INTERACTION BETWEEN SEASONAL EFFECTS AND
OVARIECTOMY ON LOAD RATE RESPONSE OF BONE
STRUCTURE
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Introduction

Parameter

•Compact bone viscoelastic material properties, and their anatomic distribution, are
altered dramatically and quickly with both short-term and long-term estrogen
depletion (1,2).
• Differences between bone material from ovariectomized (OVX) and sham-operated
animals in these parameters are most evident at high load rates.
•Sheep are seasonal breeders, going through a prolonged anestrus with short day
length. The effects of season on bone mineral density of ovine bone has been well
established (3).
• Are these changes in material properties reflected in changes in the mechanical
behavior of the bone structure? Would any changes in structural behavior due to
OVX be modified due to the season in which those parameters are measured?
Hypotheses:
•After one year of estrogen depletion, structural stiffness and failure parameters
would be adversely affected, especially at high load rates.
•Any seasonality in these parameters would be decreased in the OVX animals.

Methods

•Statistical analysis: 3-way ANOVA (GLM; fixed season, treatment; random displacement rate) with post-hoc
Fisher’s LSD test. α=0.05 for main effects, α=0.10 for interactions with α=0.05 for post-hoc tests).
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Fig.1: 4 point bending configuration. Cranial
(tensile) side of the bone, and actuator of the
mechanical testing equipment, are to the bottom.

Fig.2: Definition of mechanical output
parameters

Results
•See Table, and Figure 3 (Note: Re-analysis from Abstract).
•General
•None of the main effects (Treatment, Season, Displacement
Speed) were demonstrably associated with Stiffness, Strength, or
Energy to Failure (p>0.27, Table).
•No 3-way interactions were demonstrably associated with Stiffness,
Strength, or Energy to Failure (p>0.84, Table).
•Structural stiffness (Figs.3A, 3B, 3C):
•Significant differences between OVX and Sham only appear at high
displacement speeds (Sham>OVX, Fig.3A).
•Stiffness showed a significant seasonality, but only at the slow load
rate (Red line, Fig.3C), in which the structure reached a minimum
stiffness in the Autumn, a maximum in the Spring, and intermediate
values in the Winter and Summer.
•A significant treatment x season interaction could not be resolved
with our post hoc tests.
•Fast-rate bones were more stiff than slow-rate bones only among
the Autumn cohort (Fig.3C).
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Strength, or Failure load (Figs.3D, 3E, 3F):
•Significant differences between OVX and
Sham only appear at high displacement
speeds (Sham>OVX, Fig.3D).
•A significant treatment x season interaction
could not be resolved with our post hoc tests
(Fig.3E).
•Slow-rate bones were stronger than fast-rate
bones (Fig.3D).
•This relationship was driven largely by the
contributions of the OVX bones (Fig.3D) and
bones from the Spring cohort (Fig.3F).
Energy to Failure (Figs.3G, 3H, 3I):
•Bones tested at the fast load rate absorbed
significantly less energy than those tested at the
slow load rate (Fig.3G).
•This relationship was driven largely by the
contributions of the OVX bones (Fig.3G). It was
present in the Summer, Winter, and Spring
cohorts, but was absent from the Autumn cohort
(Fig.3I).
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Mechanical testing: Specimens were thawed to room temperature and tested in destructive sagittal 4-pt
bending (caudal, concave side in compression; cranial, convex side in tension; outer supports 100mm apart,
inner supports 40mm apart, self-leveling fixture, Instron 8501, 300N preload, data collection at 125Hz ,Fig.1).
Actuator speed was set at either fast (15mm/s) or slow (0.15mm/s) for 10mm displacement.
Output parameters (Fig.2)
•Structural Stiffness (N/mm; regression of initial force-displacement curve),
•Structural Strength, or failure load (N, maximum force), and
•Energy to Failure (J, area under force-deformation curve to maximum force).
Raw parameters Pr were normalized to sheep size, such that Normalized parameter Pn=(Pr/Iy )* Iy (mean),
where Iy= the idealized area moment of inertia in the lateromedial direction, taken from measurements of the
postmortem radiographs.

Speed

[

In vivo: (CSU IACUC approval)
•56 4-6 year-old Columbia-Ramboulliet ewes
•ovariectomized (OVX, N=28, ovaries removed under general anesthesia, dorsal recumbency)
•sham surgery (Sham, N=28, ovaries handled but not removed).
•Animals were kept under dry lot conditions, 41oN, 1524m elevation
•sacrificed one year after surgery.
•OVX and Sham groups were divided into Summer (early September, N=14), Autumn (early
November, N=14), Winter (mid-February, N=14) and Spring (mid-May, N=14).
•At sacrifice, the right radius/ulna (the two bones fuse early in life) were removed and cleaned, lateromedial
and craniocaudal radiographs taken, and the bones were stored at -20oC until mechanical testing.
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Figure 3: Interactions between Treatment and Speed (A,D,G), Treatment and Season (B,E,H), and Speed and Season (C,F,I) for Structural
Stiffness (A,B,C), Strength (D,E,F), and Energy to Failure (G,H,I). Error bars indicate standard deviations. Asterisks indicate significant
differences. For Fig.3C, letters (a,b,c) indicate results of post-hoc tests on slow-speed results; Roman numerals (i,ii) indicate results of tests on
high-speed results; values with shared letter or numeral are not significantly different from one another.

Discussion
•As expected, the influence of OVX on bone material stiffness, in which effects of treatment were most evident at high load rates, were reflected
in the structural stiffness behavior.
• Similarly, OVX-related structural strength differences were only evident at fast load rates. Clearly, subtle changes in local material properties
have an influence on the mechanical behavior of the structure as a whole.
•The results of a similar study using femora (4), in which increased load rate was associated with increased stiffness and failure load, with no
effect on energy absorption, were not supported by our data.
•The two studies overlapped in the range of load rates (2.0/100mm/s for the earlier study, 0.15/15.0mm/s for the current study)
•It is possible that these relationships in bone structure, as they appear to be in bone material (5), are not monotonic across a wide range of
load rates.
•The relationships between load rate and stiffness/failure load/failure energy may specific to a particular structure (human femora vs ovine
radii) or loading mode (compression vs bending).
• The seasonality of these structural properties suggests that they, like their corresponding material properties (6), are quite labile, and possibly
recoverable. The viscoelastic material properties of compact bone have been shown to have only a weak dependence on remodeling. Another
mechanism of altering mechanical properties, as yet unelucidated, may be in play here.
• That OVX did not appear to substantially affect this seasonality (treatment x season interaction) suggests that the mechanisms behind
seasonality of bone material properties do not depend on an intact hypophyseal-ovarian axis.
• Nevertheless, our data suggest that seasonality is a potential confounder in any study involving these mechanical properties, and we
recommend that studies using this model include a seasonal control (as was done here), or that the mixing of cohorts from different seasons be
avoided.

Summary
1. OVX-associated decreases in structural stiffness and
strength are only evident at high rates of load application
(e.g., fall vs walk).
2. While there is no demonstrable difference in stiffness or
strength due to load rate, bones loaded at a low rate of
speed absorb more energy before failure than those loaded
at high rates of speed.
3. There is a seasonality in these structural properties.
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