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Abstract. The amount of exercise necessary to cause bonBuring weight-bearing physical activity, forces are gener-
structural change in humans is unknown. We examinedited within the skeletal system as a result of impact with the
whether a single bout of intense exercigevivo leads to  ground and muscular contraction [1, 2]. Vertical ground
acute and subacute changes in the physical properties egaction forces (GRF) have been shown to vary from 2.-
bone as measured by ultrasound. It was hypothesized théines body weight during running [3] but up to 12 times

structural changes such as accumulation of fatigue mibody weight during jumping and landing activities [4, 5].

crodamage would result in a decrease in velocity of soundransient impulse forces associated with GRFs are the
(VOS) and broadband ultrasound attenuation (BUA) acrosgropagated up the lower limb, undergoing attenuation a
the calcaneus. We performed a prospective cohort study ithey pass toward the head [6, 7]. The ability of the skeletor
111 (97 M, 14 F) entrants of the 1996 Melbourne marathon withstand such loads without significant structural dam-
(42.3 km) and 28 (10 M, 18 F) nonrunning controls. Run-age is related to, among other factors, the capacity of bon
ners had a mean (SD) age of 45.3 + 11.4 years (rangf remodel according to its functional requirements. How-
20-75), had completed 15.2 + 17.3 prior marathons (0-88)ayer, accumulation of microdamage can occur if loading is

and had been running regularly for 14.2 + 9.2 years (0.25gycessive. In athletes, such a sequence is ultimately respo
50). An ultrasound densitometer (Cuba Clinical, McCue)gipie for the clinical entity of a stress fracture.

was used to measure VOS and BUA across the right calca- |, vitro studies have shown that bone specimens sub

neus. Runners were tested on three occasions: 1-3 days pri ; ; ;
to. immediately after (<2 hours). and 5.6 days following thei%ted to cyclic fluctuating loads undergo gradual mechani

marathon. Seventy-three (66%) runners presented for al failure [8, 9] consistent with the development of micro-
three mez.isuremer){ts Controlso were testepd on three occaclPiC cracks within bone. Animal models have revealed th

sions with the same time intervals as the runners. BU istence of bone structural damage following repetitive

values in the runners were significantly elevated by 5.0% O?Cdr?(?aﬁqs;nge Pnhg S|8Ieog|(;]a(1)l rﬂ;"’l‘mﬁ e\ﬂ\é(r)n[elr?é nlilrl.h-ll—Jr#\J;ﬁs
immediately after the marathon but returned to baseline lev- Th g f3|/ di d dp lici ld X
els by the third test sessioR (= 0.0001). Changes in BUA . ?amomto r?"?‘ 'm?’l?ele ﬁ to eh|C|t ShtrlIJCtlural amag
values in the controls were not significant and all were Ies%s. unclear although it is likely that a threshold level exists.
than 0.7% P = 0.88). Age was a significant independent ignificant microdamage was produced in dog forelimbs

predictor of the BUA change between test 1 and test 2 in th§ubjected to three-point bending at 1500 or 2500 mi-
runners B = 0.2094; SE= 0.0917;P = 0.03). VOS crostains for 10,000 cycles, but not when subjected to lowe
measurements were not significantly different across thétrain or fewer cycles [12, 13]. The threshold may be ap-
three testing sessions in both the runn@rs<( 0.07) and the ~ Proximately 2000 microstrain, the upper range of humar
of BUA and VOS did not detect evidence of lasting struc-many athletes might be expected to result in microdamag
tural change in the calcaneus following a marathon. at maximally stressed bone sites. Measurement of ultra

sound (US) parameters may provide a useful, noninvasive
Key words: Exercise — Bone microdamage — Ground nonionizing means of measuring the accumulation of bon
reaction force — Ultrasound. structural changes in exercising individuals.

Ultrasound has been used as a tool for estimating th
biomechanical competence of bone [15]. This is related tc
the fact that mechanical properties of bone alter the shap
intensity, and speed of the propagating sound wave. Corr
mercially available US devices mainly measure velocity of
sound (VOS) and/or broadband ultrasound attenuatiol
_— (BUA). VOS has a quantitative relationship to the stiffness
Correspondence tcK. L. Bennell and mass density of bone and although no comparabl
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physical model exists for BUA, there is evidence to showUK) was used to measure VOS in m/seconds and BUA in dB/MHz
that it is also related to these and other bone propertie8cross the right calcaneus, a cancellous bone site. This machir
[16-18]. Clinically, ultrasound measures have been found t§as a center frequency of 1.0 MHz and an acoustic frequency c
correlate moderately with bone density values obtained b .28 Wem2. Machine calibration was checked daily prior to test-

: ; e Ang using a phantom. For subject measurements, skin over the he
X-ray absorptiometry techniques [19], to discriminate be- 2" loansed with an alcohol swab. A liberal layer of coupling gel

tween individuals with and without a history of osteoporotic yag then applied to either side of the heel to ensure optimal conta
}‘rac_turej [t20] antd to[g%tect changes in bone properties folpetween the skin and transducer.
owing Iintervention . Ultrasound measurements were made on three occasions in
Rubin et al. [22] used transcutaneous US to assess acudabjects. For the runners, measurements were made (1) 1-3 da
changes in the physical properties of the tibia and patell@rior to the marathon, (2) immediately following the marathon,
following a marathon. The results were contrary to what theand (3) 5-6 days after the marathon. The runners were asked n
authors hypothesized, with significant increases in US vel© trameor ﬁt least 4|houhrs prior to the 1st and 3rd te?tlng %006}1-
locity measured immediately after the period of intenseg3'S: ¥ Shre OB AR ST N were asked
Welght-bearlng activity. The meCha”'Sm for this unex- perform any vigorous, weight-bearing exercise for at least 4
pected, acute increase was not fully elucidated and lack q{o s prior to testing.
subacute follow-up does not allow one to evaluate whether  yjtrasonometryin vitro precision was determined on a cali-
the changes were transient. Furthermore, a control grouprated phantom (a homogenous cylinder of plexiglass with estak
was not included to assess the temporal stability of mealished VOS and BUA) from 17 measurements taken over the test
surements over a similar time frame. ing duration (20 days). Thim vitro coefficient of variation (CV)
re. based on the questions raised by the study @fas 0.6% for VOS and 1.1% for BUA. Short-tefim vivo preci-
Therefore, q y y ; )
Rubin et al. [22], we aimed to assess the acute and subacu§®n was evaluated from three sequential measurements, with r
. : ; sitioning between each in 20 normal, healthy subjects ranging i
changes in US measurements of the calcaneus following e from 25 to 56 years. The mean CV was 0.48% for VOS (95%
marathon. We reasoned that if structural changes were pr
on. . lang F€ Pres|: 0.33-0.63%) and 2.96% for BUA (95% Cl:2.22-3.71%).
duced in bone as a result of intense exercise, alterations in
US bone properties would be detected at both the acute and
subacute phases. The calcaneus was chosen as it is subjecl\%%opometric Measurements
to high forces due to impact with the ground during running.

Over the course of a marathon, the heel is likely to contachnihropometric techniques were used to obtain height, weight

the ground around 30,000 times. maximal calf girth, and tibial width based on procedures outlined
by Ross and Marfell-Jones [23]. Tibial width was measured with
calipers at the junction of the middle and distal thirds of the right
Materials and Methods tibia.

Subjects
Statistical Analysis

A prospective, cohort study was performed on 111 (97 M, 14 F)
entrants in the 1996 Melbourne Marathon (42.3 km) who volun-Comparison of VOS and BUA over the three time intervals was
teered for this study. This number represents 7.2% of the totainade separately in the runners and the controls using one-we
registrants. Runners were recruited via flyers included in the raceepeated measures analysis of variance (ANOVA) followed by
package mailed to all registrants and via advertisements in runningost hoc Scheffe F tests. Two-tailed tests were usedPavalues
club newsletters. Subjects had a mean (SD) age of 45.3 + 11.dere set at 0.05.
years (range 20-75), a mean height of 174.4 + 11.4 cm (range Predictors of change in BUA and VOS from test 1 to test 2 in
150-193), and a mean weight of 71.5 + 10.2 kg (range 46-95)the runners (before the marathon and immediately after the mare
Subjects commenced running training at 29.4 + 11.0 years of agéhon) were sought univariately using height, weight, baseline US
(range 12-57), had been running regularly for 14.2 + 9.2 yearsneasurements, years of running training, age commenced runnin
(range 0.25-50) and had completed 15.2 + 17.3 prior marathonaumber of marathons, sex, stress fracture history, race time, cu
(range 0-88). In the month preceding the present marathon, theent training volume, calf girth, and tibial width. Significant uni-
runners trained a mean of 6.3 £ 2.3 hours per week (range 2-12yariate predictors were then included in a forward, stepwise, mul:
running 66.4 + 19.2 km per week (range 20-120). Of the runnerstiple linear regression. The relationship between baseline VOS an
16 + 14.4% had a history of stress fracture at some location in théaseline BUA was assessed in the runners and the controls usi
lower limb. univariate correlations.

Twenty-eight subjects (10 M, 18 F) were recruited from Uni-
versity staff and students to serve as nonrunning controls in order
to assess the stability of measurements in normally active indip.qis
viduals across the same three time intervals as the runners. The
controls were a convenience sample of volunteers who responded . .
to verbal and written advertisements. They had a mean (SD) age d¥cute and Subacute Changes in US Measurements Following
33.0 + 12.2 years (range 19-56), a mean height of 169.6 + 9.2 cra Marathon
(range 151-192) and a mean weight of 68.0 + 12.1 kg (range

53-100). o . . Seventy-three (66%) runners presented for US measure
Approval for this project was obtained from The University Ofarlnents on all three testing occasions. On the second testir

Melbourne Human Research Ethics Committee and The Roy . o >
Melbourne Hospital Clinical Research and Ethics Committee. Al[OCCasion, runners were tested within 2 hours of completiol

subjects gave written informed consent prior to commencing théf the marathon. The runners had significantly lower VOS

project. and BUA values than the controls at all three time poifts (
< 0.05).
Results showed that BUA measurements were signifi:
Transmission Ultrasound Measurements cantly elevated immediately after the marathon but returne

to prerace levels by the 3rd testing sessiBn= 0.0001).
A portable US (Cuba Clinical V2.1 software, McCue, Hampshire, The mean size of the elevation was 5.0% Contrary to the
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Table 1. Mean (SD) for velocity of sound (VOS) and broadband
ultrasound attenuation (BUA) measurements on the three testing
occasions in runners and controls

100 4
Runners Controls
US measurements (n = 73) (n = 28) [ { [
VOS (m/s) g 967 i S O —— o
Test 1 1669.712 +41.931 1710.179+51.670 g
Test 2 1675.182 + 40.025 1715.429 + 47.341 = 02
Test 3 1672.924 + 39.950 1714571 £46.775 =

BUA (dB/MHz)

104

507

—— Marathon runners
""""" O~ Controls

Test 1 87.694 +17.169 95.821 + 22.909 48 T J. T
Test 2 90.195 + 16.758 95.107 + 21.979 1 p<0.05 1
Test 3 87.815 +16.345 95.250 + 19.763
2 Significantly different from Test 1 and Test 3; Scheffe F teBts; 84 T T T
<0.05 Pre-race Immediately post race 5-6 days later
(Baseline) (Test 2) (Test 3)

Fig. 1. Mean (SE) of BUA in runners and controls for the three
runners, BUA values in the controls remained essentiallyesting occasions.
unchanged over the three tess £ 0.89) with the largest
change being a 0.7% decrease in BUA at the 2nd test ses-
sion. The results for BUA in the runners and controls are
shown in Table 1 and Figure 1.

Although VOS measurements in runners showed a mar-
ginal 0.3% increase immediately following the marathon,
changes in VOS across the testing intervals were not sig-
nificant (P = 0.07). In the controls, VOS values also in-
creased by a mean of 0.3% between the 1st and 2nd testing
occasions and returned to baseline levels by the 3rd testing

1740
—— Marathon runners

Controls

1720 <

—g—
o

occasion, but these variations were not statistically signifig 17007
cant P = 0.34). The power of the study to detect a change>
of approximately 1% between the first and second testing
occasions was 99% in both runners and controls [24]. The 1804 -
results for VOS are shown in Table 1 and Figure 2. . T
L * L
Predictors of Acute Changes in US Measurements Following 1660 : : :
a Marathon Pre-race Immediately post race 5-6 days later
(Baseline) (Test 2) (Test 3)

Significant univariate predictors of the change in BUA im-
mediately following the marathon in the runners were age (
= 0.23,P = 0.04); years of running training (& 0.25,P

= 0.03); and baseline BUA (= 0.23;P = 0.05). In a
forward, stepwise, multiple regression, only age was a sig- . , ) ,
nificant independent predictor of the acute change in BUAWeight-bearing exercise, BUA values at the calcaneus in
(B = 0.2094; SE= 0.0917;P = 0.03;r= 0.26). For every creased significantly but returned to baseline levels after 5-
10-year increase in age, there was an approximate 2.4%ays. This acute increase was not apparent in nonrunnir
increase in BUA measurements immediately following thecontrols. Conversely, VOS measurements were not influ
marathon. However, the strength of the relationship was lovenced by exercise. )

with only 7% of the variance in change in BUA able to be  The transient increase in BUA measurements does nc
explained by age. The relationship between age and acufpear to support the hypothesis that an intense bout ¢
change in BUA measurements in runners is shown in Figur&veight-bearing exercise leads to accumulation of bone mi
3. None of the variables was able to predict a change igrodamage. This concurs with the conclusions drawn b

VOS between test 1 and test 2 in the runners. Rubin et al. [22] upon flndlng acute increases in VOS at
both the tibia and patella. If substantial microdamage wa:

present, any possible influences on bone US measuremer
would be expected to be in the direction of a decrease il
. . . values and not an increase. Also, since microdamage |
The relationship between baseline BUA and VOS measureyoma|ly repaired by the remodeling process which OC%UI’E
ments is shown for runners and controls in Figure 4. Therey o annroximately 3 months, any change in US values du
was a significant moderate-to-high correlation between, microdamage should still be evident in the subacute
VOS and BUA for the runners (= 0.79,P < 0.0001) and  yhase. Furthermore, VOS values remained relatively stabl
for the controls (r= 0.72,P < 0.0001). across the testing occasions. If microdamage was present,
theoretically should alter both BUA and VOS. However,
since the sensitivity of US to detect microdamageivo is
unknown, it is possible that structural damage did occur bu
We found that immediately following a period of intense not sufficiently to alter subacute measurements.

ig. 2. Mean (SE) of VOS in runners and controls for the three
esting occasions.

Relationship Between Baseline VOS and BUA

Discussion
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Fig. 3. Relationship between age and acute change in BUA in
runners. VOS (m/s)

Fig. 4. Scatterplot of the correlation between VOS and BUA in
runners and controls.

Our results cannot be generalized to other bones in the
lower extremity. It is possible that microdamage might have
occurred in the tibia as it is subjected to high bending forceship was independent of other factors such as years of rur
during running [2] and is the most common site for stressning training, baseline BUA, race finishing time, or stress
fractures in running athletes [25, 26]. In addition, the resultsracture history. The mechanism for this relationship is
cannot be generalized to nonconditioned individuals. Thespeculative. One possible explanation is that if the increase
majority of the runners had been training for many yearsn BUA are due to acute exercise-related physiological
and had competed in a number of previous marathons. Singghanges, then these may be amplified in older runners. Tis
bone responds to the loads applied, it is likely that thesue edema related to disruption of subcutaneous collage
skeleton of the runners had adapted to vigorous exercise arigsue or soft tissue microhemorrhage following the mara-
hence could withstand repetitive loading during the marathon might be greater in older runners with more degenerat
thon without structural damage. Marathon running may seeonnective tissues. Similarly, transient changes in the or
lect out those individuals with bones strong enough to copganic or inorganic phase of bone may be influenced by age
with such loading. It is possible that in a group of sedentaryHowever, it must be noted that the relationship between ag
individuals subjected to an equivalent period of intenseand acute BUA changes was weak, accounting for only 7%
weight-bearing exercise, there may be bone microdamagef the variance.

A number of factors may influence bone US measure- At baseline, the controls had significantly greater values
ments and hence provide possible explanations for the rdor VOS and BUA than the runners. Since the groups were
sults found in our study. Though it appears unlikely thatnot matched for age, this finding is most likely related to the
internal defects such as microfractures occurred during thgounger age of the controls where the mean age was 1
marathon, transient alterations at the molecular level in botlyears less than the runners. As with measurements of bor
the organic and inorganic phase of bone cannot be excludedensity, US measurements also show a negative correlatic
For example, changes in US measurements may arise fromith age [30]. However, differences in US measurements
proteoglycan reorientation or reorganization of other matrixbetween groups might reflect a detrimental effect of mara:
macromolecules, changes in the mineralization, or crystalthon running on bone density. Although athletes generally
line property of bone or slippage at cement lines. Sucthave higher bone density than less active controls [31], ther
possibilities have not been investigated. have been reports of significantly lower bone density in

Other factors that may influence US measurements inboth male and female distance runners [32—34]. Explana
clude soft tissue and microcirculation changes. For extions for these findings are unclear but may include se»
ample, Bonfield and Tully [27] found that US velocity was hormone disturbances, increased cortisol levels, or dietar
temperature dependent with a linear inverse relationship bedeficiencies.
tween the two from 21 to 44°C. However, bone temperature Baseline VOS and BUA measurements were moderatel
might be expected to be increased rather than decreaséal highly correlated. The lack of perfect agreement may
following the marathon. Bone hydration may also play areflect the higher error associated with BUA values. Alter-
role asin vitro studies have shown higher velocities in dry natively, it may suggest that the two parameters are mee
compared with wet bone [28]. Similarly, soft tissue edemasuring different properties of bone. In @m vitro study of
or dehydration may have occurred after the exercise boutrabecular bone, Gluer et al. [35] found that all US param-
Since Johansen and Stone [29] reported that the presenceettrs were significantly associated with bone structure in
edema caused a mean reduction in both BUA and VOS, thidependent of bone mineral density. However, though VO<
is a less likely explanation for our elevated measurements/as largely influenced by trabecular separation, BUA was
post-race. additionally influenced by trabecular connectivity. Further

The only independent predictor of the change in BUAresearch is needed to clarify the exact relationship of US
between test 1 and test 2 in runners was age, with larggrgarameters and bone properties.

BUA changes associated with increasing age. This relation- In conclusion, this study found a transient increase in
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BUA values and no change in VOS at the calcaneus fol-
lowing a period of repetitive loadintn vivo. These results
do not support the accumulation of lasting structural

changes at this skeletal site. Instead, the results are likely tH-

reflect temporary soft tissue or bony changes associated
with intense exercise.

19.
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