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] o us to describe the concept of bone adaptation in mathematical
The primary mechanical function of bones is to provide rigid  terms. Of greatest importance are the following three rules:
levers for muscles to pull against, and to remain as light as . ) . )
possible to allow efficient locomotion. To accomplish this 1. Bone adaptation is driven by dynamic, rather than static,

bones must adapt their shape and architecture to make loading. ) ) L

efficient use of material. Bone adaptation during skeletal 2. Only a short duration of mechanical loading is necessary to
growth and development continuously adjusts skeletal mass initiate an _aplaptlve response. Extending the Ioaqlmg duration
and architecture to changing mechanical environments. has a diminishing effect on further bone adaptation. _
There are three fundamental rules that govern bone adapta- 3 Bone cells accommodate to a customary mechanical loading
tion: (1) It is driven by dynamic, rather than static, loading. environment, making them less responsive to routine loading
(2) Only a short duration of mechanical loading is necessary signals.

to initiate an adaptive response. (3) Bone cells accommodate  |n this study, the foregoing rules are converted into mathe-

to a customary mechanical loading environment, making  matical formulas and the utility of these formulas is demon-
them less responsive to routine loading signals. From these  strated. The body of the article is divided into three sections, each
rules, several mathematical equations can be derived that describing one of the three rules, and culminates in a general
provide simple parametric models for bone adaptation. discussion.
(Bone 23:399-407; 1998) © 1998 by Elsevier Science Inc.
All rights reserved.
Rule 1: Dynamic Strain Stimulus
Key Words: Bone density; Mechanotransduction; Mechanical
stress; Biomechanics. The nature of the mechanical stimulus for bone adaptation has
been debated for over 100 years. What follows is a brief chron-
icle of thoughts about this issue. In 1892, Wolff proposed that the
Introduction stresses on the bones determined the bone architecture. Later,
ThompsoR* pointed out “the very important physiological truth

Bone architectures are elegant and structurally efficient as if theyhat a condition of strain, the result of stress, is a direct stimulus
were designed based on an engineering blueprint. This blueprintb growth itself.” In 1964, Frost endorsed Thompson'’s view and
for the skeleton is partially contained within the bone cells’ asserted that not only was mechanical strain the principal deter-
genetic program, but there is also an epigenetic component ahinant of bone adaptation, but that a “minimum effective strain”
skeletal design that is continuously updated in response to thtéhreshold must be surpassed before bone adaptation would oc-
mechanical forces exerted on the bones. Bone cells begin witbur! A most important contribution was made in 1971 by Hert
the genetic blueprint and sculpt it until the skeletal design meetand coworkers when they showed that dynamic, but not static,
the loading requirements. This process, terinede adaptation  strains increased bone formation in rabBR€Dynamic strains
requires bone cells to detect mechanical signals in situ anthus appeared to be the primary stimulus of bone adaptation. In
integrate these signals into appropriate changes in the bon#984, Lanyon and Rubin confirmed Hert's finding using the
architecture. Over 100 years ago, R&tiand Wolff*® proposed  isolated avian ulna model. These investigators also demonstrated
that bone architecture is determined by mathematical laws: Théhat bone adaptation in the isolated avian ulna model was directly
thickness and number of trabeculae (i.e., the distribution of masg)roportional to the peak applied straiRigure 2). Rubin and
must correspond to the quantitative distribution of mechanicalMcLeod?? went on to show that frequency (i.e., the number of
stresses, and the trabeculae must be stressed axially in compresicles per second) of the loading waveform was an important
sion or tension Kigure 1). Pauwels furthered this work to factor in bone adaptation. More recently, experiments in our
describe the effects of mechanical stresses on long bone crostboratory have confirmed that both loading frequency and strain
sectional shape and fracture healfig.hese laws form the basis rate are important determinants of bone adaptatfoif.
of our current concepts of bone adaptation and, from this basis, These results tell us the following: (a) dynamic strains drive
new concepts are emerging. bone adaptation; (b) the strain stimulus is increased if the

A great deal of experimental evidence has been gathered imagnitude or frequency of the dynamic signal is increased; and
the last 30 years, and common threads have emerged that allofg) increasing strain rate enhances the strain stimulus. To incor-
porate these facts into a mathematical formula, we must consider
that peak strain rate is proportional to the frequency of the
Address for correspondence and reprinBharles H. Turner, Ph.D., loading waveform and strain magnitude (see Appendix). Assum-
Director of Orthopaedic Research, Indiana University School of Medi-ing that the strain stimulus is proportional to strain rate, as has
cine, 541 Clinical Drive, Room 600, Indianapolis, IN 46202. been shown experimentaffy>8

© 1998 by Elsevier Science Inc. 399 8756-3282/98/$19.00
All rights reserved. PIl S8756-3282(98)00118-5
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Figure 1. According to Wolff*® bone architecture is determined by
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Figure 2. Rubin and Lanyo#t demonstrated, using the isolated avian
ulna model, that newly formed bone area is proportional to applied strain
magnitude. This experiment has often been interpreted, albeit incorrectly,
to show that strain magnitude, rather than strain rate or the frequency of
the loading waveform, is the primary stimulus for bone adaptation.
However, strain rate, frequency, and magnitude of a dynamic loading
signal are interrelated so the loading waveforms applied by Rubin and
Lanyon varied not only in strain magnitude but also in frequency (see
Appendix for further discussion of this experiment). (© Springer, New
York 1985, used with permission.)

E = kyef (1)

wherekE is the strain stimulusk, is a proportionality constang,

is peak-to-peak strain magnitude, ahid loading frequency in
cycles per second. Equation (1) gives the strain stimulus for a
sinusoidal loading waveform. However, the result can be gener-
alized using the Fourier method, which allows any periodic
loading waveform to be expanded into a series of sine waves at
different amplitudes and frequencies. So, in the general case, the
strain stimulus is defined as:

E:kli € f (2)

Equation (2) predicts all of the results we have observed in
our laboratory, as well as those derived from other experimental
models. For instance, Equation (2) demonstrates that static loads
should not affect bone adaptatibh?®becausé = 0; it predicts
that bone adaptation should be proportional to applied dynamic
strain magnitud®; and that higher frequency loading should be
more effective at stimulating bone adaptation. It was demon-
strated, using the isolated avian ulna model, that 3008pplied
at 1 Hz could reverse the effects of disuse and stimulate new
bone formation. According to Equation (2), we should expect a
similar response if 10Que were applied at 20 Hz. This is

recisely what was observed by Rubin and McL¥aghen they

mathematical laws: The thickness and number of trabeculae (i.e., th howed that 15e at 20 Hz reversed the effects of disuse and

distribution of mass) must correspond to the quantitative distribution of
mechanical stresses, and the trabeculae must be stressed axially
compression or tension. This principle is demonstrated by the studies

1cﬁimulated bone ingrowth around transcortical, porous-coated

ditanium implants. In our laboratory, bending loads are applied to

Pauwelg® showing the correspondence between stress trajectories (A€ tibiae of adult rats to induce bone adaptafior®we have
and trabecular architecture (B) in the proximal femur. (© Springer, NewShown that new bone formation is influenced by loading fre-
York 1980, used with permission.)

quency Figure 3) and peak-to-peak loading magnitudegure
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Figure 3. Mechanically induced
bone formation rate (mBFR) on the
endocortical surface of the rat tibia
increased significantly with increas-
ing applied loading frequencyp (<
0.05, asterisks). Loading was applied ~—
daily as four-point bending of the CC
tibia for 36 cycles/day over a period

of 10 days. Sham bending loading
had no effect on mBFR. Adapted
from Turner et af®
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4). For each of these previous experiments, bone formation can
be presented as a function of strain stimulus calculated using
Equation (2). After converting to strain stimulus, the data from
the two different experiments are virtually superimposed upon
each other Kigure 5), demonstrating that, for the rat tibia
loading model, Equation (2) can predict results from different
experiments and different loading conditions.

Equation (2) may have limits in its predictive ability at high
loading frequencies. It presents a linear model for the relationship
between strain magnitude and frequency, while biological systems
are seldom perfectly linear. For instance, Equation (2) predicts that
very low strains can create a significant strain stimulus if applied at
a very high frequency, yet there may in fact be a limited range of
loading frequencies to which bone is sensitive.

Rule 2: Case of Diminishing Returns

Increased duration of skeletal loading does not yield proportional
increases in bone mass. As loading duration is increased the bone

Figure 4. Mechanically induced bone formation rate (MBFR) on the formation response tends to saturate. This phenomenon of di-
endocortical surface of the rat tibia was proportional to the peak-to-peatkNinishing returns is best demonstrated in the study by Rubin and
magnitude of four-point bending applied at 2 Hz. Loading was appliedLanyort® using the isolated avian ulna loading model, and the
daily for 36 cycles/day over a period of 10 days. Asterisks indicate astudy by Umemura et af> where rats were trained to jump
significant difference frm O N (p < 0.05). Adapted from Turner et &.  various numbers of times per day and changes in their tibial and

Figure 5. Mechanically induced 350
bone formation rate (MBFR) in the

rat tibia from two experiments pre- 300
viously done in our laborato?§-38

(Figures 3 and 4). In both experi- 250
ments, loading was applied daily .= 1
for 36 cycles/day over a period of Z‘

10 days. Applied strain stimulus §& 200 |

was calculated for each datapoint =3,
using Equation (2). The closed ~ 150 .
squares are from an experiment in (C

which loading frequency was varied L 100 |
from 0.1 to 2 Hz (solid regression

line), and the open circles are from IS 50
an experiment in which the peak-to- 1
peak loading magnitude was varied

from O to 54 N (dashed regression 04

line). The results show that mBFR

has approximately the same rela- v T v T v T v T v r T v T r T r
tionship with strain stimulus in ei- 0 .001 .002 .003 .004

ther experiment, regardless of the
disparate loading conditions.

Applied Strain Stimulus
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Figure 6. Increased duration of skeletal loading does not yield proportional increases in bone mass. This effect is demonstrated best by two
experiments. First, Rubin and LanySrapplied mechanical loading of different durations daily to the isolated ulna of roosters and found that the
resulting increase in bone mass was not proportional to the loading duration, but that increasing loading duration past 36 cycles/day was not very
effective for causing further increases in bone mass (A). Second, Umemur® ¢tadthed rats to jump various of numbers of times per day and found

that five jumps/day were sufficient to increase bone mass, but increasing numbers of jumps gave diminishing returns with respect to bone mass (B).

femoral bone mass were measur&ig(re 6). The data from Umemura et al. were normally active when not jumping, so
each of these studies can be characterized mathematically usitige y intercept should be, and is, almost exactly 100%.
a logarithmic function: Second, the isolated ulna loading model gained 16.8% more

. bone mass with each incremental §)0increase in loading
R — 0, %
ubin and Lanyon—ulnar BMC (% of controfy 93.2+ 16.8 cycles, whereas the rat jumping model gained only 11% more

log(1 + N). - - A ;
e bone mass per increment. The larger increase in the avian ulna
— 0,
Umlgm(gri l\})lblal bone mass (% of controf) 100.1 + 11.0 may be due to the fact that this loading regimen induced
9 ) woven bone formation for loading durations of 36 cycles/day

whereN is the number of loading cycles per day. There areand above, thus leading to more dramatic increases in bone
differences in the two animal models that are worth noting.mass than would be expected from lamellar bone formation

First, the isolated ulna loading model was in a state of disusehat occurred in the jumping rats. Despite these differences,

when no loading was applied, so bone was lost; this explainshe two data sets have considerable overlap when plotted on a
why they intercept from the Rubin and Lanyon data is lesslogarithmic scale Figure 7).

than 100%. In contrast, the rats in the jumping model of Another mathematical approach for explaining the phenomenon
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Figure 7. The relationship between @ data from Umemura et al.

mechanically induced change in 150 1 O data from Rubin and Lanyon

bone mass and number of loading e
cycles is logarithmic. The data from O 140 |
Umemura et af® taken from an ex-
periment using rats and the data from Q 130
Rubin and Lanyo#f collected using Q

the isolated avian ulna model follow w= 454
similar trends when plotted as a func-
tion of the logarithm of loading cy-
cles. The change in bone mass in-
duced in the avian ulna model is
slightly more dramatic, but this could
be due to the fact that this model
causes a wider range of responses in a0 |
the bone; bone loss occurs in the
absence of loading cycles and woven 80
bone formation is induced by appli-

cation of 36 or more cycles/day.
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of diminishing returns was derived by Carter ef dlhey proposed the exponential relationship derived by Carter et &lle can

that a daily loading stimulusy should be expressed as: combine Rule 1 and Rule 2 of bone adaptation into a new
formula for the daily loading stimulus:

Kk 1/m
S« N o™ 3) k
% n S > log(1+ Ny E (4)
j=1

where k is the number of different daily loading conditions ] J
applied to the bonéylis the number of loading cycles per day for Where:
each loading conditiony is the effective stress (or strain) for n
each loading condition, anti is a constant. The value ofiis a E = E e f
weighting factor for the relative importance of stress or loading Nt

cycles onS For instance, ifm = 1, the effects of stress

magnitude and loading cycles would be equally weighted. Thidk represents the number of daily loading conditions, and |
formula is limited because the effect of loading frequency is not€Presents the ”””?bef of frequ_ency components for each loading
taken into account, but the idea of weighting factorwas an condition. Alternatively, the daily loading stimulus can be rep-
important step forward. The experimental data clearly dictate thaEesented using Carter's formula [Equation (3)] as follows:
k 1/m

to be 4} based on a review of the available data from Rubin and S E NE™
Lanyon3°3% From a curve fit of the more recent data of Ume- o
mura et al., | estimated the valuerofto be 3.5 Figure 8), which

The interaction between the strain stimule§ @nd duration
of loading (number of loading cycles per day) can be de- Bone adaptation is “error-driven,” in other words the abnormal
scribed mathematically using either a logarithmic relationship orstrains applied to the skeleton drive structural change. As stated

®)

m should be>1; Carter and colleagues estimated the valumof
is reasonably close to the estimate used by Carter's group.  Rule 3: Bone Cells Accommodate to Routine Loading

330 . N
@ 320 |
» 310 ]
3
Figure 8. Carter's formula [Equa- < 300 J
tion (3)] fits nicely to the data from
Umemura et af? if we choosem = GCJ 290 |
3.5. This indicates that the daily @
loading stimulus is proportional to @ 280 {
ENY35 whereE is the strain stimu- T
lus andN is the number of loading .= 270 J
cycles. Q
— 260 .
250 : : .
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Loading Cycles
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by Lanyon!® “the mechanically adaptive response is dominated
not by the numerous cycles of ‘normal’ strain change engendered
during the predominant activity but rather by far fewer cycles of
relatively ‘abnormal’ strain changes produced during unusual
loading situations.” This rule reflects accommodation, at a cel-
lular level, that causes bone cells to become accustomed to
“normal” strain waveforms from routine daily activities like
walking or running. »

By accommodation, | refer to restructuring of cells’ cytoskel- Error Function (S - F)
etal machinery and/or genetic expression for the cell to becom
accustomed to its local strain environment. The biological signals
that govern cellular accommodation are not well understood, yet
there are several lines of evidence that suggest accommodation
takes place. For example, we found that cultured osteoblasts
exposed to mechanical stimuli rearrange their cytoskeletons to
form actin stress fibers. During the process of stress fiber
formation proteins important in the process of bone adaptation
(e.g., cfos and cyclooxygenase 2) are expressed in large quan-
tities?* (and unpublished data). However the formation of these
proteins is transient and, with continued exposure to the mechan-
ical stimulus, the cells settle into a new biological steady state in
which they are adapted to the predominant mechanical loading.
To stimulate a new response through the cytoskeletal signalinB >
pathway, an “abnormal” loading regimen is required. Error Function (S - F)

The accommodation of bone cells to customary strain patterns
in the diaphyses of many long bones should be expected giveRigure 9. The error function, that is, the daily loading stimul$ hinus
what is known about the loading typically applied to these bonesthe normal loading patternF}, drives bone adaptation. This function
Most long bones are curved along their axis and this Curvaturéhfferentlally affects bone modeling and remodeling. Disuse (low values
augments rather than reduces mechanical strains due to b@ndlngf S — F) increases bone remodeling on trabecular and endocortical
Bones could support more weight with less mass if they wer urfaces and a mismatch between bone resorption and formation leading

. . . . 0 bone loss. Bone formation on modeling surfaces is inhibited by disuse.
loaded instead in axial compression. Therefore, bone curvaturg, one remodeling is minimal for mechanical strains in the normal loading

introduces a paradox in mechanical deﬁ@ﬁgrtram and Big- rangé* but increases to repair microdamage within the bone matrix for
wenef proposed that bone curvature provides a benefit byhigh values ofS — F. High values ofS — F also cause increased

increasing the predictability of strain patterns in the bone crosssteoblast activity on bone modeling surfaces and increased bone
section under a range of dynamic loads that vary in both directiormass!2-33%

and magnitude. They showed that the mean curvature of the

radius of several species of quadrupedal mammals represented a

design that maximized both load carrying capacity and predicttions (4) and (5)S — F is the driving force for bone adaptation.
ability of strain patterns. By providing strain predictability, bone Under normal loading patterns, bone remodeling is maintained at
curvature guarantees that the region of bone along the neutréw levels, but if the error function§ — F) surpasses a lower
bending axis will receive very small strains routinely, so we canthreshold (i.e., abnormally low loading) osteoclast activity asso-
assume that the bone cells have accommodated to small strainsated with bone remodeling increases. If the error function
otherwise, the bone along the neutral axis would resorb awaysurpasses an upper threshold, osteoblast activity on bone mod-
The strains increase in magnitude as one moves further from theling surfaces is activated, causing sculpting of the shape of long
neutral bending axis, thus the cells should be accommodated toones or trabeculaéigure 9). Abnormally high values o§can
different strains at each point across the long bone section. Theause increased bone remodeling of bone due to the introduction
strain state to which the cells are accommodated is sometimesf microdamage.

called an equilibrium straif Large deviations from equilibrium

(i.e., abnormal loading states) drive adaptation. This may eXpIa"blscussmn

Why experimental Ioadlng regimens that produce bending along

an abnormal neutral axis have a dramatic effect on bone f0rmaHydrostat|c or Shear Strains?

tion even though the strain magnitudes achieved are well within

physiological limits®© In this scenario, the difference between Bone adaptation, it is often said, is dependent upon strain
“abnormal” and “normal” loading stimuli at different points magnitude, duration, frequency, history, type (compression, ten-

normal
loading
range

Remodeling Activity

normal
loading
range

Bone Formation

within the bone tissue can be quite large. sion or shear), and distribution. The three rules presented here

The mathematical function that describes error-driven bonerovide a mathematical treatment that integrates the influences of
adaptation has the general form: strain magnitude, frequency, duration, and, to some extent, his-
tory. The importance of strain type and distribution has not yet

oM been discussed. Generally, principal tensile or compressive

ot B{¢ — F} (6) strains are considered most important for bone adaptation, and

shear strains seem to have little effé&There is a growing body
whereM is bone masg,is time, ¢ is the local stress/strain state, of evidence demonstrating that fluid flow within the canaliculae
andB andF are constant§® F represents the “normal” loading and lacunae of bone is primarily responsible for mechanochem-
state to which the bone cells are accustomed. Thus,F is an ical signal transduction in bone ceflsf true, this suggests that
error function that drives the system to change bone mags. If hydrostatic stress gradients within the bone must develop to
is represented by the daily loading stimul& @iven in Equa- initiate bone adaptation. Hydrostatic stress is generated by dy-
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namic dilatational strains, but not by shear strains, suggestingnosensory system in bone. Bone adaptation can be predicted, to
that adaptation occurs in the presence of dynamic loadingsome extent, from three fundamental rules: bone adaptation is
dilatational strains (i.e., volume changes in the tissue), and a@riven by dynamic, rather than static, loading; extending the
strain gradient. Not surprisingly, all of the studies cited in the duration of mechanical loading or exercise has a diminishing
derivation of Equation (1) involved animal models in which effect on further bone adaptation; bone cells and/or cellular
bending loads were applied (bending creates a dilatational strainetworks tend to accommodate to a mechanical loading environ-
gradient across the bone cortex). Long bones of terrestrial manment, making them less responsive to routine loading signals.
mals are loaded predominantly in bend@fgyhereas wing bones The nature of cellular accommodation is not well understood, but
of flying mammals such as bats are adapted to considerable shetirere is evidence that it does occur. Certainly long bones lose
loads®3 Thus, it might be of interest to compare the effects of considerable bone mass when they are not mechanically loaded,
artificial loading on bone adaptation in bats to responses seen iwhile the calviarium is ordinarily under small mechanical strains
their terrestrial relatives. but does not resorb away, suggesting that the cells from these
bones have accommodated to different loading environments. It
Cellular Accommodation and Cellular Mechanotransduction ~ also is possible that hormones and cytokines can cause accom-
modation of bone cells. Over 10 years ago, Frogtoposed that
As discussed earlier, mechanical stimuli can induce cytoskeletatormones interact with bone adaptation by altering a series of
rearrangement and cellular accommodation in cultured bonenechanical loading “thresholds,” which determine the sensitivity
cells. This is not to say that bone adaptation cannot take placef bone cells to mechanical loading. This theory, called the
without triggering cytoskeletal rearrangement in bone cells.“mechanostat theory,” implies that hormones enhance or inhibit
Other mechanosensitive second messenger pathways involvingechanical loading effects at some fundamental level within the
constituitive enzymes (cyclooxygenase and nitric oxide syn-bone cell signal transduction machinery. Although there is an-
thase) in the cell membrane have been identitf# Once bone  ecdotal evidence to support Frost's theory, no cellular mecha-
cells are accommodated to “normal” mechanical loading, adjustnism for the mechanostat has yet been discovered. Further
ment of cellular metabolism to slightly abnormal loading might investigation into the nature of bone cell mechanotransduction
involve constitutive signaling pathways, whereas more severelynay well provide answers to these and other fundamental ques-
abnormal loading signals could induce dramatic changes irions in bone biology.
cellular activity by causing remodeling of the cellular cytoskel-
eton and subsequent intercellular protein expression. Certainlxe\
the robustness of response observed when artificial loading

regimens are applied in animal models (i.e., quiescent bong, 3 simple experimental system, where a long bone is subjected

surfaces are converted into active bone-forming surfat®$)  {g either static or periodic cyclic loads, the applied load is given
suggests that induction of protein expression is involved. Forby;

wood’s’ finding that the inducible isoform of cyclooxygenase is

involved in bone adaptation to artificial loading supports this Load= A + B sin ot (A1)

proposition. It is worth noting also that cellular accommodation

does not only involve adaptation of single bone cells to “normal”’where A is the magnitude of the stationary loadB 2s the

loading, but probably involves adaptation of networks of osteo-peak-to-peak magnitude of the cyclic load, is the angular

cytes, bone lining cells, and osteoblasts communicating througfrequency (2 times frequency) of the cyclic load, ands time

gap junctions in their cell processg&4* (Figure Al). If the bone is assumed to be a perfect cylinder
loaded in bending, the peak strain applied to the surface of the

Cellular Accommodation in Growing Bone bone is given by:

ppendix: Derivation of the Strain Stimulus Formula

The description of cellular accommodation presented does not . 4L(A + B sin ot)
fully capture its overall complexity, especially with respect to Peak strain= —Er (A2)
interaction between mechanical effects and genetic programming

during growth. Mechanical loading tends to enhance curvature ofyhereL is the moment arm for the applied lodglis the Young'’s
long bones as they grow, thus increasing bending stfdifitis  modulus of the bone, andis the radius of the bone. The strain
may reflect interactions between bone and muscle developmeniate on the bone surface is found by taking the derivative of
as well as interactions between loading and longitudinal growthgquation (2):

When artificial mechanical loading was superimposed upon the
normal growth patterns of the rat ulna, the resulting changes in
periosteal bone formation were complex and nonlirféahp- R
plied loading depressed bone formation in some regions of the

bone, while enhancing formation in other regions. Because the——

observed loading results were repeatable, mathematical predicg

tion should be possible. However, one must determine the

appropriate reference strain state ih Equation (6)]. Because

growth imposes nonequilibrium conditions, the reference state /
must be constantly updated, thus creating a level of complexity

that defies current mathematical approaches. -
Because efficient bone adaptation improves skeletal perfor- time
mance and reduces the risk of fracture, often a fatal affliction mFigure AL Any periodic loading waveform is made up of a series of

ancient times, the process of evolution probably preserved ange \waves. In a generalized representation of a sinusoidal loading
enhanced the ability of bone cells to respond appropriately tQyaveform, there is a static component of the load (A) and a dynamic
mechanical loads. The current mathematical treatment of bongomponent of the load (B). For bone adaptation, the dynamic component
adaptation, although imperfect, provides insights into the mechef loading is most important.
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. . ) . Figure A3. Three different trapezoidal loading waveforms applied by
Figure '3‘2- The trapezoidal loading waveform used by Rubin and pypin and Lanyori? Each waveform maintains constant loading and
Lanyort® can be expanded into a Fourier series, which shows a statiGnioading strain rates (0.01/sec) and constant periods of duration (1 sec),
loading component of about 0.75 A, a major dynamic component at 0.8,¢ vary in strain magnitude (from 1000 to 4006). Rubin and Lanyon
Hz, and several higher frequency components with progressively lowepgstylated that these loading waveforms allowed strain magnitude to be
amplitudes. The strain stimulus from this waveform is the sum of strainyaried, while strain rate and the frequency of the loading waveform were
magnitudex frequency for each of these components [Equation (AS)]. helg constant. However, Fourier series expansions show that waveform

A, B, and C each has unique frequency components above the funda-
. 4LwB coswt mental frequency (1 Hz). Higher frequency strain components Kiz)
Strain rate= TS Ef (A3) are very important in the calculation of the strain stimuiias errors of
g 40%-150% result if these components are ignored. Valuds adlcu-
The peak strain rate is proportional &, the stationary load lated from th_e Fourier components of each ngeform correlated with the_z
does not affect the strain rate Becausé the peak-to-peak dyvna bone forn_1at|on parameters measured by RL_Jbln and_ Lanyon as well as did
; . h ) P P 0y r%%ak strain magnitude & 0.83 for peak strain magnitude, ane- 0.82
strain €) is proportional to B and the loading frequency)(is for E).
proportional tow, the strain rate is proportional tef. If we
assume that the strain rate determines the tissue-level strain
stimulus, an assumption supported by experimental std@i#s, \;heren = o, However, the majority of information in a typical
then: Fourier series is contained in the first 10—20 termspse 20
_ may serve as a reasonable approximation.

E = kef (A4) It is important to note that any nonsinusoidal loading wave-
form always induces higher frequency loading components. Un-
constant. for_tunately, many inv_estigators assume incorrgctly that a trape-

For a given bone under any periodic loading condition (e.g.,ZOId Wavefo”rm, In ‘é"h'Ch tT.e Iqadln? and unloading rqtes are hhe.:d
walking, running, or experimentally applied loading) the loading constant, allows the application of a constant strain rate while
%eeplng loading frequency constant. For instance, Rubin and

waveform can be expanded into a series of sine waves 31 and Mosl ¢ afl lied loadi . ;
different amplitudes and frequencies using the Fourier method-@"Myorn " an osiey et at.” appiied loading using a series

For instance, the loading waveform that was used by Rubin an{{apezoid waveforms in which the wave heights (strain magni-
Lanyon, in their studies of bone adaptation in the avian &g, udes) were varied but the slope of the rise (strain rate) for the

expanded into a Fourier seriesfigure A2. It seems a reason- waveforms was held constant. Although these investigators as-
able assumption that, if a single sine wave creates a straijumed that loading frequency was held constant by their loading
stimulus proportional tef, the strain stimulus from a series of regimen, |n_fact there were dlfferen_t magnltude_s of high fre-
sine waves is given by: quency strain components for the different loading waveforms
(Figure A3). The experimental results were thus confounded. It
n is possible to vary the dynamic strain magnitude without varying
E=k, 2 € f; (A5) loading frequency if loading is applied using a sinusoidal wave-
i-1 form.3” However, this loading regimen also varies strain rate in

where E is the strain stimulus, and, is a proportionality
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direct proportion to the dynamic strain magnitude. It is also
possible to vary the strain rate while keeping the peak strain

magnitude constarif However, this loading regimen also varies 21-

the dynamic (peak to peak) strain magnitude. As shown in Figure
A3, one cannot avoid the mathematical fact that it is impossible
to independently control dynamic strain magnitude, strain rate,

and frequency, because these variables are interrelated 23.
24.
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