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Abstract

Summary This randomized, controlled, high-intensity strength and sprint training trial in
middle-aged and older male sprint athletes showed significant improvements in mid-tibial
structure and strength. The study reveals the adaptability of aging bone, suggesting that
through a novel, intensive training stimulus it is possible to strengthen bones during aging.
Introduction High-load, high-speed and impact-type exercise may be an efficient way of
improving bone strength even in old age. We evaluated the effects of combined strength and
sprint training on indices of bone health in competitive masters athletes, who serve as a group
of older people who are likely to be able to participate in vigorous exercise of this kind.
Methods Seventy-two men (age 40-85) were randomized into an experimental (EX, n = 40)
and a control (CTRL, n = 32) group. EX participated in a 20-week program combining heavy
and explosive strength exercises with sprint training. CTRL maintained their usual, run-based
sprint training schedules. Bone structural, strength and densitometric parameters were
assessed by peripheral QCT at the distal tibia and tibial midshaft.

Results The intervention had no effects on distal tibia bone traits. At the mid-tibia, the mean
difference in the change in cortical thickness (Thco) in EX compared to CTRL was 2.0% (p =
0.007). The changes in structure and strength were more pronounced in the most compliant
athletes (training adherence >75%). Compared to CTRL, total and cortical cross-sectional
area, Thco, and the area and density-weighted moments of inertia for the direction of the
smallest flexural rigidity (Imina, Iminp) increased in EX by 1.6-3.2% (p = 0.023-0.006). Polar
mass distribution analysis revealed increased BMC at the anteromedial site, whereas vBMD
decreased (p = 0.035-0.043).

Conclusions Intensive strength and sprint training improves mid-tibia structure and strength
in middle-aged and older male sprint athletes, suggesting that in the presence of high-

intensity loading exercise, the adaptability of the bone structure is maintained during aging.

Keywords Aging, BMD, Bone pQCT, Exercise, Masters athlete, Strength training, High-

impact training



Introduction

Exercise has shown good potential to strengthen bones by increasing bone mass, structure
and strength at loaded sites across the age spectrum. Previous studies have indicated that the
most osteogenic exercise includes high-magnitude loads that are unusual, dynamic, rapid,
multidirectional and applied at intervals [1-5]. Older people with a low level of physical
functioning and reduced bone and muscle strength may not, however, tolerate or be willing or
able to participate in exercise at the intensity required to stimulate osteogenic adaptation.

Consequently, the adaptability of aging bone to intensive exercise remains unclear.

Observational studies have shown that middle-aged and older masters athletes with a high-
impact training background have greater bone strength than non-active counterparts [6,7], or
even a younger physically active reference group [8]. According to these studies, the
adaptation of bone strength in adult bone shafts appears to be more evident in bone geometry
than in volumetric bone mineral density (vBMD) [8,9]. However, in distal parts of the bone,
compressive strength is also related to higher trabecular vBMD [10]. Structural adaptation in
strength and sprint trained athletes manifests as greater cortical area and thickness at the
loaded sites [6,8,9,11]. In addition, bone mass distribution analyses have revealed higher site-
specific cortical bone mass at the tibial and femoral mid-shaft, which may contribute to

higher direction-specific bending strength [8-10,12].

The experimental evidence on the effects of exercise on bone structure and strength in older
people is scarce and somewhat conflicting. A previous meta-analysis [13] found no
significant exercise effects on bone strength, which may partly be explained by the short
duration and inadequate power of the few published trials, along with the use of non-athletic
study populations and less intensive training programs. Since then, studies on middle-aged
and older people have found positive, site-specific effects on proximal femoral bone mass
after impact training [14] but no effects on mid-femoral or mid-tibial structure and strength
after strength training or combined strength and impact training [15,16]. To date, no attempts
have been made to investigate the effects of intensive strength, sprint and plyometric training
on bone in older athletes. Using an experimental design with masters athletes who are likely
to be able to participate in vigorous exercise of this kind, our study can provide valuable
insight into the osteogenic potential of specific types of training among older people. We

hypothesized that a 20-week training program combining heavy and explosive strength



exercises with sprint training would increase bone strength in middle-aged and older masters
athletes by improving the geometrical properties of the tibial shaft and by adding density in
the distal tibia. In light of the evidence from cross-sectional athlete studies, the main focus

was on the structural adaptation of bone.

Methods

Subjects and study design

This study was a 20-week randomized controlled trial (ISRCTN17271498; Fig. 1). The study
was part of a larger research program on the effects of age and long-term sprint training on
musculoskeletal characteristics and neuromuscular function among male masters athletes
[8,17]. Athletes with a long-term training background and success in international or national
masters sprint events (n = 111) were contacted by a personal letter. A detailed questionnaire
on current and former training, competition performance, and injuries or diseases hindering
physical training was mailed along with the recruitment letter. After assessment of eligibility,
based on the questionnaire responses, a total of 83 voluntary athletes were invited to
participate in the baseline measurements. The inclusion criteria were age > 40, and ongoing
systematic training and competing. Exclusion criteria included uncontrolled medical
conditions or musculoskeletal disorders contraindicating exercise, medical conditions which
would limit training program participation, and medications affecting bone metabolism. The
health history and current health of those invited to the baseline measurements was assessed
in more detail by means of a mailed questionnaire and, along with training status, confirmed
in a short interview and clinical examination including resting electrocardiogram (ECG,
athletes aged > 55) and blood pressure measurements. For those under age 55, resting ECG

was obtained at the athlete’s own request or based on a physician’s assessment (n = 9).

Eleven athletes were excluded for medical reasons contraindicating intensive training
(cardiovascular disease, hip osteoarthritis, rheumatoid arthritis of the spine, Parkinson’s
disease, prostate cancer; n = 10) or unwillingness to participate (n = 1). Among the
participants accepted for the trial, 14 presented with chronic conditions (asthma, n = 3; celiac

disease, n = 1; type 1 diabetes, n = 1; hypertension, n = 7; hypothyroidism, n = 2); however,



all conditions had been adequately diagnosed by their own physician and thereafter treated
with good response.

After the baseline measurements, the athletes were randomized into an experimental (EX, n =
40) and a control (CTRL, n = 32) group. First, a list of participants (sampling frame) was
constructed, with subjects stratified by age. Next, lots were drawn manually, separately for
each ten-year age group. Numbered and folded pieces of paper were well-shaken and blindly
drawn one by one from a box for each subject in the sampling frame. To compensate for the
possibility of a higher drop-out rate and larger variance in the results, in each age group a
higher number of subjects was assigned to EX than to CTRL. Three subjects entered the trial
after the initial randomization had been performed and thus were separately randomized by
simple randomization. The randomization was performed by HS and MK. All the bone

outcome assessors were blinded to the treatment-group assignment.

The experimental group participated in a 20-week program combining heavy and explosive
strength exercises with sprint training. Controls were asked to maintain their usual, mostly
run-based, sprint training schedules. Follow-up measurements were completed immediately
after the training period. Written informed consent was obtained from all subjects prior to
participation in the study. The study was approved by the University of Jyvaskyla Ethical

Committee and conformed with the principles of the Declaration of Helsinki.

Periodized training program

The combined strength and sprint training program, which has been described in detail in our
previous article [18], was collaboratively designed by researchers and coaches, and utilized
knowledge obtained from earlier studies in young adult athletes [19-21]. Although the main
initial focus of the training program was to improve sprint performance and muscle strength,
the osteogenic effect was also considered. The 20-week program was designed to fit into the
training and competitive seasons of the athletes, and aimed at maximizing their performance
at major championships. To reduce the potential for overtraining and to optimize adaptation
to training, attention was paid to the proper periodization of training (Supplementary Figure
1). The program consisted of two 11- and 9-week periods that were further divided into three
phases of 3-4 weeks with a different intensity, volume and type of training. The first four
weeks of strength training consisted of strength endurance and hypertrophy exercises. In the
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second and third phases, maximal strength and explosive strength exercises (weightlifting and
plyometrics) alternated. During the latter half of the training program, the three-phase
protocol was repeated with a progressive increase in training intensity. The strength training
sessions focused on the leg extensor and hamstring muscle groups, with a limited number of
exercises for the upper body and trunk. Plyometric exercises progressed from lower-intensity
vertical jJumps to higher-intensity horizontal bounding exercises. The sprint training program
was similar during both training periods, progressing from speed-endurance to maximum
speed exercises. Both the strength and sprint training were performed twice weekly on non-
consecutive days. This was expected to provide adequate overload without overtraining or
injuries, as well as to provide a sufficient quantity of strength training, which was a novel
training stimulus for these athletes. The plyometric exercises were performed at the

beginning of the speed training session, 1-2 times per week.

Because of the wide age range of the subjects, and the fact that most of them were not
accustomed to heavy strength training, the subjects were divided into two age groups (40-64
and 65-85 years) receiving slightly different strength training programs. The intensity of the
strength training was, in part, slightly lower in the older age group (more repetitions, lower

resistance).

Training programs, along with written, pictorial and videotaped instructions for the different
exercises, were mailed to EX. Both EX and CTRL filled out detailed training logs (describing
sets, repetitions, loads, distances and times) to monitor progress and to enhance motivation
for maximal effort. Based on the logs (collected every 5™ week), total and weekly numbers of
training sessions in the different training modes were calculated for each participant. The
training adherence rate of the EX group members was calculated as the percentage of the
training session successfully completed. Field tests for running performance and muscle
power (data not shown) were organized in weeks 5, 10 and 15 to obtain feedback on the

athlete’s training status and degree of progress.

Peripheral Quantitative Computed Tomography (pQCT)

Properties of the distal tibia and tibial shaft of the dominant leg (the leg used for take-off in a
one-footed jump) were determined by pQCT (XCT-2000, Stratec Medizintechnik, Pforzheim,
Germany) according to the methods described earlier [8,10]. The distal tibia was defined as
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5% and tibial shaft as 50% of the measured tibial length proximal to the distal end plate.
Tibial length was defined as the distance between the lateral malleolus and the condyle of
tibia. Cross-sectional pQCT images included a single (2-mm) axial slice with pixel size of 0.8
x 0.8 mm. The images were analyzed with software designed for analyzing cross-sectional
CT images (Geanie 2.1; Commit Ltd, Espoo, Finland). A threshold of 169 mg/cm? for the
distal tibia and 280 mg/cm? for the midshaft site was used to determine the outer bone border.
Separation of trabecular and cortical bone was performed using an automatic contour
detection algorithm (K-mode). At the distal site, bone marrow was included in the analyses,
whereas at the midshaft site bone marrow was excluded by applying a threshold of 100

mg/cm?.

The main parameters for the midshaft site were total cross-sectional area (CSAtor, mm?),
cortical CSA (CSAco, mm?), mean cortical wall thickness (Thco, mm) and area moments of
inertia (Imina, Imaxa and Ipolara, MM?). Imina and Imaxa reflect the bone’s resistance to bending in
the direction of the smallest and greatest flexural rigidity, while Ipoiara refers to bending and
torsional rigidity around the neutral axis of the bone. Secondary parameters for the midshaft
site were total bone mineral content (BMCror, mg/mm), total volumetric bone mineral
density (vBMDror, mg/cm?), cortical vBMD (VBMDco) and density-weighted moments of
inertia (Imind, Imaxo and lpolaro, Mg*cm). In addition, BMC was further analyzed as the polar
distribution of bone mineral mass around its center, using 5° steps that were subsequently
averaged into eight 45° sectors: anterior (A), anteromedial (A-M), medial (M), posteromedial
(P-M), posterior (P), posterolateral (P-L), lateral (L) and anterolateral (A-L) (Supplementary
Fig. 2). For the distal tibia, BMCrot, vVBMDror, trabecular vBMD (vVBMDtras), CSAror,
trabecular CSA (CSArrag) and a compressive bone strength index (BSI, g%/cm* = vBMDror?
x CSAToT) [22,23] were determined. The root mean square coefficient of variation (CVrwms)
for the BMD, structure and strength index measurements in our laboratory ranges from 0.4 to
1.6% [24]. In terms of least significant change (LSC = 2.77 x CVrws) [25], which refers to a
change greater than the precision error for a single individual, this corresponds to a range of
1.2-4.4%.

Anthropometry, calcium and vitamin D intake, hormone measurements and physical

performance



Body height and weight were measured using standard procedures. Lean body mass (LBM,
kg) was assessed with a bioimpedance device using the manufacturer’s equations (Spectrum
I, RJL Systems, Detroit, MI, USA). Before the measurements, the subjects had fasted for at
least three hours. Calcium and vitamin D intakes were obtained from 5-day food diaries kept
in week 15. The diaries were analyzed by Micro Nutrica 3.0 software (Social Insurance
Institution of Finland). Blood samples were drawn from the antecubital vein after an
overnight fast. Specimens were centrifuged (3500 rpm, 4°C for 10 min) and frozen at -75°C
until assayed. Serum concentration of total testosterone (total T, nmol/L) was analyzed by
applying the Immulite chemiluminescent method (Diagnostic Products Corporation, Los
Angeles, CA). The intra-assay CV for total T was 5.5%. Maximal 60-m running times on an
indoor synthetic track with spiked shoes were obtained using double-beam photocell gates
(starting line 0.7 m behind the first photocell gates). Own standing start without commands

was used.

Statistical analysis

Mean values and standard deviations (SD) were calculated using standard procedures. The
main outcome variables were analyzed according to the intention-to-treat principle. Baseline
characteristics and training characteristics of the EX and CTRL groups during the
experimental period were compared by independent samples t-test. For variables that were
not normally distributed, the Mann-Whitney U test was applied instead of the t-test. The
effect of the intervention was examined by means of repeated measures ANOVA. If the
significance of the interaction of the effects of group and time was p < 0.1, an independent
samples t-test was used to test the differences in percentage changes between EX and CTRL,
and separately in the two age groups [40-64 (EX, n = 21; CTRL, n = 14) and 65-85 (n = 17
and 16, respectively) years]. The effect of the intervention was also examined by per protocol
analysis, in which case only subjects who had completed over 75% of the assigned 75
strength and speed exercises were chosen from the experimental group. Data were analyzed
using SPSS 22.0 software (IBM, NY, USA) with the significance level set at p < 0.05.

Power analysis was conducted by setting the significance level at 0.05 and power at 80 %.
We used a sequential method of sample size calculation that permits having more than one

primary outcome [26,27]. The six primary outcomes were expected to be highly dependent



and hence, based on the assumed effectiveness of the intervention on the variables, the
dependency measure was set to range between 0.90 and 0.95. The follow-up correlations
were likely to be high and we set these to be approximately within the range 0.975-0.977.
Sample size was then calculated by allocating the significance level sequentially for the
outcome variables, starting from the outcome likely to require the largest sample size
(CSAToT, 2 % difference, pilot data standard deviation: 56) and proceeding to CSAco
(difference: 2%, pilot data SD: 50), Thco (difference: 2.5 %, pilot data SD 0.69), lpolara
(difference: 3.5 %, pilot data SD: 14652), Imina (difference: 3.5 %, pilot data SD: 4053) and,
finally, Imaxa (difference: 3.7, pilot data SD: 11636). These settings, with the allocated
significance level of 0.03 for each outcome variable, led to sample sizes varying between 25
and 38 for the intervention and control groups.

Results

No differences were observed at baseline between EX and CTRL in physical characteristics
or training background (Table 1). Training programs during the year preceding the
intervention mainly consisted of sprint training, speed-endurance training and plyometric
exercises. Strength training was performed by 80% of the athletes. No age-group differences
were observed in the training programs of the preceding year, except in the amount of
strength training, which was significantly higher in the group aged 40-64 than in the group
aged 65-85 [1.6 (1.5) vs. 0.8 (0.9) h/wk, p = 0.018]. The 5-day food-intake diaries collected
during the experimental period showed no differences between EX and CTRL in calcium or
vitamin D intake. In the per protocol analysis, no between-group differences were observed
in baseline characteristics. The intervention had no effect on body weight, LBM or total T.
The 60-meter trial times of the EX (n = 30) group improved from 8.54 (0.76) to 8.50 (0.91) s,
whereas in CTRL (n = 29) the corresponding times were 8.40 (0.61) and 8.50 (0.61) s (group

x time interaction p = 0.025).

The intervention did not cause major injuries or health problems. Minor musculoskeletal
discomfort (transient muscle strains and joint sprains) were reported in both the EX (n = 16)
and CTRL (n = 9) groups during testing, training and competitions. Two EX participants

withdrew from the study due to persistent musculoskeletal disorder (knee pain, ankle pain



due to pre-existing injury; unrelated to the exercise intervention). Two controls dropped out

for personal reasons.

Training adherence

In EX, the overall training adherence rate was 68 (26) % [51 (20) strength and speed training
sessions completed out of the 75 prescribed, n = 37]. For strength training, it was 64 (30) %
[23 (11) sessions], for sprint training 69 (30) % [27 (12) sessions] and for the plyometric
exercises 52 (32) % [17 (10) sessions]. The CTRL group maintained their own habitual
training programs, which included 46 (18) strength and speed training sessions [19 (10)
strength training sessions, 30 (14) sprint training sessions and 11 (12) plyometric exercise
sessions, n = 29]. The strength training of the controls consisted mainly of strength endurance
and hypertrophy exercises.

The number of active training weeks varied across the EX and CTRL groups [17 (4.6) and 18
(2.8), respectively]. During the active weeks, the EX participants reported a significantly
higher average number of strength [1.3 (0.5) vs. 1.0 (0.5), p = 0.034] and plyometric training
sessions [0.9 (0.5) vs. 0.6 (0.6), p = 0.035] than controls.

Bone traits

At baseline, no differences were found in bone traits between EX and CTRL, except in
VBMDrot and vBMDco of the tibial midshaft, which were 2-3% higher in EX (p = 0.002 and
0.001, respectively). The intervention had no effect on distal tibia bone traits (Supplementary
Table 1). The effect of the training on the tibial midshaft is shown in Table 2, Supplementary
Table 2 and in Fig. 2. The average difference in change in Thco in EX compared to CTRL
was 2.0% (p = 0.007) across the whole EX group and 2.8% (p = 0.008) in the group aged 65-
85 (EX, n=17; CTRL, n =16). The corresponding differences in Imina were 1.9% (p = 0.034)
across the whole EX group and 2.8% (p = 0.031) in the group aged 40-64 (n = 21 and 14,

respectively).

Per protocol analysis. As in intention-to-treat analysis, no changes were detected in the distal
tibia bone traits. The effect of the training on the tibial midshaft bone traits is shown in
Tables 3 and 4 and in Fig. 2. In the EX compared to CTRL group, CSAror increased by 1.6%
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(p = 0.013), CSAco by 1.8% (p = 0.007), and Thco by 2.6% (p = 0.012). In the area and
density-weighted moments of inertia, the increase in favor of EX was 3.2% for Inina (p =
0.006), 1.8% for Imino (p = 0.023), and 2.0% for Ipoiara (p = 0.035). In the EX compared to
CTRL group, BMC+ot increased by 0.7% (p = 0.017), whereas the changes in density
favored CTRL (vBMDrot 0.9%, p = 0.035 and vBMDco 0.8%, p = 0.043). The polar mass
distribution analysis revealed a significant group x time interaction at the A-M site. In EX
compared to CTRL, BMCa.m increased by 2.2% (p = 0.051).

Discussion

As hypothesized, this 20-week randomized, controlled, high-intensity strength and sprint
training trial in middle-aged and older male sprint athletes showed significant, albeit modest
changes in tibial midshaft structure and strength. The changes were more pronounced in the
most compliant athletes, which indicates that novel, intensive training, even of short duration,
can strengthen aging bones, even in subjects with a long-term high-impact training

background. The intervention had no effect on distal tibia bone traits.

The adaptation in this exercise training program, as in some previous studies [28-30],
occurred in bone structure and, theoretically, in bending strength without increases in BMD.
The greatest structural changes were observed in the cortical thickness of the tibial shaft,
which accords with findings from previous observational athlete and twin studies [6-8,10].
Thco increased slightly in the EX group, while in the CTRL group Thco decreased, which
indicates that the training maintained rather than improved Thco. In addition, there was a
tendency towards increased total and cortical CSA in the EX group; in the per protocol

analysis, the increase was significant in both parameters.

Parallel results have also been observed in some intervention studies on premenopausal [31]
and postmenopausal [28,32,33] women after six to twelve months’ strength and/or impact
training. Interventions targeting bone structure among older people are, however, scarce and
comparison of the results is challenging due to variation in study populations, training
programs, intervention duration and the bone sites measured. Ashe et al. [15] found no effect
on mid-tibia vVBMD, structure or strength in pretrained, postmenopausal women after

resistance training for one year. Similarly, in the study by Kukuljan et al. [16] 18 months’
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combined high-intensity strength training and weight-bearing impact exercises had no effect
on mid-femur or mid-tibia vBMD, structure or strength in 50- to 79-year-old men, despite an
increase in femoral neck aBMD. In the present study, we detected changes in bone in subjects
with prior exposure to vigorous exercise. In previous studies, conducted mainly on average
older populations, the intensity of the strength and/or impact training might have been too
low or the training might not have been progressive or specific for bone adaptation. The
exercises performed in this study were characterized by high magnitude and/or a high strain
rate, both of which are determinants of bone adaptation [5,34]. The initial muscle structural
and functional characteristics of the athletes were already clearly above average, and were
further improved by the training program [18], probably reaching a level high enough to
trigger adaptive response in bone.

The increased cortical thickness and cortical CSA observed in the present study was located
by mass distribution analysis. According to the per protocol analysis, the increase in bone
mass occurred in the A-M region. Cheng et al. [1] found that 12 months’ hormone
replacement therapy (HRT) and HRT combined with high-impact training mostly increased
proximal tibia BMC in the A-P direction, resulting in increased bending resistance at the
maximum axis (Imax). Similarly, in previous observational studies comparing athletes and
reference subjects [8,9], active and inactive monozygotic and dizygotic twins [10] or the
jump and lead leg of jumping athletes [35], bone mass was greater in the A-P direction, as
indicated by higher Imax. In the present study, adaptation in that direction might have already
reached its maximum owing to the long-term training history of the athletes, as the
intervention-related increase in bending resistance was observed largely at the minimum axis
(Imina).

The increase in the moments of inertia (Imina, Imino @nd Ipoiara) Was more pronounced in the per
protocol analysis. It appears that the increase in bone strength did not occur unambiguously
in the direction of the greatest or the smallest flexural rigidity, but in the A-P direction
between the maximal and minimal moments (Supplementary Fig. 2), where, according to the
bone mass distribution analyses, bone mass also increased. The increase in the moments of
inertia suggests that the geometrical changes that occurred improved bending strength
without accompanying improvements in BMD. Because, in the per protocol analysis, BMD
decreased, the increase in BMC likely occurred due to the increase in bone area. These

observations may indicate corticalization of the subcortical trabecular bone, which shows as
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thickened cortical bone without significant external expansion (p = 0.135, data not shown),
that is, increased bone mass in an enlarged area (cortical wall thickness and cortical area),
resulting in lower bone density. This result is in line with our earlier findings in

premenopausal women [36].

As in some previous studies [15,37-40] the lack of training-induced improvements in BMD
could be attributable to normal or high pretraining BMD values. Another possible reason for
the unchanged BMD in this study is the short duration of the intervention (20 weeks).
Changes in bone geometry occur faster than changes in BMD. The bone mineralization cycle
takes 3-4 months to complete, and therefore at least 6-8 months is needed to observe a new,
measurable balance in BMD [41]. In the present study, bone mineralization might have
occurred later, and hence, theoretically, the reason for our results could be earlier growth in
bone size than in bone density, a phenomenon observed during adolescence [42]. As a result
of this process, bone density decreases momentarily, as was also observed in the efficacy
analysis of the present study. The decrease in cortical vBMD could also be related to
exercise-induced microdamage that leads to targeted remodeling and thus increased

intracortical porosity, as suggested by previous observational studies [6,43].

In a study conducted on sedentary older people [32], impact-loading increased bone mass and
estimated strength of the distal tibia. In the present study, adaptation occurred in the cross-
sectional geometry of the tibial shaft without changes in the distal tibia or mid-tibia vBMD.
This indicates that the adaptation occurred in response to bending strain derived from the
increased and intensified strength and plyometric training rather than vertical compression
from impact-loading, a phenomenon to which the athletes’ bones might already have adapted.
Most of the athletes were not accustomed to heavy strength exercises in their normal training
routines. Previous strength training, especially among the older age group, might have

focused more on light-resistance and high-repetition strength endurance exercises.

The amount of previous strength training was significantly lower in the older age group.
Therefore, the overall intervention-induced increase in the amount and quality of the training
might have been greater in the older age group than in the younger group. The latter group, in
turn, was probably able to train harder than the older group, and the intensity of their
intervention-related strength training, in particular, was higher. This could be related to their

higher muscular capacity to produce bending strains. These possible differences in our
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athletes’ previous training and the intervention-related training might account for the
differences observed in the training response between the age groups. Compared to the CTRL
group, Thco increased in the 65- to 85-year-olds but not in the 40- to 64-year-olds, whereas
Imina tended to increase in the younger but not in the older age group. Older age did not
prevent adaptation, as changes were observed in both age groups. The testosterone values of
our athletes were normal. No differences in total T values (baseline or follow-up) were
observed between the age groups and the changes in bone variables were not related to the
changes in total T levels (data not shown).

The strengths of this study include a randomized controlled trial design and the use of pQCT,
which enables detection of changes in bone cross-sectional geometry and different bone
tissue types. PQCT is precise and reproducible, and it can detect even the smallest changes in
bone properties. Further strengths of our study include the unique focus on middle-aged and
older male athletes as well as the examination of a novel training program combining high-
intensity strength and sprint training with plyometric exercises. This study addresses a
knowledge gap in the research regarding bone-targeted exercise interventions for middle-
aged and older men, and yields wholly novel information, as no corresponding studies
conducted with a similar group have thus far been reported. Only few studies have
demonstrated structural adaptation of the older skeleton. Most of the previous studies have
utilized older populations with a low level of physical activity and reduced BMD. The
competitive masters athletes studied here were both able and highly motivated to participate
in vigorous training of a kind which could affect their bones, and the target intensities were
likely to be achieved. Despite the minor musculoskeletal discomforts typical in competitive
older athletes, all subjects were able to continue their training after a few days or weeks of
modified or discontinued training. The intervention adherence was relatively high given the
highly intensive, independently performed training program, and dropouts were few. The
detailed bone mass distribution analyses can also be considered a strength, as only relatively

few of these have been performed earlier.

The adaptations observed in this study were modest, which may have been attributable to the
relatively short intervention period (may not have seen full mineralization in 20 weeks). In
addition, the subjects had long-term training backgrounds and bones that were already strong,
and thus major changes in bone properties during the relatively short study period were not

expected. The study had multiple endpoints, which again means that the results have to be
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viewed with caution. The potential partial volume effect must also be considered, especially
in relation to the area of trabecular bone. At the mid-shaft site, however, where the cortices
are thick, this should not be an issue. The pQCT-related beam hardening may also have had
some impact on our results, but probably not on the effect of the intervention. More detailed
BMD analyses would have required a higher imaging resolution. We chose to use highly
selected subjects and an active control group, who may have increased or intensified their
training. The training practices of the intervention and control groups were rather similar,
which may also have accounted for the modest adaptations observed. However, because an
intervention-induced training effect was observed, it is likely that the quality and the intensity

of the training of the intervention group changed more than that of the control group.

Our 20-week intervention challenges the idea that physical exercise is unlikely to enhance
bone properties among older people who already have a strong bone structure. On the
contrary, this study suggests that through physically active lifestyle the adaptability of the
bone structure is maintained during aging. More research is needed on the effects of similar
training programs of longer duration on aging people in general. Longer interventions would
enable the examination of the maximal adaptive capacity of aging bone. Longer follow-ups
would also allow examination of the possible interactions of strength and sprint training with
the susceptibility to fractures. Although the intensive training program of athletes cannot, as
such, be recommended for ordinary aging people, masters athletes serve as good examples of

the upper limits of physical performance and the adaptability of musculoskeletal health.
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Figure legends
Fig. 1. Flowchart of the study.

Fig. 2. The differences in changes in tibial midshaft bone traits after 20 weeks’ high-intensity
strength and sprint training. EX vs. CTRL (mean, 95% confidence interval). Intention-to-

treat (upper panel) and per protocol analysis (lower panel).
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Table 1. Baseline physical and training characteristics, and calcium and vitamin D intake.

Experimental group

Control group

(n =40) (n=32)
Age (years) 60.2 (11.8) 61.8 (12.1)
Height (cm) 175.4 (6.0) 173.1 (6.9)
Weight (kg) 73.2 (7.5) 73.8 (9.0)
Lean body mass (kg) 63.3 (5.6) 62.7 (7.8)
Total testosterone (nmol/L) 16.6 (4.5)° 16.7 (6.3)°
Training background (years) 34.5 (16.0)¢ 30.3 (16.5)°
Training (sessions/wk) 4.3 (1.3) 4.2 (1.4)
Training (h/wk) 6.5 (2.9) 6.8 (3.7)
Strength training (h/wk) 1.2 (1.2) 1.3(1.5)
Sprint training and plyometrics (h/wk) 3.2(2.3) 3.1(2.3)
Calcium intake (mg/day)? 1378 (433)° 1248 (460)f
Vitamin D intake (pg/day)? 7.6 (4.9)° 9.8 (7.3)f

Values are means (SD).  Obtained from the 5-day food diaries kept during week 15. °n = 39,

°n=131,9n=36,°n=30,n=24
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Table 2. Effects of strength and sprint training on tibial mid-shaft bone traits. Intention-to-treat

analysis.

Experimental group Control group ANOVA

(n=38) (n=30) ()

Baseline 6 mo Baseline 6 mo Group Time G;?#}E 8
?rrs]rﬁ;)m (5517‘; (55167) (55251) (55261) 0.666 0336  0.158
E:rﬁrﬁzc)o ?4186) ?4178) 21512‘; E‘5143; 0.794 0496  0.071
(Tr?](f}c\)) (gigi) (8222) (8%) (ggg) 0434 049 0008
Gy (1300) (11080) (12030) (120ap) 0771 0255 0675
Enr}m]“) (14715327(; (14728100(; (13875754(; (13885934(; 03r1 0074 004
(ot (4370) (14160) (12040) (1sa1p) OB 0148 0314
(Brr':gfnm) (55191) (55183) (5602‘; (56025) 0.605 0038 0211
\(/r'ﬁgj'(?r;g (93985) ?39;) ?4667) ?464% 0.009 0850 0223
\(/r'ﬁgj'gﬁ% 1(%8? 1(18)2 1(22)5 1((2)2;3 0003 0664  0.137
(mvem)  (210)  (1176) (280) (oor) 0977 0084 0947
E%D*cm) (1472952) (148216?; (1388558) (1389622) 0566  0.018  0.105
(o) (1a1)  (436) (159 (eog 0862 0027 0608

Values are means (SD). The displayed p value denotes the main and interaction effects.

CSAToT = total cross-sectional area; CSAco = cortical CSA; Theo = cortical thickness; Imaxa,

Imina, lpolara = maximal, minimal and polar area moments of inertia; BMCrot = total BMC;

vBMDrot = total volumetric BMD; vBMDco = cortical VBMD; Imaxp, Iminp, Ipolarp = density-

weighted maximal, minimal and polar moments of inertia.
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Table 3. Effects of strength and sprint training on tibial mid-shaft bone traits. Per protocol

analysis.
Experimental group Control group ANOVA
(n=16) (n =30) ()

Baseline 6mo  Baseline 6 mo Group Time G;?rLrJ\g X
By e () e 0387 0037 o016
) s 6h G G5 08l 0070 0008
(Tm (3321) (gﬁgg) «5)2331) (8;§2) 0.609 0.909 0.010
E?ﬁm“) (ﬁ?gg) (ﬁggg) (lll%ég) (112228) 0.731 0.060 0.181
m“) (14617818% (14711377% (13875754(; (138859340) 0.198 0.021 0.012
Eiﬁ;ﬁ) ((13%?2) (??gélzl) ((13284718) ((1322?8) 0.552 0.031 0.069
(Brr':gfnT\CrJnT) (56091; (56088) (560213 (56025) 0.947 0.003 0.020
oo G Ge w0019 0243 00%0
Xﬁgffrﬁ% 1(%8? 1&%0’ 1(22)5 1(22;3 0.006 0.481 0.039
zrr%icm) (411213) (41122;) (zltggg) (411282) 0.921 0.016 0.405
omy @i @ (e (e 08 0008 0038
msrfcm) ((1382?) (%ég) ((13232) ((13283) 0.762 0.006 0.164

Values are means (SD). The displayed p value denotes the main and interaction effects.

CSAToT = total cross-sectional area; CSAco = cortical CSA; Theo = cortical thickness; Imaxa,

Imina, lpolara = maximal, minimal and polar area moments of inertia; BMCrot = total BMC;

vBMDrot = total volumetric BMD; vBMDco = cortical VBMD; Imaxp, Iminp, Ipolarp = density-

weighted maximal, minimal and polar moments of inertia.
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Table 4. Effecs of strength and sprint training on polar mass distribution of the tibial shaft.
Per protocol analysis.

Experimental group Control group ANOVA
(n = 16) (n=30) ()
BMC Baseline 6 mo Baseline 6 mo Group Time G;ﬁ:g 8
A 890 908 881 879

(124) (141) (157) (153) 0683  0.319 0.247

A-M 329 336 342 341
(64) (65) (63) (63) 0647 0085  0.046
M 469 471 514 512
(106) (103) (99) (99) 0.169 0.960 0.523
P-M 852 851 816 822

(133) (123) (161) (159) 0.481 0.540 0317

P 736 747 732 729

(187) (192) (148) (145) 0.830 0.399 0.121

P-L 531 537 547 547
(77) (80) (86) (88) 0.619 0478 0479
L 320 324 325 327
(46) (47) (68) (70) 0.850  0.294  0.689
A-L 913 905 888 891

(208) (191) (133) (144) 0694 0759  0.470

Values are means (SD). The displayed p value denotes the main and interaction effects. BMC
— values (mg/cm) are sum values of nine 5° sectors. (A = anterior, A-M = anteromedial, M =
medial, P-M = posteromedial, P = posterior, P-L = posterolateral, L = lateral, A-L =
anterolateral)
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