exercise session or negative
effects apart from delayed onset muscle soreness (DOMS)
reported by the EG participants.

Compliance with the whey protein, calcium, and vitamin D
supplementation according to the supply logs, biweekly phone
calls, and personal interviews at 28-week, 36-week, and 1-year
follow-up assessments was high (see also below). Based on our
logs and the 54-week FU dietary analysis, total protein intake of
the EG and CG averaged 1.59 � 0.15 and 1.23 � 0.12 g/kg
BM/d, respectively.

Study endpoints

Primary study outcome

Table 2 displays the results of the LS-BMD assessments by QCT.
LS-BMD decreased significantly in the CG (−2.5 � 4.7%;

p = 0.029) and increased non-significantly in the EG
(1.6 � 4.3%; p = 0.090). In summary, integral BMD as the primary
study outcome demonstrated a significant effect (p = 0.006;
SMD = 0.90) after 1 year of intervention. (Table 2). Data calcu-
lated by per protocol analyses confirmed the results of the ITT
analyses.

Secondary study outcomes

SMI increased significantly in the EG (3.6 � 3.0%; p < 0.001) and
decreased significantly (−1.2 � 1.9%; p = 0.03) in the CG
(Table 3). Changes between groups were significant (p < 0.001)
and of high effect size (SMD = 1.95). Again, per protocol analyses
confirmed the findings of the ITT analyses.

Areal BMD at the total hip ROI decreased significantly in the
CG (−1.2 � 1.8%; p = 0.004) and was maintained in the EG
(0 � 1.9%; p = 0.857). Only borderline non-significant differ-
ences between changes of the EG and CG were observed
(p = 0.064) by the ITT analysis (Table 4); however, the adjuvant
per-protocol analysis indicated significant differences
(p = 0.039) between the groups (SMD = 0.65).

Finally, maximum hip and leg extensor strength increased sig-
nificantly (p < 0.001) by 27 � 15% in the EG and was maintained
(−1.4 � 8.9%) in the CG (p = 0.599). The between-group differ-
ence was statistically significant (p < 0.001) and supported by

Table 1. Baseline Characteristics of the Participants of the Exercise Group (EG) and Control Group (CG)

Variable EG (n = 21) CG (n = 22) p Value

Age (years) 77.8 � 3.6 79.2 � 4.7 0.262
Body mass index (kg/m2) 25.0 � 3.0 24.5 � 1.9 0.515
Total Body Fat (DXA) [%] 34.5 � 6.1 33.6 � 4.0 0.563
Physical activity (index)1 4.45 � 1.32 4.15 � 1.53 0.490
Exercise per week (min) 59 � 56 46 � 52 0.780
Three or more diseases (n)2 10 12 0.826
Hip and knee arthritis (n)2 2 2 0.959
Low back pain (n) 3 4 0.527
Diabetes mellitus type II (n) 1 1 0.960
Handgrip-strength (kg) 30.7 � 5.1 30.0 � 4.3 0.675
Habitual gait velocity (m/s) 1.25 � 0.17 1.26 � 0.15 0.703
LLFDI (index)3 1.51 � 0.74 1.44 � 0.53 0.727
25 (OH)D (nmol/L)4 43.8 � 17.5 54.0 � 21.1 0.126
Energy intake (MJ/d)5 8.84 � 1.71 9.39 � 2.42 0.407
Protein intake (g/kg/d)5 1.10 � 0.25 1.29 � 0.34 0.043
Calcium intake (mg/d)6 802 � 226 833 � 282 0.636
Smokers (n) 3 4 0.959

1 Scale from (1) “very low” to (7) “very high.”(27)
2 Using the ICD-10-based disease cluster of Schäfer et al.(30)
3 Late Life Function Disability Instrument(31) scale from (1) “no problem” to (5) “impossible.”
4 Roche Diagnostics, Mannheim, Germany.
5 As determined by a 4-day dietary record.
6 As determined by a Calcium Questionnaire provided by Rheumaliga, Switzerland.

Table 2. Baseline Data and Changes of the Primary Study Endpoint Integral BoneMineral Density as Assessed by QCT in the Exercise and
Control Groups

CG MV (95% CI) EG MV (95% CI) Difference MV (95% CI) p Value

QCT: integral BMD lumbar spine (mg/cm3)
Baseline 166.7 (154 to 179) 176.3 (171 to 182) 9.6 (−2.6 to 21.9) 0.121
Changes −4.1 (−0.7 to −7.3) 2.9 (−0.5 to 6.0) 7.0 (2.2 to 11.8) 0.006

QCT = quantitative computed tomography; CG = control group; MV = mean value; CI = confidence interval; EG = exercise group; BMD = bone mineral
density.
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the high effect size (SMD = 1.92) (Table 5). Per protocol analysis
fully confirmed the ITT data.

Confounding parameters

Apart from the supplementation, no relevant changes (all
p values >0.701) of selected dietary intake parameters (eg,
energy, macro-nutrition, calcium) were observed. 25OHD
increased significantly (<0.001) in both groups; however the
levels (EG 63 � 14 versus CG 67 � 19 nmol/L) still averaged
below the lower range of corresponding recommendations (ie,
75 nmol/L(18)). Physical activity and exercise outside the exercise
intervention as determined by dedicated questionnaires(27) were
alsomaintained in both groups. However, twomen of the EG and
one man of the CG reported longer periods (3–5 weeks) of inac-
tivity due to diseases (herpes zoster, respiratory tract infection)
or hospitalization (prostate OP).

Discussion

The present randomized controlled trial (RCT) is the first study to
address recognized parameters of osteoporosis (BMD) and sar-
copenia (SMI) by exercise in the vulnerable cohort of older peo-
ple with osteosarcopenia. Apart from this unique feature, the
present exercise study offers other novel aspects: (i) The conse-
quent application of a promising, time-effective HIT-RT exercise
protocol, ie, a single-set DRT protocol applied with high strain
magnitude, rate, and high effort normally applied to younger
people only. (ii) No other study that focuses on bone included
similarly old male participants. (iii) No other exercise study in
men opted to apply QCT to determine LS volumetric BMD and
thus derive results largely independent of spinal degeneration
and aortic calcification that are frequently observed in older peo-
ple.(32) (iv) Apart from the HIT-RT approach, the present study is
one of the few exercise RCTs in older people that consequently
consider exercise principles (eg, progression, individualization,
variation, periodization), which originate from competitive
sports.

Our results clearly indicate the favorable effect of a time-effi-
cient, high-velocity/high-intensity/high-effort DRT on lumbar
spine and (less pronounced) proximal femur BMD as well as lean
body mass and muscle strength in this cohort of independent-
living men 73 to 91 years old. This result could not necessarily
be expected. As mentioned, the favorable effect of exercise on

BMD is not clearly evidenced in male cohorts.(9) (Kulkuljan and
colleagues were the one group(33) to report significant favorable
effects of exercise [weight-bearing and DRT] on BMD, albeit for
the femoral neck ROI only.) Correspondingly, in contrast to post-
menopausal women,(34) the favorable impact of isolated DRT on
BMD in older men is also vague. On the other hand, the positive
effect of RT-type exercise on muscle strength(35–37) and, to a
lower degree, on muscular morphology(37–40) in older men
(and women) has been clearly demonstrated. However, reported
hypertrophic effects in older people are usually not very
pronounced.(41–43) Hence, our 0.32 kg/m2 effect on SMI (corre-
sponding to a 1.41 kg effect on LBM) (Table 3) fell within the very
upper range of DRT studies conducted so far(44,45) be it with or
without supplements (eg, protein, vitamin D, creatine).(37,39,46–49)

Because of its dedication to BMD,(50) our intervention was with-
out a doubt longer than most other protocols. Exercise volume
(2× 45–50 min/wk) was much lower, however, compared with
the three sessions of multiple-set exercise protocol predomi-
nately applied in the area of “muscle” or “bone” (see
reviews(6,39,51)). Our rationale for this approach was that many
older people are unwilling or unable to exercise frequently.(52)

Thus, time efficiency realized by low exercise volume might be
a key feature for the implementation of exercise protocols for
preventing or treating osteosarcopenia. We further focused on
a periodized, high-intensity/high-effort/high-velocity HIT-RT pro-
tocol. Translated to bone physiology, we applied a high-strain
magnitude(53)/high-strain rate(54) strategy with low cycle
number/area,(55) varying strain duration (eg, the explosive
4-second concentric part of the repetition) and frequency (0.1
to 0.5 Hz).(56) We further respect aspects of short- and long-term
bone desensitization(57) through varying strain magnitude and
rate as well as unloading periods. Apart from joint reaction
forces, we applied axial loading of the LS and/or hip ROI by
selected exercises (ie, semi-supine leg press, calf raises, military
press). Additional, endogenous exercise-induced responses of
(osteo)-anabolic agents (eg, hGH, IGF-1, testosterone), often
reported for high-intensity RT protocols (see review(58)), were
expected to additionally increase the sensitivity of bone cells to
mechanical loading(59–61) and to muscle protein synthesis.(58)

Taking up the latter aspect and summarizing promising strate-
gies to affect musclemass and strength, most key aspects should
have been captured by our exercise protocol.(62,63) Applying fre-
quent exercise intensity peaks of 85% 1RM (based on our 1RM
tests, 4 reps to RM [2 seconds–1 second-2 seconds] as applied

Table 3. Baseline Data and Changes of SMI in the Exercise and Control Groups

CG MV � SD EG MV � SD Difference MV (95% CI) p value

Skeletal muscle mass index (SMI) (kg/m2)
Baseline 6.89 (6.74 to 7.02) 7.01 (6.85 to 7.16) — 0.671
Changes −0.08 (−0.01 to −0.15) 0.25 (0.18 to 0.33) 0.32 (0.22 to 0.43) <0.001

CG = control group; MV = mean value; CI = confidence interval; EG = exercise group.

Table 4. Baseline Data and Changes of BMD at the Total Hip as Determined by DXA in the Exercise and Control Groups

CG MV (95% CI) EG MV (95% CI) Difference MV (95% CI) p Value

DXA: areal BMD total hip (mg/cm2)
Baseline 0.869 (0.826 to 0.911) 0.894 (0.856 to 0.932) — 0.364
Changes −0.010 (−0.004 to −0.016) −0.000 (−0.006 to 0.005) 0.010 (0.001 to −0.020) 0.064

BMD = bone mineral density; DXA = dual-energy X-ray absorptiometry; CG = control group; MV = mean value; CI = confidence interval; EG = exercise
group.
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by the protocol corresponded to ≈85% 1RM; 18 reps [RM-2 reps]
prescribed with longer time under tension [4-1-4] corresponded
to ≈55% 1RM), partly with high velocity and a repetition-to-
maximum approach with intensifying strategies,(19) muscular
tension, muscle damage, and metabolic stress, ie, determinants
considered to be primarily responsible for initiating the hypertro-
phic response to resistance exercise,(62) were addressed.

Because of the combined intervention, it is difficult to validate
the contribution of protein, vitamin D, and calcium on our result
on muscle and bone. In contrast to vitamin D and calcium, pro-
tein doses differ slightly between the EG and CG (1.2 versus
1.5 g/kg/d), although both groups remained within the recom-
mended range.(17) A review of the beneficial effect of protein
intake on LS-BMD failed to show a consensus. Although
one meta-analysis did not report positive protein-induced
effects,(64) another meta-analysis provided evidence for a signif-
icant superior effect (0.5%) of high versus low protein intake(65)

on BMD at the LS. Further, although the relevance of adequate
vitamin D, Ca, and protein/EAA intake for muscle and/or bone
mass is obvious,(18,66,67) the combined effect of exercise and vita-
min D or protein/essential amino acids (EAA) is less evident.
Antoniak and colleagues(46) did not observe positive effects of
vitamin D (400–2000 IU/d) on LBMbut on leg strength after RT. In
parallel, evidence for an additional effect of protein or EAA to
exercise on muscle mass or function for older people(48,49,68,69)

or people with sarcopenia(69–71) is reported to be still inconsis-
tent and overall low at best. Thus, we speculate that HIT-RTmight
contribute most prominently to the present result on BMD and
muscle parameters, whereas adequate vitamin D, calcium, and
protein supplementation contributed a more “permissive”
effect.(60) Nevertheless, in summary, we have to attribute the
results on BMD and particularly SMI to the combined interven-
tion of HIT-RT and dietary supplements.

Some features and limitations of this study should be
addressed to allow the reader to adequately estimate our results.
(i) We applied HIT-RT, an approach that might at first be consid-
ered inappropriate for men in their late 70s or even 80s. While
high intensity (without RM) or high velocity per se, at least in a
controlled movement on strength devices, is not critical for this
cohort,(72,73) our high-effort strategy might be potentially related
to an increased risk of injury, overstrain, or cardiometabolic com-
plications. However, even during a 1RM test situation (ie, work to
momentary failure), increased risk of injuries(74,75) or cardiovas-
cular complications(76) were not reported for older people, at
least when properly introduced and supervised. (ii) We based
our exercise prescription on a range of reps (eg, 8–10) and a
given set endpoint (eg, RM). In contrast, most other RT studies
prescribed training load as a percentage of the one-repetition
maximum (1RM). However, apart from the considerable amount
of work to regularly determine 1 RM for each of the exercises
applied and the negative consequences of testing errors or atyp-
ical test performance(77) for the subsequent load prescription,
two further aspects support our approach. First, fixed loads for

given reps do not account for variation in daily performance. Fur-
ther, the number of reps that can be performed at the same per-
centage of 1RM varies substantially not only between subjects(78)

but also between exercises.(79) Both 1RM and RIR-based strate-
gies were considered to be similarly effective for increasing mus-
cle size and strength,(77) whereas RIR approaches(23) were
superior to traditional rating of perceived exertion (RPE)
concepts,(80) eg, the Borg scale. (iii) Although we emphasized a
clear and comprehensive communication of our loading strat-
egy, we are aware that the participants did not always properly
implement our RIR or RM specifications. Reviewing the training
logs, we estimate that up to one-third of the sets were still con-
ducted with inadequate low effort. (iv) Osteosarcopenia consists
of two components; correspondingly, it might have been more
adequate to address both bone and muscle as primary study
endpoints. Because of the aspect that exercise-induced changes
of SMI have been very pronounced in our earlier studies, in this
study we decided to focus on integral LS-BMD and treat SMI as
a core secondary endpoint. However, according to recent recom-
mendations(81) we do not adjust for secondary endpoints; thus,
one might criticize that we do not adequately account for the
multiple test problem inherent when addressing osteosarcope-
nia. (v) The attendance rate of our physical intervention was very
satisfying (95 � 4%) and indicates the high attractiveness and
feasibility of the exercise program. (vi) While current recommen-
dations on 25OHD levels cannot be realized,(18) vitamin D sup-
plementation resulted in a significant increase of 25OHD in
both groups. Although not significant (p = 0.210), 25OHD
increase was more pronounced in the HIT-RT, an aspect that
might further contribute to the positive study result on BMD,
SMI, and muscle force. (vii) Apart from effectiveness, feasibility,
and attractiveness, safety should always be a key aspect of exer-
cise programs in older people. So far, we have not observed any
negative exercise effects in our cohort. We attribute this in partic-
ular to the constant supervision and interaction, coupled with
the careful briefing, familiarization, and conditioning throughout
the training process. (viii) It is difficult to decide whether our
results can be generalized to the larger cohort of older people.
However, considering that sarcopenia and sarcopenic obesity
(dependent on the corresponding definition of obesity, 30% to
50% of our cohort feature sarcopenic obesity [SO]) include
aspects of inflammation,(82) mitochondrial abnormalities,(83)

and oxidative stress,(84) factors potentially decreasing muscle
and/or bone response to exercise, it is plausible that changes
of BMD and SMI might be even more prominent in healthy older
people.

In conclusion, we report here for the first time to our knowl-
edge, that HIT-DRT supported by vitamin D/calcium/protein sup-
plementation applied in older men with osteosarcopenia
generates favorable effects on bone, lean bodymass, andmuscle
force compared with a control group, also supplemented with
vitamin D, calcium, and whey protein. Of note, although this pro-
tocol applies high-velocity/intensity/effort DRT in a time-efficient

Table 5. Baseline Data and Changes of Maximum Dynamic Strength of the Hip and Leg Extensors in the Exercise and Control Groups

CG MV (95% CI) EG MV (95% CI) Difference MV (95% CI) p Value

Maximum hip/leg extensor strength (leg press) (N)
Baseline 1746 (1570 to 1924) 1620 (1391 to 1832) ––––––– 0.368
Changes −26 (−126 to 73) 481 (377 to 586) 506 (359 to 656) <0.001

CG = control group; MV = mean value; CI = confidence interval; EG = exercise group.
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manner, it appears to be well accepted and safe. Thus, FrOST
might serve as a blueprint for an exercise protocol applicable
in older men with sarcopenia and osteoporosis.
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