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Abstract

Physical activity is recommended for skeletal health because bones adapt to mechanical loading.
The young skeleton shows greatest plasticity to physical activity-related mechanical loads, but
bones are most at risk of failure later in life. The discrepancy raises the question of whether the
skeletal benefits of physical activity completed when young persist with aging. Here we present a
unique case wherein the cortical bone benefit of physical activity completed over five decades
earlier could be established within an individual aged in their tenth decade of life. Specifically, we
compared bone properties at the midshaft humerus between the throwing and nonthrowing arms of
a 94-year-old former Major League Baseball player who ceased throwing 55 years earlier. By
performing analyses within-subject, the long-term skeletal benefit of physical activity completed
when young could be assessed independent of inherited and systemic traits. Also, as the subject
threw left-handed during his throwing career, but was right-hand dominant in all other activities
throughout life, any lasting skeletal benefits in favor of the throwing arm could not be attributable
to simple arm dominance. Analyses indicated that any cortical bone mass, area and thickness
benefits of throwing-related physical activity completed when young were lost with aging,
possibly due to accelerated intracortical remodeling. In contrast, the subject’s throwing
(nondominant) arm had greater total cross-sectional area and estimated strength (polar moment of
inertia) than in his dominant arm, despite muscle indices favoring the latter. These data indicate
that physical activity completed when young can have lasting benefits on bone size and strength,
independent of the maintenance of bone mass benefits.
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Introduction

Physical activity when young is advocated for lifelong bone health, with the premise being
that achieving a higher peak bone mass during youth may prime the skeleton to offset the
bone loss associated with aging [1]. Prospective observational studies suggest that some of
the bone mass benefits generated through physical activity when young may persist into
early adulthood [2-5], and a recent study with a mean follow-up of 39 years provided
evidence to suggest benefits may last into later adulthood [6]. However, the latter study did
not completely control for selection bias, with inherited traits possibly explaining the greater
bone mass in former athletes compared to controls at both baseline and follow-up. To assess
the long-term skeletal benefit of physical activity completed during youth while controlling
for inherited and other systemic traits, we recently used a within-subject controlled model
comparing the throwing and nonthrowing arms in former professional (Major League
Baseball [MLB]) throwing athletes [7]. Overhand throwing loads the humerus and induces
substantial adaptation [7—11]. Throwing-to-nonthrowing arm differences in the former MLB
players were compared to dominant-to-nondominant differences in control subjects to
isolate the skeletal benefits of throwing-related physical activity from effects due to elevated
habitual unilateral loading associated with arm dominance. Data showed that the benefits of
throwing-related physical activity on dual-energy x-ray absorptiometry (DXA)-derived
measures of upper extremity bone mineral content (BMC) were lost within 30-39 years
following activity cessation [7]—an observation consistent with the eventual loss of lower
extremity bone mass benefits of physical activity observed in a prominent study of former
soccer players [12].

The eventual loss of the bone mass benefits of physical activity completed when young
makes evolutionary sense considering that humans evolved for endurance [13] and it is
energy inefficient to maintain skeletal mass in excess of prevailing needs. However, it is
possible that the bone size benefits of physical activity completed when young persist long-
term and contribute to lasting benefits on bone strength. Physical activity prior to mid-
adolescence preferentially deposits new bone on the periosteal surface resulting in an
increase in bone size [14,15]. As bone mechanical properties are proportional to the fourth
power of the bone radius [16] and bone loss during aging occurs primarily near the
endocortical surface and not the periosteal surface [17], the enhanced bone size generated by
physical activity when young may remain intact until senescence to have anti-fracture
benefits. We previously demonstrated mechanical loading when young conferred lifelong
benefits in bone size and strength in rodent models [18-20]. Similarly, in our recent study
involving former MLB players, over half of the bone size and one-third of the estimated
bone strength benefits of throwing-related physical activity completed during youth
persisted until the ninth decade of life [7]. The current report furthers our recent work by
presenting a unique case wherein the cortical bone benefit of physical activity completed
when young could be established within an individual aged in their tenth decade of life.

Case Report

A 94-year-old former MLB player was recruited as part of our larger study exploring the
long-term benefits of physical activity on cortical bone properties [7]. The subject was not
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eligible to participate in the larger study because his throwing arm and dominant arm were
not on the same side of the body negating the ability to pool his data with other former
throwers—the subject threw left-handed during his throwing career due to a self-reported
lack of left-handed pitchers during his era of play, but was right-hand dominant in all other
activities throughout life. The contrasting throwing vs. dominant arm scenario provided a
unique opportunity to establish the lasting skeletal benefit of throwing-related physical
activity when young within the oldest subject in our cohort as any benefits in bone mass,
size or estimated strength in favor of the throwing arm could not be attributable to arm
dominance.

Demographic and anthropometric characteristics of the case subject are detailed in Table 1.
The subject was in extremely good health considering his age, with the only regular
medication being a low-dose thyroid tablet for long-standing mild hypothyroidism. He had
not participated more than once per month for longer than 6 months in any throwing or other
one-arm dominant activity (including vocation) in the 55 years since retiring from
professional throwing meaning the lasting skeletal benefits of physical activity completed
when young could be explored long-term following return to habitual loading levels. All
procedures were performed with approval of the Institutional Review Board of Indiana
University and following obtainment of written informed consent from the subject.

Peripheral quantitative computed tomography (pQCT) (XCT 3000; Stratec Medizintechnik
GmbH) was performed to assess bone volumetric density, mass, size and estimated strength
at the level of the midshaft humerus, using previously described procedures [7,11]. The
midshaft humerus was chosen as the site of interest as it displays substantial adaptation to
the mechanical loads associated with overhand throwing, as observed by greater cortical
BMC, area and thickness, reduced medullary area, and greater total area/size and estimated
strength [7,11]. DXA (Discovery-W; Hologic, Inc.) for whole-body (including bilateral
upper extremities) BMC and composition, and spine and hip BMC was also performed.

pQCT images of the midshaft humerus in the throwing/nondominant and nonthrowing/
dominant arms of the subject are shown in Figure 1A. The throwing/nondominant arm had
1.4% less cortical BMC at the midshaft humerus than in the nonthrowing/dominant arm
(Fig. 1B). The small difference in favor of the dominant arm approximated the dominant-to-
nondominant difference observed in a cohort of controls (n=11; age = 83.8 £ 2.5 years) (Fig.
1B). The controls had not participated more than once per month for longer than 6 months in
any athletic activity or vocation that preferentially utilized one arm, and were tested to
explore side-to-side differences attributable to simple arm dominance as part of our larger
study [7]. The result suggests loss of the bone mass benefits induced by throwing-related
physical activity completed when young, with currently active MLB/Minor League Baseball
(MiLB) players having 50.4% (95%ClI, 44.2 to 56.6%) greater midshaft humerus cortical
BMC in their throwing arm compared to their nonthrowing arm [7]. Regional analyses of
whole-body DXA scans confirmed the loss of the bone mass benefit of physical activity
completed when young in the subject, with whole-arm (humerus, radius, ulna, carpal and
hand) BMC in the throwing/nondominant arm being 4.1% less than in the nonthrowing/
dominant arm. Whole-arm BMC in favor of the subject’s dominant arm matches the 7.1%
(95%Cl, 1.8 to 12.3%) greater whole-arm BMC observed in controls due to arm dominance,
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and contrasts the 30.5% (95%ClI, 25.9 to 35.1%) greater whole-arm BMC observed in the
throwing arm compared to the nonthrowing arm in currently active MLB/MILB players [7].

The loss of the bone mass benefits of physical activity completed when young was coupled
with loss of any cortical area and thickness benefits (Fig. 1A, B), and appeared to result
from greater medullary expansion and cortical trabecularization in the throwing arm relative
to the nonthrowing arm during aging. Accelerated medullary expansion was evidenced by
22.1% greater medullary area in the throwing/nondominant arm relative to the nonthrowing/
dominant arm, whereas 9.4% greater trabecular/subcortical bone mineral content in the
throwing/nondominant arm provided evidence of accelerated cortical trabecularization (Fig.
1A, B). The greater medullary area and trabecular/subcortical bone mineral content in the
subject’s throwing/nondominant arm contrasts the side-to-side differences in favor of the
dominant arm observed in controls (Fig. 1B), and contrasts the 17.1% (95% CI, 5.0 to
29.2%) smaller medullary area observed in the throwing arm compared to the nonthrowing
arm in currently active MLB/MILB players [7].

Although the cortical bone mass, area and thickness benefits of throwing-related physical
activity completed when young appeared to be lost with aging, a portion of the bone size and
estimated strength benefits persisted. Despite being the subject’s nondominant arm, the
midshaft humerus in his throwing arm had 14.3% greater total cross-sectional area/size and
15.2% greater estimated torsional rigidity (as indicated by the density-weighted polar
moment of inertia) than in his nonthrowing arm (Fig. 1A, B). The side-to-side differences in
favor of the subject’s throwing/nondominant arm contrasts the greater total area and
torsional rigidity in favor of the dominant arm in controls (Fig. 1B), indicating that
throwing-related physical activity completed when young had lasting benefits on bone size
and strength in the subject that withstood the influence of elevated habitual loading
associated with arm dominance.

The lasting benefit of throwing-related physical activity in bone size and strength within the
throwing arm of the subject also persisted independent of side-to-side differences in muscle
measures. DXA-derived upper extremity lean mass and pQCT-derived upper arm muscle
cross-sectional area were 19.2% (2.38 vs. 2.95 kg) and 10.5% (23.9 vs 26.7 cm?) less in the
throwing/nondominant arm relative to the nonthrowing/dominant arm. The differences in
favor of the dominant arm approximate those observed due to arm dominance in controls
where upper extremity lean mass (15.6% [95%CI, 10.6 to 20.5%]) and upper arm muscle
cross-sectional area (2.6% [95%Cl, 0.1 to 5.2%]) also favored the dominant arm [7].

Discussion

The current case provides evidence suggesting that physical activity has benefits on bone
size and estimated strength, but not mass when assessed in the tenth decade of life and more
than five decades after activity completion. The age of the subject exceeds that of our
previous work [7], enabling the case to advance knowledge and provide a unique
contribution. The ability to establish the lasting skeletal benefits of physical activity within a
single subject independent of inherited traits, systemic factors, and arm dominance was
discussed in preceding sections.
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The apparent loss of any cortical BMC, area and thickness benefits of physical activity
completed when young in the subject are consistent with findings in our larger study [7], and
suggest that cessation of throwing-related physical activity was associated with accelerated
age-related bone loss and structural decay. Age-related cortical bone loss is principally
characterized by intracortical remodeling within the cortex adjacent to the medullary cavity
which thins the cortex from within by cavitation and leaves cortical remnants that look
similar to trabeculae [21]. Accelerated intracortical remodeling in the current case appeared
evident by greater medullary area/expansion and characterization of cortical bone material
as trabecular/subcortical in the throwing arm relative to nonthrowing arm.

Although accelerated intracortical remodeling appeared to effectively remove any bone
mass benefits of physical activity completed when young, it did not remove the bone size
benefits. The subject’s throwing arm persisted to have a larger total cross-sectional area at
the midshaft humerus compared to his nonthrowing arm despite the latter being his
dominant arm and having greater measures of muscle properties. The lasting bone size
benefit fits our working hypothesis that the general absence of age-related bone loss on the
periosteal surface (and actual expansion of this surface during aging [22,23]) enables the
bone size benefits of physical activity completed when young to persist long-term. The
lasting bone size benefit observed in the subject extends findings from our larger study
where over 50% of the size benefit of throwing-related physical activity completed when
young was maintained into the ninth decade of life [7]. In addition, it furthers the recent
findings of Nilsson et al. [24] who cross-sectionally compared individuals in quartiles of
previous physical activity levels to report lasting bone size benefits of physical activity in
the tibia.

The ultimate outcome of maintenance of some of the benefit of physical activity completed
when young on bone size was maintenance of some of the estimated strength benefit. As
indicated earlier, bone mechanical properties are proportional to the fourth power of the
bone radius [16]. By having the same amount of bone material as the nonthrowing arm but
distributing it further from the central axis, the midshaft humerus in the subject’s throwing
arm was estimated to be stronger than in his contralateral nonthrowing arm.

Ultimately, these data indicate that physical activity completed when young can have lasting
benefits on bone size and strength when assessed in the tenth decade of life and five decades
following the return to habitual levels of loading. Whether the observed benefits persist in
women and at sites prone to osteoporotic fracture remains to be established. It may be that
physical activity targeting sites prone to osteoporotic fracture needs to be continued during
aging so as to reduce the accelerated intracortical bone remodeling observed with complete
return to habitual loading.
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Fig. 1.
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Physical activity-related mechanical loading when young had long-term benefits on cortical
bone size and estimated strength, but not cortical bone mass. (A) Peripheral QCT images of
the midshaft humerus in the nonthrowing/dominant arm and throwing/nondominant arm of

the case subject. Note the greater overall bone cross-sectional size and medullary area in the
throwing arm, but equivalent cortical thickness despite it being the subject’s nondominant

arm. Scale bar represents 20 mm. (B) Mean difference between the throwing arm and

nonthrowing arm of the case subject (indicated by X’s) for bone density, mass, structure,
and estimated strength. Data for the mean percent difference and 95% confidence interval

between the dominant arm and the nondominant arm in controls (n=11; age=83.8 + 2.5

years) from [7] are shown for comparison.
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