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Abstract: The behaviour of microdamage in bone is related to its microstructural features and thus has an
important role in tissue structural properties. However, it is not known how cracks behave in areas of
increased intracortical remodeling. More remodeling creates wider variation in the properties of the primary
microstructural features of cortical bone, namely osteons. This situation may occur after treatment involving
parathyroid hormone or events such as menopause/ovariectomy. High turnover was modelled in this study
by using ovariectomy (OVX) to induce surgical menopause in sheep. We hypothesized that osteon age
would influence microcrack behaviour during propagation. Five fluorochrome dyes were administered
intravenously at different time-points over 12 months post-OVX to label remodeling sites and all animals
were then euthanized. Compact bone specimens (2x2x36mm) were harvested from the right metatarsal.
Samples were cyclically loaded to failure and then histological analyses were carried out. Cracks were
categorized by length into three groups; short (<100mirons), intermediate (100-300microns) and long
(>300microns). Numerical crack density (Cr.Dn) of long cracks was greater in controls compared with OVX.
Controls also displayed a higher crack surface density (Cr.S.Dn) compared with OVX (p<0.05). The
behaviour of short cracks did not differ between old and new osteons, but intermediate and long cracks
preferentially stopped at newer osteons compared with older ones (p<0.05). This mechanism may have an

important role in terms of prolonging fatigue life. We conclude that recently formed secondary osteons have



a unique influence on propagating microcracks compared with older osteons. Therefore localised

remodeling levels should be considered when studying microcrack behaviour in bone.

Suggested Reviewers: Associate Editor Associate Editor
In the last communication from the Associate Editor he mentioned that he would review the response

himself, so | think there is no need to put reviewers here? Thanks. Oran
Associate Editor Associate Editor

In the last communication from the Associate Editor he mentioned that he would review the response

himself, so | think there is no need to put reviewers here? Thanks. Oran

Opposed Reviewers:



Cover Letter

Oran Kennedy, PhD

Department of Anatomy

123 St. Stephen’s Green, Dublin 2, Ireland
Tel: +353 1402 2147 Fax: +353 1402 2355
Email: okennedy@rcsi.ie

Royal College of Surgeons in Ireland
Colaist e Rioga na Mainlia in Eirinn

09™ July, 2008

Dear Sir/Madam,

Please find my revisied manuscript attached with this letter. This is my first time to submit

an article to your Journal, I hope that everything is in order.

Many Thanks,

Oran Kennedy



* Manuscript
Click here to view linked References

TITLE: The Effects of Increased Intracortical Remodeling on Microcrack

Behaviour in Compact Bone.

AUTHORS: Oran D. Kennedy??Orlaith Brennart;*Peter Mauer->Susan M.

Rackard’ Fergal J. O'Brien;*David Taylor,1 and T. Clive Le&®

EMAIL: okennedy@rcsi.imbrennanl@rcsi.j@etermauer@rcsi.ie

sue.rackard@ucd,i§obrien@rcsi.ie dtaylor@tcd.ie

tclee@rcsi.ie

AFFILIATIONS: 1: Trinity Centre for Bioengineerinepartment of Mechanical and

Manufacturing Engineering, Trinity College Dublin, Dublin 2,
Ireland.
Tel: +353 1 8961383 Fax: +353 1 6795554

2: Department of Anatomy, Royal College of Surgeons in Ireland,
Dublin 2, Ireland.
Tel: +353 1 4022147 Fax: +353 1 4022355

3: School of Agriculture, Food Science and Veterinary Medicine,
University College Dublin, Dublin 4, Ireland.
Tel: +353 1 7166056 Fax: +353 1 7166005

Corresponding Author:

Oran Kennedy

Department of Anatomy,

Royal College of Surgeons in Ireland,

Dublin 2, Ireland.

Tel: +353 1 4022147 Fax: +353 1 4022355


http://ees.elsevier.com/bone/viewRCResults.aspx?pdf=1&docID=2614&rev=2&fileID=69053&msid={38278A64-3A0A-433E-9038-792B00676F79}

ABSTRACT: The behaviour of microdamage in bone is related to its microstructura
features and thus has an important role in tissue structural pespétowever, it is not
known how cracks behave in areas of increased intracortical remgpdéfore
remodeling creates wider variation in the properties of the goyinmicrostructural
features of cortical bone, namely osteons. This situation may @ftenr treatment
involving parathyroid hormone or events such as menopause/ovariectorhytukfigver
was modelled in this study by using ovariectomy (OVX) to inducgisal menopause in
sheep. We hypothesized that osteon age would influence microcrackadoehduring
propagation. Five fluorochrome dyes were administered intravenaudlifeaent time-
points over 12 months post-OVX to label remodeling sites and all Enwere then
euthanized. Compact bone specimens (2x2x36mm) were harvested frongthe
metatarsal. Samples were cyclically loaded to failure hed histological analyses were
carried out. Cracks were categorized by length into three gralust (<10Qm),
intermediate (100-3Q@0m) and long (>300m). Numerical crack density (Cr.Dn) of long
cracks was greater in controls compared with OVX. Controls dilggayed a higher
crack surface density (Cr.S.Dn) compared with OWX0(05). The behaviour of short
cracks did not differ between old and new osteons, but intermedidtéoag cracks
preferentially stopped at newer osteons compared with older @@s0%). This
mechanism may have an important role in terms of prolongingutatife. We conclude
that recently formed secondary osteons have a unique influence on pirgpaga
microcracks compared with older osteons. Therefore localised rempdimtels should
be considered when studying microcrack behaviour in bone.

Keywords. Bone turnover; Remodeling; Fatigue; Microcrack; Ovariectomy



Introduction

Traditionally only changes in bone mineral density (BMD), as medshy dual energy
x-ray absorptiometry (DEXA), have been considered to be a isgmif predictor of
fracture risk [1]. However, this only accounts for 60-70% of the tianain bone
strength, thus some other important factors are not capture@&X [ the progression

of diseases such as osteoporosis [2]. Clinical trials have slmathe fracture risk of a

75 year old woman is 4-7 times greater than that of a 45 year old woman witimizzaide
BMD [3]. It is now widely accepted that bone quality is a comlbomabf parameters
which contribute to bone strength, independently of BMD [4, 5]. One important
contributor to bone quality is microdamage accumulation and its sudrseljehaviour

under load.

One form of microdamage which occursvivo is linear microcracking, caused by the
bone being subjected to repetitive sub-maximal loads. These mid®ciae normally
found in the matrix and are typically 0@ long in the transverse direction [6-11]. The
ability of bone to withstand fatigue loading is a function of ity to resist crack
initiation and propagation. These two factors are in turn highly deperaerhe
microstructural characteristics of the material. The naturenmirodamage and its
location in the bone matrix plays a role in determining ageeetl&iagility of cortical

bone.

The process of damage accumulation in bone under fatigue loading haexteresively

investigated in the literature. Early studies analysed faiigilieced microdamage by



stopping the tests prior to failure to allow for histologicahlgses of damage which
occurred before fracture [12, 13]. Other researchers have studiptbti@ss of initiation

and propagation of individual microcracks [14]. It was found that the micragieam
burden increased rapidly in the early fatigue life of compact ,bthree process then
stabilized for much of the second phase of the bone’s fatigueahf#,then increased
rapidly again before failure. This demonstrates that bone ist@lgestain a significant
amount of sub-critical damage before failure. O’'Brien et al fbBhd that microcrack

behaviour on encountering osteons depended on their length.

However, it is still not known how microdamage behaves in areascaased bone
remodeling, such situations may occur after the menopause and in stagy
osteoporosis. This situation was modelled in this study by cagrryui ovariectomy
(OVX) procedures on skeletally mature sheep. It has been showelated study on the
same animals that OVX increased the amount of intracortical lgonedeling sites, as
measured by the numerical density of osteons that had been labietl@arochrome
dyes [17]. We hypothesize that the age and nature of secondavgostecountered by
cracks during propagation affect their behaviour. It is known the¢ased bone turnover
is a feature of osteoporosis and, although no direct clinical data are avdilatdsemt on
microdamage accumulation in osteoporosis, recent research has shagsoaiation
between low BMD and aging in bisphosphonate-treated patients [18]. thieugyerall
aim of this study was to investigate the fatigue propertigooé from control and OVX
animals and to characterize the behaviour of fatigue-induceaanaitcrage in relation to

new secondary osteons at various stages of development.



Materials and methods
Animal model and experimental procedures

Thirty-eight skeletally mature ewes of mixed breed weradoanly divided into an
ovariectomy group (OVX; n=19) and a control group (n=19). The preciseabaga was
not known, however all animals were more than 4 years old. Animdig i@VYX group
underwent ovariectomy at the beginning of month O under Irish Goverriicense.
Subsequent veterinary assessment of the animals showed no deletffgotssin the
OVX group. Housing, feeding and activity levels were the stondoth groups at all
times. All animals received an intravenous injection of a fluorochrdyes via the
jugular vein, at the time of surgery and thereafter at 3 monthvat¢ein order to label

sites of bone remodeling (Table 1). All animals were euthanized at the end baf I2ont

Specimen preparation and fatigue testing

Rectangular parallelepiped beams (2x2x36mm) of cortical bone e#ained from the
anterior quadrant of the right metatarsal. All machining wasiedd out under wet
conditions and the specimens were not allowed to dry out at any Alingpecimens
were stored at -20°C prior to testing. horizontally configured, low-force materials
testing machine (MTS 250, Tytron, USA) was used to load specimé&ipoint bending
fatigue. Load was applied such that compression would be induced tdharisdosteal
surface and tension towards the periosteal surface. The tagtihgd a span of 30mm
giving a span/depth ratio of 15. Testing was conducted at a freguér8 Hz, with a
stress range of 110 MPa and a stress ratio of 0.1. These pasawere chosen based on
previous work from our lab [19] and produced tests that would last sofficieng to

demonstrate the 3 phases of fatigue life, but no so long as to be {wehibiitial



bending modulus was taken as the maximum slope of the strassesinze. Specimens
were continually hydrated with saline solution and testing wagedaout until outright
failure occurred.

Histological analysis

Following failure, specimens were staineh bloc with basic fuchsin to label
microdamage which had accumulated during the test. An estabpsbxdtol was used
to do this [13, 20]. Transverse histological sections were takelosesas possible to the
fracture surface without including any part of it. Sections wesa were examined using
bright-field microscopy to measure bone area (IX51, Olympus, Hami@egnany).
Epifluorescence microscopy was carried out to identify micr@dgm Linear

microcracks were identified using established criteria [8, 15, 21-23].

Microdamage was quantified in terms of crack density (Cr.vh)ch was calculated by
dividing the number of cracks by the measured area. Similadgk csurface density
(Cr.S.Dn) was calculated by dividing the combined length of atlksrdy the measured
area. For the analysis of microdamage interaction with sacprasteons, cracks were
categorized into 3 groups by length; short (4@, intermediate (100-3@®n) and long
(>30Qum). New osteons were defined as those which had fluorochromes label
incorporated in them, while old osteons were defined as those which hadNewe
osteons were labeled with one of five fluorochromes, oxytetraey¢idministered at the
time of OVX), alizarin complexone, calcein, xylenol orange aralcein blue

(administered at 3, 6, 9 and 12 months post-OVX). In order to quantifytéraction



between microcracks and old and new osteons the number of microcraickswere
arrested at old and each of the differently labeled new osteons was recorded.
Satistical analysis

Variables were expressed as mean * standard deviation (8Djtdfistical analyses,
groups were assessed for normal distribution and then compared &indeat’s t-test
in the case of a two-group comparison. For variables failing the atibyntest, a
nonparametric Mann-Whitney rank sum test was used. One-way ANGCA&Aused in
the case of a multiple-group comparison. All pair-wise multiple paomeon procedures
were performed using the Holm-Sidak method. SigmaStat 3.0 istdtigtackage
(SYSTAT Software Inc, Chicago, USA) was used for all diatibanalyses. A value of

<0.05 was considered to be significant.

Results

Animal model and experimental procedures

All animals tolerated the surgery and the administration of dclmome dyes without
complications. Four animals died during the course of the experimest-nfdrtem
examinations revealed that the cause of death in each case elasednto experimental
intervention and the animals were excluded from the study.

Fatigue testing

The initial bending modulus was reduced in the OVX group compared witfolsowith
values of 17.65 +2.11 and 20.37 +£7.93 (GR&P(056). The average number of cycles to
failure was 169,557+121,613 and 158,172 119,256 in control and OVX groups,

respectively the difference between groups was not statisticallyisagmi(= 0.785).



Crack density and crack surface density
Following fatigue testing, Cr.Dn was 3.17+3.02 and 3.52+2.97 (#riimcontrol and

OVX respectively, the difference was not statisticalgngicant (p=0.736). When the
crack length categories were taken into consideration thereawa&xpected, a decrease
in crack number with increasing length (Figure 1). However, Cr.SvBs significantly
higher in the control group compared to the O\p<(.03) (Figure 2). Considering that
the control group displayed a higher Cr.S.Dn than the OVX group thésilaws,
logically, that the control group must contain a large proportionlafively long cracks
In order to quantify this, cracks which were B@0 or longer were measured in the
control and OVX groups. The controls contained a significantly higherber of long

cracks (>30m) compared to the OVX group<0.003) (Figure 1).

Crack interaction with secondary osteons
Crack interaction with secondary osteons was quantified by comgjdbdth groups

together; this approach was taken because the issue we wisheddressa was
phenomenological rather than something that resulted from ouwentem. Short cracks
(<10Qum) which encountered secondary osteons were stopped at the dement-
regardless whether the osteon was labeled or unlabeled. Whélndteehrome was
taken into consideration, and thus the age of the structure, thereowvagatistical
difference between the numbers of cracks which stopped at any osteon groupeiiawe
non-significant trend towards increased number of short cracks bpged at more
recently formed osteons can be seen (Figure 3a). A higher numin¢eraiediate cracks
(100-30Qum) were arrested at the boundary of osteons that were formibe ilast 6

months of this experiment. This is shown in figure 3b where the nuwofberacks



stopped at osteons labeled with calcein, xylenol orange and chluoeimre statistically
higher compared with those which were unlabeled. Long cracks |(n80@ere also
shown to stop more often at recently formed osteons compared with edlabel
Furthermore, the number of long cracks which stopped at calcein amlokylrange
labeled osteons was greater compared with other earlier |ladmstksahs (Figure 3c). This
effect of new osteons acting as good crack stoppers comparedldeéth osteons is
illustrated in Figure 4a where a long crack can be seen tecteilound two unlabeled
osteons before being arrested at the boundary of a labeled one. #Higgreows an
intermediate and a long crack which have propagated towards, and stoppéabaled

osteon.

Discussion

Understanding the etiology and pathophysiology of osteoporosis iasicgly
important as the world’s elderly population continues to grow. Althougtiuira risk is
clinically assessed by measuring BMD, the mechanical prop@tieone are determined
not only by bone mass but also by bone quality [5]. An important p&arok bone
guality is the ability of the material to withstand microdamabe subsequent behaviour

of this damage is greatly affected by structure at the microscopic and opicaszales.

It has been shown that secondary osteons in compact bone influenbehtviour of
microcracks at different lengths in the bone matrix [15]. Thisyssodight to develop this
idea further by considering the effects of variation withingraperties of the secondary

osteons themselves. Three categories of crack length wernediéfi this study as this



parameter has been shown to be important in studies of micrgerapkgation. The
stress intensity of a 3Q@n crack is higher than that of a 100 crack, under the same
loading conditions, by a factor of approximately 1.7. This is bedatise crack length is
greater by a factor of 3, then the stress intensity is isecebyv3, so this observation is
useful in understanding the toughening effect of osteons. We used a liloonec
labeling system in order to differentiate between new osteonsldnohes and thus to
assess whether the nature of the osteon influences crack behaviaddjtion to crack

length.

This has potential clinical relevance since it is now known thgitegeof mineralization
of bone tissue (DMB) strongly influences the mechanical resistaf bone and also the
BMD. This issue becomes relevant in a situation where a codr¢éeeaiment e.g.
parathyroid hormone (PTH), or an event e.g. ovariectomy/menopauses eaumcrease
in the amount of remodeling events. This could decrease the ‘lifespam osteon,
because it is more likely to be resorbed away before reachisigit@a of complete
mineralisation [24]. In contrast, anti-resorptive agents (bisphosphpeatesgens) cause
a reduction in the number of remodeling events which can allow momgplete
secondary mineralisation in pre-existing osteons. Given that theglmal determinant of
mineralization is the rate of bone turnover, then it follows that utadetmg how these
parameters interact with microdamage, which is also a detantnof bone quality, is an

important issue.

10



The modulus of bending reported here was similar to that measuregréviaus study
on the sheep metatarsus, using specimens of similar dimensions428{ 8n a typical
slope of an S/N curve in bone [26], the decrease in bending modulus oth&aB%et
measured would normally result a much greater reduction ifiié is because when the
groups are normalized with respect to modulus, the group with loweress will
effectively see higher stresses. In this study, the groupsneemgalized by modulus and
it was found that the OVX group saw an effective stress of 126.48ddmpared to the
nominal value of 110 MPa in the controls. With this increase, theu@atije was
expected to be reduced by a factor of 11.21. The fact that thidiedwas not present,
suggests that other microstructural factors must be involved in protptite fatigue life

in the OVX group.

Cr.Dn was not significantly different in the OVX group compareddotrols (p=0.736)
However, Cr.S.Dn was significantly higher in the control group comp@aréde OVX
(p=0.003). Furthermore, the number of long cracks (p&®)0was significantly increased
in the control group compared to the OVX. We found higher Cr.Dn and Cr.S.Desval
compared with other similar studies in the literature [21], thigrimarily because
different types of bone were used. We used aged ovine bone whichhigls @steon
density relative to bovine bone. If we consider bone to be a composite fiber madéria
osteons as fibers [27], and fiber-spacing is decreased byasecteemodeling activity
then this would provide more crack initiation sites in interstigions when the bone is

cyclically loaded. Secondly, our test specimens were smaller dross sectional area

11



was approximately half the size) and thus would be expecteavoa longer fatigue life

based on the reduced probability of the specimens containing a critical[@8lect

It is known that the behaviour of microcracks depends on crack lengthhanwords,

the energy that the crack has [15]. It has been shown that @structural barrier effect

exists in bone whereby crack length influenced microcrack behasmoancountering an
osteon during propagation [15,16], we wished to investigate the effeastebns at
various stages of development, on crack propagation behaviour. Intubis snost
microcracks were found in interstitial bone which is consistert thig¢ literature [10, 22,
29,30]. We used a fluorochrome labeling system to differentiateekatwld and new
osteons. New osteons were sub-divided into 5 groups based on the fluorochrome that they
were labeled with. The behaviour of microcracks in relation teeteasictures was then

characterized.

Short microcracks (<1@0n) were the most numerous category of crack found, those that
encountered osteons were generally found to stop at the cement-larelesg of
whether the osteon was labeled or unlabeled. Statistical analysegd no differences
between any of the 6 categories of osteons. Many of these cescimed in interstitial
bone and had no interaction with osteons, labeled or unlabeled. It isstimgréo
consider what the mechanism is that causes a short micraeriat&rstitial bone to stop
without an obvious feature, such as an osteon or a pore, to aid in doingssquéstion

cannot be answered by the present study, however it has beestsddgtat the presence

12



of cracks will serve to redistribute the stresses in themahiand thus reduce the stress
intensity to a point below the threshold for growth [15]. While theneevadarge number
of short cracks found, mechanically this is not necessarily very detrinenited material
properties of the bone, particularly in comparison to the effediefptopagation of a

smaller number of longer cracks.

Intermediate cracks (100-30) stopped preferentially at osteons that were labeled with
calcein, xylenol orange and calcein blue compared with unlabeled aststasns that
were labeled with any of these three fluorochromes wempat, 6 months old. A new
osteon will have relatively low mineralization compared with ateoktructure. Lower
mineralization may lead to higher localized strains within de&eon, causing newer
osteons to behave more like pores in the matrix rather than aohaickbad bearing
volume of material. This effect appears to stop with osteonstbailder than 6 months
old, as evidenced by the lack of statistical difference betveeacks that stop at osteons
labeled with oxytetracycline, alizarin complexone and unlabeled onesseTdata
compare well with the literature where it has been showrthkanineral apposition rate
of aged ewes is comparable with that of men and post-menopausahweirieh is

between 3-6 months [31].

Long cracks (>300m) were observed to preferentially stop at calcein labeledrste
compared with unlabeled and oxytetracycline, at xylenol orangeleld osteons
compared with unlabeled, oxytetracycline and alizarin and firédlbalcein blue labeled

osteons with compared with unlabeled. As with the intermediate ctacksan be

13



explained by assuming that newer osteons, containing relatively-omaderalized bone,
do not bear much load and so behave like pores in the matrix. Gifanoeable
combination of stress intensity and damage zones at the goagkd at the pore, the
crack may then propagate towards the osteon and then be blunted lig effect has
been described in the literature in relation to other matd¢fa]s There was a significant
difference between the number of long cracks that stopped atncataixylenol orange
labeled osteons compared to other labeled osteons as well as tdeghtzieons. This
may be explained as follows; the longer a crack is the morg\eitéhas thus, a 9 or 12
month old osteon may still be ‘young’ enough to arrest the growtmahtermediate
crack, but not of a longer crack (>300). Thus the difference between early labels (0O
and 3 months) and later labels (6-12 months) is only apparent when riaxig are

considered.

The OVX group, having a lower elastic modulus, would be expected to hsivertar
fatigue life, but our results show that this was not the casedeimnstrated that, thanks
to increased numbers of under-mineralized osteons, bone with high numbecsrdfy
formed remodeling sites has an increased ability to impederdlaghgof relatively long
cracks, preventing them from growing as easily as they waallcth normal bone. The
relationship between microstructure and mechanical propertie@nglex one: this
study has highlighted one rather unexpected consequence of anedcreasber of
compact bone remodeling sites. The material's integrity has heopardized, as
evidenced by its reduced elastic modulus and a slight incredse number of fatigue

cracks initiated, but this has been compensated by the toughdfeng ad the new

14



osteons. Similar effects are well known in other materials, eldysioughness and fatigue
resistance can be increased by introducing voids and weak inclusmmsveéf this is a
difficult balancing act: if there are too many voids their negatffects will dominate.
This study, suggests a reason why early indicators of the osteigpsrash as increased
bone turnover, may be observed a considerable time before the matiaeigrity of

the material declines.

In summary, this study examined the effects of increased numbeonmbact bone
remodeling sites on fatigue behaviour and on the interaction of macksc with

secondary osteons. High bone turnover resulted in reduced stiffndss @ViX group.

While this would normally reduce the fatigue life of a matetiaht reduction was not
observed here. This suggests that some mechanism at the matuwatrlevel may be
compensating for the reduced material stiffness. New osteoregnieable by their
fluorochrome labels, were found to be better at stopping intermedrate lcang

propagating cracks outright. More new osteons were present @MKegroup compared
with the control, and thus presents a reason for the absence oédddtigue life in the
OVX group. This study shows that the nature of any obstaclexck Bray meet must be
considered, as well as the properties of the crack itsetftdar to fully understand its

behaviour during propagation.

15
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Figure(s)
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Figure 1: Graph of numerical crack density in control and OVX bone for the 3 different length categories
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Figure 2: Graph of crack surface density in control and OVX bone samples.
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Figure 3: Mean Cr.Dn, of both groups combined, for each category of osteon, normalized by the number
of osteons in each case for (a) short cracks (<100um), (b) intermediate cracks (100<300um) and (c) long
cracks (>300pm).
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Figure 4: (a) Long microcrack, viewed using green epifluorescence, being deflected around two
unlabelled osteons (black arrows) and arresting at a labelled osteon (white arrow) (b) An intermediate
(white arrow) and a long (dashed arrow) crack that have propagated towards, and stopped at, a labeled
osteon.



Table(s)

Table 1. Details of fluorochrome administration during experimental period

Fluorochrome Supplier Months Post Dosage IV
Surgery [mg/kg]
Oxytetracycline Pfizer 0 (Nov ’03) 50
Alizarin Complexone  Sigma- Aldrich 3 (Feb ’04) 25
Calcein Sigma- Aldrich 6 (May *04) 10
Xylenol Orange Sigma- Aldrich 9 (Aug ’04) 90
Calcein Blue Sigma- Aldrich 12 (Nov ’04) 30




* Response to Reviewers

Reviewers' comments:

Reviewer #1: I am satisfied that the authors have attended to the
comments and suggestions made in my review and have improved their
manuscript.

Thank you for your help.

Reviewer #2: This draft is a much clearer presentation of what was
done, and the additional analyses make for a much more informative
paper. A few items should be addressed before publication. Once these
are addressed, the paper will make a nice addition to the microdamage
literature.

1. The abstract states there was no difference between ovx and
control in crack density, but ovx in fact had more >300 um cracks.
This should be corrected.

This has been corrected, and the difference has been highlighted in the
Abstract.

2. The sentence beginning 'This mechanism may have.' in the abstract
should be rewritten to express the point more clearly.

This sentence has been re-written as follows: ‘This mechanism may have
an important role in terms of prolonging fatigue life...’

3. In the 'statistical analysis' section, you need to state how the
6 group comparisons (in fig 4) were made. There seems to be very large
error bars for getting significant differences.

This section has been amended to include the details of the ANOVA and
Holm-Sidak procedures that were carried out for these comparisons.

4. Isn't Fig 3 the same as the right-hand side of fig 1? If so, fig
3 should be removed and significance indicated in figl.

Yes - Figure 3 has been removed and the significance indicated in
Figure 1.
5. Fig 4: the group labels would be more informative if you used the

times in relation to ovx instead of the dye color. Not clear if these
groups contain data from ovx, control, or both; this needs to be
explained here and in text.

The labels on this graph have been changed as suggested. These groups
contain data from both groups because we wished to address this as a
general phenomenon as opposed to something which resulted from our
intervention. This point has now been clarified in the caption and in
the text.



