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ABSTRACT: The aims of the present study were, firstly, to evaluate areal bone mineral density (aBMD), bone
strength and structure during a swimming season and compare them to those of normo-active controls (CG),
and secondly to ascertain whether practising an additional weight-bearing sport other than swimming might
improve bone. Twenty-three swimmers who only swam (SWI-PURE; 14 males, 9 females), 11 swimmers who
combined swimming with an additional weight-bearing sport (SWI-SPORT; 8 males, 3 females) and 28 controls
(CG; 16 males, 12 females) participated in the present study. aBMD was assessed with dual energy X-ray (DXA).
Bone mass, area, structure and strength of the non-dominant tibia and radius were measured with peripheral
quantitative computed tomography (pQCT). Measurements were performed at the beginning of the swimming
season and 8 months later. The only difference among groups for DXA and pQCT variables was found for arm
aBMD, which was higher in the SWI-SPORT than in the CG group at both pre- and post-evaluation. Group by
time interactions (GxT) were found for trochanter aBBMD when comparing SWI-SPORT to CG and SWI-SPORT to
SWI-PURE, favouring in both cases SWI-SPORT. No GxT were found for the radius. For the tibia, GxT were found
between SWI-SPORT and CG and between SWI-PURE and CG, in both cases favouring the swimmers. A season
of swimming does not confer any additional benefits to aBMD, but may confer minor benefits to structure and
mass. Complementing swimming with a weight-bearing activity is beneficial to bone.
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Osteoporosis is a skeletal disorder characterized by compromised
bone strength, predisposing to an increased risk of fracture [1]. Peak
bone mass accumulation, which will contribute to future osteoporo-
sis risk, occurs around the ages of 12 to 14 years and is greater in
active children [2]. This is important because active children will
attain a higher peak bone mass, and will therefore present a lower
risk of suffering osteoporosis later in life. Nevertheless, not all sports
have the same effect on bone mass, as non-weight-bearing sports
have been reported to be neutral to bone mass [3].

Focusing on swimming, few studies have evaluated bone mass
longitudinally in adolescent swimmers comparing them to sedentary
controls or other athletes [4-6]. Maimoun et al. [6] compared female
adolescent swimmers' areal bone mineral density (aBMD) acquisition
to that of normo-active controls (CG) during one year, finding no

differences between swimmers and CG in bone acquisition. Simi-
larly, Czeczelewski et al. [4] registered aBMD acquisition during
a 3-year period in female swimmers and a CG, finding no differ-
ences in aBMD acquisition. Ferry et al. [5] also compared female
adolescent swimmers to other athletes (soccer players), finding that
during 8 months of training, swimmers gained less whole body and
lumbar spine aBMD than soccer players.

Although dual energy X-ray (DXA) is the gold standard for measur-
ing aBMD, this measurement accounts at best for 60-70% of the
variance in ultimate strength of bone tissue [7]. DXA has limitations
with respect to the assessment of bone geometric structure and the
arrangement of the mineral in the cortical vs. the trabecular compart-
ments of the bone [8], which are distinguished when using periph-
eral quantitative computed tomography (pQCT). In fact, few studies
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have been carried out on swimmers using pQCT, with most studies
being cross-sectional studies in adults, finding that swimmers pres-
ent similar bone strength indexes when compared to sedentary con-
trols [9-13].

To date, and as far as we know, only one study has described the
bone structure of adolescent swimmers using pQCT [14]. This cross-
sectional study found that swimmers presented similar strength val-
ues when compared to normo-active controls (CG). Other research-
ers have used DXA hip structural analysis (HSA), finding no
differences between male swimmers and CG [15] and lower geom-
etry values in both male and female swimmers when compared to
other sports [5, 15]. Nonetheless, HSA is limited by the two-dimen-
sional nature of DXA and does not allow the distinction of cortical
and trabecular bone [16]. Moreover, HSA results are greatly influenced
by the femur rotation that will affect the projected dimensions from
which the geometry is measured [16].

It is of critical importance to evaluate changes both in aBBMD and
bone strength and structure during a season in adolescent swimmers,
as future bone strength will not only depend on bone density but also
on bone structure. In addition, bone mass improvements are thought
to be mainly related to geometric adaptations and to a lesser extent
to changes in aBMD [17]. Thus, it is possible that when comparing
aBMD, bone structure and bone strength longitudinally there may
be improvements in structure and consequently in strength without
improvements in aBMD.

The aims of the present study were therefore; 1) to evaluate
swimmers’ aBMD with DXA and bone mass, bone strength and
structure with pQCT during a swimming season and compare them
to those of normo-active controls (CG), and 2) to evaluate whether
practising an extra weight-bearing sport in addition to swimming
might confer any aBMD, bone mass, strength or structure benefits.

MATERIALS AND METHODS
Experimental design

Swimmers were recruited from four swimming clubs from the city of
Zaragoza, while participants in the control group were recruited from
three high schools of the same city.

Participants were requested to visit our laboratory twice. The first
evaluation took place between September and November 2012,
while the second took place between May and July 2013. Therefore
8 months passed between baseline and post-evaluation.

Written informed consent from parents and verbal assent from
the participants were obtained. The study was performed following
the ethical guidelines of the Declaration of Helsinki 1961 (revision
of Fortaleza 2013). The protocol study was approved by the Ethics
Committee of Clinical Research from the Government of Aragén (ref.
CP08/2012, CEICA, Spain).

Inclusion criteria
When the study began, inclusion criteria were as follows: participants
had to be between the ages of 11 and 18 years, Caucasian, healthy,
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non-smokers, with no chronic disease or musculoskeletal disorders
(fibromyalgia, gout, osteoarthritis, rheumatoid arthritis, tendinitis),
bone fractures or medication. Swimmers had to have a history of
swimming and competing in regional tournaments for more than
3 years and training for a minimum of 6 hours per week, while CG
subjects could not be performing any aquatic activity or more than
3 hours of weight-bearing physical activity per week on a regular
basis. Hours of physical activity were determined with a question-
naire. Swimming attendance was individually supervised by trainers.
If a swimmer missed many training sessions and consequently did
not reach the minimum average of 6 hours per week, he or she was
excluded from the study.

Participant classification

As some of the swimmers who continued with their normal swimming
training performed an extra weight-bearing sport on a weekly basis
that could modify or mask the results, swimmers were classified as
swimmers who swam and performed other sports on a regular basis
for more than 3 hours per week (SWI-SPORT) or swimmers that only
swam (SWI-PURE). Therefore, for the present study, 3 groups were
analyzed and compared: 1) SWI-SPORT, 2) SWI-PURE and 3) CG.

Evaluation of pubertal stage

Pubertal maturation was determined by self-assessment of secondary
sexual characteristics according to the criteria devised by Tanner [18].
This method has been reported to be both valid and reliable in as-
sessing sexual maturity among adolescent athletes [19].

Bone parameters

Peripheral quantitative computed romography (pQCT)

Bone mass, structure and strength were assessed with a Stratec
XCT-2000 L scanner (Stratec Medizintechnik, Pforzheim, Germany).
The scanning procedure is described in detail elsewhere [14]. Scans
were performed in the non-dominant radius and tibia. Radius bone
parameters were assessed at 4% and 66 % of the forearm length and
for the tibia at 4% and 38% of the tibia length. At the 4% site of the
radius and tibia total (TOT_Area4 %) cross-sectional bone area (mm?),
total (TOT_BMC4%) and trabecular (TRB_BMC) BMC (g/cm) were
evaluated. At the 66% site of the radius and 38% site of the tibia
total (TOT_Area38%) and cortical (CRT_Area) bone cross-sectional
area (mm?) and total BMC (TOT_BMC38%) were measured. Cortical
thickness (CRT_THK, mm) was also measured at 38% of the tibia
and 66% of the radius. Bone strength was established with respect
to torsion (polar stress strain index, mm?® (SSIPOL)), and bending
(fracture load, N (FRC_LOAD_X)) with respect to the X-axis. All the
strength indexes were calculated at 38% of the tibia and 66% of the
radius.

Dual energy X-ray
Dual energy X-ray (DXA) scans were performed at the whole-body,
lumbar spine and hip (trochanter and femoral neck). The protocol
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and results for the first evaluation are explained elsewhere [20].
The second evaluation was performed following the same protocol.
Lumbar spine, hip and whole body scans were performed, and
aBMD was reported for the femoral neck, trochanter, lumbar spine,
subtotal body (Whole body — head), arms and legs. ABMD was
evaluated with the paediatric version of the software QDR-Explorer
(Hologic Corp., Software version 12.4, Bedford, Massachusetts,
USA).

Statistical analyses

Sample size calculation. As the main outcome for the present study
was tibia bone strength (SSIPOL or FRC_LOAD_X) for the pQCT
variables and femoral neck for the DXA variables, sample size was
calculated for these 2 variables. For bone strength, data from a
previous study evaluating bone strength against torsion and bending
in swimmers, controls and other athletes were used to calculate
sample size [10]. Due to the lack of studies performed with an ado-
lescent swimming sample, data were obtained from adults. Three
groups of data were obtained, data for the SWI-PURE group from a
swimming group (1777 =316 mm?), data for the SWI-SPORT group
from a repetitive low impact group (2063+315 mm?) and data for
the CG from a reference group (1646+296 mm?3). For femoral neck
aBMD data from a study by Taffe et al. [21] were used to calculate
the sample size.

As two different statistical tests were performed (analysis of co-
variance (ANCOVA) and repeated measures ANCOVA), two different
sample size calculations were performed in order to guarantee suf-
ficient power.

Firstly, ANCOVA, adjusted by age, Tanner stage and object length,
was performed to compare the cross-sectional data of SWI-SPORT,
SWI-PURE and CG at pre- and post-evaluation. GXPOWER was used
selecting ANOVAs to obtain the effect size. For the SSIPOL, a large
effect size was obtained (f=0.46), with a required sample of 48 par-
ticipants. Nevertheless, by adding covariates to the model that are
correlated with the outcome variable, the error term is reduced and
power is increased with a consequent decrease in the required sam-
ple size. Therefore f was adjusted following the Rogers et al. [22]

f

o=

where r? is the multiple correlation coefficient between covariates

formula adjusted

and the dependent variable, which was calculated with linear regres-
sion from a pilot study that included 18 swimmers. With an R of 0.8
the adjusted f was 0.52 with a required sample size of 39 participants
(13 participants per group). For the femoral neck the results sug-
gested 8 participants per group. Consequently, including 13 partici-
pants per group would allow us to reject the null hypothesis that the
population means of the SWI and CG are equal with a power of 0.8
and a of 0.05.

Repeated measures were performed to determine whether both
SWI and CG improved over time, and whether a group by time in-

teraction existed. Thus, for a small to medium effect size (f = 0.20),
and a correlation of 0.7 between the pre- and post-evaluation mea-
surements, the within factors, repeated measures calculation deter-
mined a total sample size of 33 (11 per group). For the repeated
measures, within-between interaction the required sample size was
also 33 (11 per group). Similar results were found for the femoral
neck as 11 participants per group were needed for a power of 0.8
and a of 0.05.

Therefore, the ideal sample for the present study would consist
of a minimum of 13 SWI-SPORT, 13 SWI-PURE and 13 CG subjects.

Outcome measures treatment. All data were analyzed using SPSS
version 15.0 (SPSS, Chicago, IL, USA). Significance level was re-
ported as a level at or below 0.05. Because there were no gender
by time interactions, data for girls and boys were pooled and analyzed
together.

The Kolmogorov-Smirnov test was used to check for a normal
distribution, showing that all variables were normally distributed.

ANOVA with the Bonferroni post hoc test was used to examine
baseline and post-evaluation differences between groups (SWI-PURE,
SWI-SPORT and CG) for age, height, weight, tibia and radius length.
In addition, baseline and post-evaluation aBMD, bone strength, struc-
ture, area and BMC values were compared by means of ANCOVA
adjusted by age, Tanner stage and height (DXA) or object length
(pQCT). Chi-square tests were performed to evaluate differences in
Tanner stage before and after the intervention.

ANCOVA for repeated measures x 2 (time) was performed between
pre- and post-evaluation to determine the effects of swimming on
aBMD, bone strength, structure, area and BMC values adjusted by
change in height (DXA) or object length (pQCT), initial age and final
Tanner stage. When a group by time interaction was significant,
further pairwise comparisons were performed (1. SWI-PURE vs. CG;
2. SWI-PURE vs. SWI-SPORT; 3. SWI-SPORT vs. CG).

Effect size calculation. For the within-group improvement, partial
Omega squared (pw?) was calculated from the F and degrees of
freedom reported by SPSS. pw?is less biased than partial eta squared
(pn?), particularly in small samples like the present one, as when
there is no true effect pn2 from small studies can give the erroneous
impression that there is a real small to medium effect may be given,
entirely as a result of the bias [23].

For the group by time interactions, as pw? is underestimated if
there is subject by treatment interaction, pn® was used to report effect
size of the group by time interactions.

Both pw?and pn? can be interpreted as: <0.02 small effect, 0.06
moderate effect, >0.14 large effect [24].

RES U LTS 15
Participants
Exclusion and participant loss are detailed in Figure 1.

Physical characteristics of the participants are shown in Table 1.
Differences between groups for baseline and post-evaluation were
found for height and tibia length, which were higher in SWI-SPORT
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than in CG (all P<0.05). No other differences were found among
groups for any of the variables studied (all P>0.05).

Practised sports

Regarding SWI-SPORT, five swimmers regularly performed low-impact
sports (weight-lifting) while six swimmers were engaged in high-
impact sports (2 running, 3 basketball, 1 soccer). For the CG five
controls performed low-impact sports (1 cycling, 4 dancing) and six

Swimmers (n=43)

!

Classification

/
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performed high-impact sports (1 basketball, 2 soccer, 1 karate, 1
tennis, 1 gymnastics), always no more than 3 hours per week. None
of the SWI-PURE were performing additional sports. All swimmers
performed less than one hour per week of dry land training.

DXA measurements
Table 2 summarizes the average adjusted values of aBMD at pre- and
post-evaluation.

Control group (n=52)

\

Swimming and performing an extra
weight-bearing sport (n=12)
SWI-SPORT

Only swimming (n=31)

SWI-PURE CG

Control group (n=52)

Lost to follow-up (n=1)
- 1 Discontinued swimming -

Lost to follow-up (n=8)
7 Discontinued swimming
- 1 Taking medication
affecting bone

Lost to follow-up (n=24)
-12 Increased physical activity levels
-10 did not attend second evaluation
-2 moved during DXA scanning

DXA analvses

DXA SCANS

11 SWI-SPORT

23 SWI-PURE

Lost to follow-up
- 1 Tibia Movement -
- 4 Radius Movement -

Lost to follow-up
8 Tibia movement
8 Radius movement

Lost to follow-up
-13 Tibia movement
-15 Radius movement

pOCT analvses

Tibia: 10 SWI-SPORT
Radius: Not included

due to low sample size

Tibia: 15 SWI-PURE
Radius: 15 SWI-PURE

Tibia: 15 CG
Radus: 12 CG

FIG. 1. Participant flow diagram.
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TABLE 1. Anthropometric characteristics by group.

Baseline Post-evaluation
SWI-PURE SWI-SPORT CG SWI-PURE SWI-SPORT CG
(n=23) (n=11) (n=28) (n=23) (n=11) (n=28)
Age ) 156.0+2.2 15.1+2.8 14.1+2.3 15.7+2.2 15.8+2.8 149+2.3
Tanner wmvm 1/2/6/13/1 0/2/2/5/2 0/2/8/12/6 0/2/4/11/6 0/1/2/4/4 0/1/6/9/12
Weight (g 56.0+13.8 61.3+12.6 52.8+13.4 57.2+13.3 63.8+13.7 54.7+13.6
Height (¢m) 165.6+12.9 169.5+10.4* 159.8+11.7 166.6+12.3 171.3+10.5* 163.0+11.1
BMI kg/ma) 20.1+2.8 21.1x2.7 20.4+3.3 20.4+2.7 21.5+2.9 20.4+3.5
Tibia Length! (um) 363.1+32.5 378.4+25.6* 346.6+21.0 367.5+31.1 381.5+23.7* 357.9+22.1
Radius length? ., 248.9+24.6 NA 249.2+11.3 254.9+21.5 NA 255.8+11.2

SWI-PURE 14Males (61%) / 9Females (39%); SWI-SPORT 8 Males(73%) / 3Females (27%); CG 16 Males (57%)/ 12Females(43%)
l=Sample size for Tibia values: SWI-PURE=15 (11Males; 73%) / SWI-SPORT=10 (7males; 70%) /CG=15 (10 Males; 67%)
2=Sample size for Radius values: SWI-PURE=15 (11Males; 73%) / CG=12 (6 Males; 50%)

*p<0.05 vs. CG

SWI-PURE=Swimmers that only swam; SWI-SPORT=Swimmers that swam and performed and additional weight-bearing sport;

CG=Control-group; BMI=Body mass index; NA=Not applicable.

SWI-SPORT presented higher arm aBMD values than CG at base-
line and post-evaluation (p<0.05; Table 2).

\Vit/ﬂz'n—gmup improvements

SWI-PURE, SWI-SPORT and CG improved femoral neck
(pw? = 0.297/ 0.456 / 0.103 respectively), lumbar spine
(pw? = 0.535 / 0.562 / 0.329 respectively), subtotal body
(pw? = 0.484/ 0.833 /0.548 respectively), arms (pw? = 0.374 /
0.554 / 0.666 respectively) and legs (pw? = 0.435/0.698/0.655
respectively) aBMD values (all p<0.05; Table 2). Additionally,
SWI-SPORT presented improvements in the trochanter (pw?=0.598).

Group by time interactions

When comparing aBMD acquisition of the 3 groups, a significant
group by time interaction was found for the trochanter (np? = 0.218;
p<0.05; Table 2). When focusing on the differences among groups,
the posterior pairwise analyses showed two different interactions for
the comparisons of SWI-SPORT vs. SWI-PURE (np? = 0.131;
p=0.05) and SWI-SPORT vs. CG (np? = 0.301; p<0.05), in both
cases favouring SWI-SPORT. No group by time interaction was found
between SWI-PURE and CG (np? = 0.06; p>0.05).

Bone structure, strength, area and BMC

Table 2 summarizes bone structure, strength, area and BMC values
at pre- and post-evaluation. No differences were found among groups
for radius or tibia, either at pre- or post-evaluation (all p>0.05).

Within-group improvements
For the radius, both SWI-PURE and CG improved CRT_Area,
CRT_BMC, TOT_BMC38%, SSIPOL (both P<0.05; Table 2)

and TOT_Area38% (SWI-PURE P<0.05, CG P<0.06;
Table 2). SWI-PURE also improved TOT_BMC4% (p<0.05;
Table 2).

For tibia values, the 3 groups improved CRT_Area, CRT_BMC,
TOT_BMC38%, FRC_LOAD_X and SSIPOL (all p<0.05; Table 2).
Improvements were also found from baseline to post-evaluation for
the 3 groups for CRT_THK (SWI-PURE and SWI-SPORT both p<0.05;
CGp<0.06) and TOT_AREA38% (SWI-PURE and CG both p<0.05;
SWI-SPORT p<0.06).

Group by time interactions
No group by time interactions were found for the radius values (all
p>0.05; Table 2).

For the tibia, significant group by time interactions were found for
CRT_THK, FRC_LOAD X, SSIPOL, TOT_BMC38% and CRT Area
among the 3 groups (all p<0.05; Table 2).

Further pairwise comparisons showed that SWI-SPORT present-
ed a positive tendency towards group by time interactions when
compared to SWI-PURE for FRC_LOAD X and SSIPOL (both p=0.08;
pn?=0.145 and 0.138 respectively; Figure 2).

When comparing SWI-SPORT to CG, group by time interactions
favouring the SWI-SPORT group were found for CRT_THK
(pn?=0.276), FRC_LOAD_X (pn?=0.252), SSIPOL (pn?=0.281),
TOT_BMC38% and CRT_Area (pn®=0.214) (all p<0.05;
Figure 2).

Finally, when comparing SWI-PURE to CG, interactions favouring
the SWI-PURE were found for CRT_THK (pn?=0.299), SSIPOL
(pn?=0.231), TOT_BMC38% (pn®=0.170), and CRT_AREA
(pn®=0.273), (all p<0.05; Figure 2).
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TABLE 2. Baseline and post-intervention pQCT bone strength indexes adjusted by object length (pQCT) or height change (DXA),
Tanner stage and age.

Repeated measures

Baseline Post-evaluation Whithin group GxT
SWiI- SWI- SWI- SWiI- SWI- SWI-
bxa PURE SPORT ce PURE SPORT ca PURE SPORT cé

n=23 n=11 n=28 n=23 n=11 n=28 po? pw? pw? pn?

. . 721 o0 . 72
TROCH (gem2) 0102 +0.104 0111 20101 s0101 s0104 0108 089%8' <0001 0218¢
0.807 0.866 0833 0826 0885 0844
+0.108 +0.108 +0.116 +0.107 =0.108 =+0.110
0842 0879 0861 0877 0909 0886
£0.120 +0.119 +0.128 +0.116 =0.117 +0.122
0873 0912 0889 089 0934  0.905
£0.071 +0.071 0076 +0.071 +0.072 =0.075

Whole 0.690 0.710 0.667 0.708 0.724 0.679

Hip

NECK (gcm2) 0.297% 0.456* 0.103*  0.080

Spine LSP (gem?) 0.535*  0.562* 0.329*  0.080

SUBT (gem2) 0.484* 0.833* 0.548*  0.078

ooy~ "FMS @em) £0.046 +0045° 0049 +0.044 00445 =004 03747 05547 06667 0016
LEGS e 0095 0095 0102 001 0103 =0iop 0435 0698 0655 0031
Radius  pQCT n=15 n=12 n=15 n=12
FRCLOAD Xy, 4509 na 27985 52178 na 88097 o115 na 0187 0.013
SSI_POL (3, 2099%  Na 2040 28042 N 29240 o420 NA - 0335° 001l
CRT_THK (o 200 N Z U wna 2% <0001 Na <0001 0.018
e CRT_Area ;o) oo oNa J333 7298 na o T388 o464 NA 0.590° 0001
TOT BMC38%gem  oyroy  NA oo 090 a9 0413 NA 04t 0015
TOT Aread38%mme)  sapas  NA - 2ool0 198 na 19823 o475 Na o 0387* 0001
TRBBMC gery  opagy  NA 0285 0320 na o 0288 0057 nA 0015 0002
Distal  TOT_BMCA4%gcm) 116(.)1()4118 NA ildc.)llgo ;&ﬁ; NA 116(.)11970 0292 NA 0150 0.014
TOT Aread%mey  ovaae  NA - 52239 34 na 3909 0155 Na 0204 0.003
Tibia n=15 n=10 n=15 n=15 n=10 n=15
oo LS DS e T e M s oy o oo
S 5 DAY e e R e e o oz
o CTHem LGRS0 s0s <06 sbss sosy 0766 067 0220 0azl!

234.63 262.60 268.10 255.63 276.94 272.86
+37.563 +37.85 +£38.86 +35.69 +37.30 +36.43
2.890 3.199 3.232 3.118 3.378 3.316
+0.393 +0.396 =+0.406 +0.379 +0.396 =+0.386
367.42 399.23 395.89 388.68 411.12 399.89
+51.30 =+b51.74 +£53.12 +48.28 =+50.46 +49.28
TRBBMC 4oy L0701 20204 20302 40251 +0062 0256 0063 0021 0061 0085
3.379 3.495 3.558 3.375 3.520 3.478

1 0,
Distal ~ TOT_BMCA% e  .oe24 +0629 =0.646 +0535 0559 =0.546 0047 0215 0033 0032

CRT_Area (mm2) 0.839* 0.883* 0.664* 0.280¢

TOT_BMC38%g/cm) 0.877* 0.831* 0.888* 0.216°¢

TOT_Area38%mm2) 0.763*  0.347* 0.759*  0.063

1080.76 1192.79 1100.05 1066.47 1179.07 1094.18
o,
TOT_Aread%wmm2) 17844 +179.97 +184.76 +156.91 16399 +160.14 0036 <0001 <0.001  0.077

Data presented as mean=SD; NA=Not applicable due to small sample size; SWIPURE. £Significant differences when compared to the CG.
# Within group differences from baseline to post-evaluation p<0.05. *Tendency towards within group differences from baseline to post-
evaluation p<0.06/ pw?=partial omega squared; pn®=partial eta squared; both effect sizes can be interpreted as; <0.01 small, 0.06
moderate, >0.14 large. GXT=Group by time interactions; ®=Significant group by time interaction. SWI-PURE=Swimmers that only swam;
SWI-SPORT=Swimmers that swam and performed and additional weight-bearing sport; CG=Control-group; CRT_THK=Cortical thickness;
CRT=Cortical; BMC=Bone mineral content; TOT=Total; TRB=Trabecular; FRC_LOAD X=Fracture load (axe X); SSI_POL=Polar strength
strain index.
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FIG 2. Tibia bone structure, strength indexes, bone mineral content and area. Values adjusted by change in object length, baseline
age and post-evaluation Tanner stage.
Legend. *=group by time interaction (p<0.05); #=group by time interaction (p=0.08).
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DISCUS'S 1O /N /55
The present study is the first to combine DXA and pQCT measure-
ments in adolescent swimmers and to assess changes in bone over
a swimming season. The main findings of the present study were
1) swimming has no effect on aBMD, radius bone strength, structure
or BMC, and minor effects on tibia bone strength, structure and BMC,
and 2) practising a weight-bearing sport in addition to swimming is
beneficial to tibia strength and structure and to trochanter aBMD.

The only differences found among the 3 groups for DXA and pQCT
variables were for the DXA aBMD arm values as SWI-SPORT pre-
sented higher pre- and post-evaluation than CG. No other differ-
ences were found for any of the studied variables at pre- or post-
evaluation among groups, suggesting that swimming has no effect
on aBMD. These results are in line with those found in a recent
meta-analysis performed in adolescents and children comparing
aBMD values between swimmers and CG, finding no differences
between groups [25].

Although the present longitudinal study and previously published
ones [4, 6, 26] suggest that swimming is not negative to bone mass
and therefore should be considered as a “neutral” sport to practise
in terms of aBMD, it is important to underline that adolescence is a
critical period for bone acquisition. Previous research suggested that
physical activity in this period may have greater positive effects on
bone mass than many pharmacological interventions undertaken by
adults with osteoporosis [27]. Therefore, the fact that adolescent
swimmers present similar bone mass acquisition patterns to those
not performing weight-bearing activities on a regular basis could
entail a negative effect later in life.

Regarding the pQCT variables, no differences were found either
at pre- or at post-evaluation among the 3 groups. Focusing on the
radius, no group by time interactions or differences in the within-
group improvements (swimmers improved the same variables as CG)
were found, suggesting that the improvements could be due to bio-
logical growth, as maturity-related differences in bone geometry,
density, and strength in boys and girls have been previously well
documented [28]. This lack of differences for radius values has been
previously described in cross-sectional studies performed in adoles-
cents [14] and adults [12] that have also compared swimmers to
CG, finding no differences in radius strength indexes between groups.
The lack of radius improvements was surprising, as unlike the tibia
or the femoral neck, which are constantly submitted to gravitational
forces while walking and performing daily activity tasks, the forearm
bones do not have to sustain loads during habitual daily tasks. It
could therefore be expected that improvements in swimmers' radius
when compared to CG would be found, as swimmers are constant-
ly pushing with their hands against the water, a movement that in-
volves the forearm muscles that react with contractions and thus
produce bone strain. Nevertheless, from the lack of improvements
found in the present study it would appear that the push against the
water executed while swimming is not sufficient to reach the minimum
effective strain for modelling, which would result in bone gain [29].

German Vicente-Rodriguez et al.

For the tibia variables, the group by time interaction found for
cortical thickness, cortical area and total BMC at the shaft in
SWI-SPORT when compared to CG was in line with previous studies
that also found improvements in these parameters in jumpers when
compared to CG, as during impact exercises, the rate of loading is
much higher, and thus is associated with thickened cortical
bone [9, 11, 30]. This increase in cortical thickness could explain
the improvements in SSIPOL and FRAC_LOAD _X, both strength in-
dexes that are influenced by cortical size, and that have previously
been described as higher in weight-bearing athletes than in con-
trols [10, 311.

Surprisingly, SWI-PURE also presented group by time interactions
for cortical thickness, SSIPOL, total BMC and cortical area, all mea-
sured at the shaft. Liu et al. [9] also found that female adult swim-
mers presented higher tibia strength strain index values than controls.
In contrast to our findings, Nikander et al. [32] did not find any dif-
ferences between adult swimmers and CG in cortical thickness of
the femoral neck measured with MRI. Nevertheless, the femoral neck
might not support as much impact as the tibia while swimming, as
swimmers are constantly pushing against the wall, an action that
involves the calf muscles, although this is just a hypothesis that has
not been tested in any previous studies. Swimmers develop their
sport in a hypogravitational medium with no impacts until they per-
form a turn and use the wall to push themselves off and regain speed.
This push against the wall may be compared to the takeoff phase
while jumping although with much less force. Therefore, these
“pushes”, that do not generate as much reaction force as a jump,
might be able to generate sufficient forces to reach the minimum
stimulus necessary to have some effect on the tibia bone. Although
these pushes would generate very small forces, they are generated
very often, as swimmers in the present sample train on average
10 hours per week, in 25-metre swimming pools with average train-
ing sessions of 3000 metres (120 pushes against the wall per ses-
sion). The fact that no differences exist for the radius and some
minor benefits do exist for the tibia could be due to this elevated
number of minor impacts performed while pushing, which would
range from 600 to 800 per week. Nevertheless, this is just a hypoth-
esis that should be tested in future studies that compare swimmers
who perform the exact amount of training in different types of swim-
ming pools (25 metres vs. 50 metres).

The significant group by time interactions found for the tibia val-
ues among the 3 groups suggest that swimmers and CG are evolving
in different ways. These interactions could be partly explained by the
previously mentioned pushes but could also be due to differences in
maturational stage, as although there were no differences in pre- or
post-evaluation for Tanner stage, the CG had a larger number of
participants in Tanner stage 5. It is probable that these participants
would not improve as much as participants with lower maturation
status. This hypothesis is supported by Figure 2, as when comparing
SWI-PURE to CG, SWI-PURE at baseline was always lower than the
CG (although not significantly), and although there was a group by
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time interaction suggesting that SWI-PURE improved more than the
CG, these improvements were always trending to equalize the CG
values (although they always remained below). In contrast, the group
by time interactions between SWI-SPORT and CG, which also suggest
that SWI-SPORT improved more than the CG, showed that SWI-
SPORT started and ended at a higher point, suggesting that the
differences between groups increased (although they were non-sig-
nificant at pre- and post-evaluation). The fact that these differences
between SWI-SPORT and CG at pre- and post-evaluation were non-
significant could be due to the sample size of SWI-SPORT (n=10)
when the ideal sample size would have been 13. Effect sizes for the
comparison between the 2 groups supported this idea, as they were
on average medium (pn®~0.07).

In addition, when comparing SWI-SPORT to SWI-PURE, a ten-
dency towards a group by time interaction between the two groups
was found, suggesting that the SWI-SPORT subjects improved their
tibia FRC_LOAD_X and SSIPOL more than the SWI-PURE subjects.
Again, it is possible that this group by time interaction did not reach
significance due to sample size. The large effect size of 0.145 and
0.138 makes us hypothesize that if we had reached 13 participants
per group we would have found significant group by time interactions
between SWI-SPORT and SWI-PURE for the 2 bone strength in-
dexes. This reinforces the idea that extra-weight-bearing training in
addition to swimming is of critical importance to adolescent swim-
mers.

The controversial results found in current literature evaluating
aBMD in adolescent swimmers [33] might be explained by differ-
ences in physical activity involvement by the CG or the extra activity
performed by some of the swimmers included in those studies. The
results of the present study support the latter hypothesis, as swim-
mers who performed an extra activity (SWI-SPORT) showed higher
aBMD trochanter acquisition when compared to both SWI-PURE
and CG, suggesting that the additional aBMD gains were due to the
impacts while performing other weight-bearing activities. SWI-SPORT
was the only group that improved aBMD of all the measured areas.
Therefore, future studies with swimmers should always report ad-
ditional weight-bearing activities performed by the swimmers, as
pooling together swimmers who only swim with swimmers who
perform other sports could mask the results.

The main limitation of the present study is the grouping of both
males and females due to the limited sample size (although there
was no gender by time interaction, suggesting that both improved
similarly). Another important limitation was the quantification of
additional practised sports, as they were self-reported and not ob-
jectively measured, and therefore some participants might have
overestimated their extra-physical activity while others might have
underestimated it. Nonetheless, the present study has several
strengths such as the use of two bone measurement techniques to
evaluate both bone mass and bone structure and the longitudinal
design of the study.

CONCLU'S IO /N S 0
It seems that swimming has no effect on radius bone strength and
induces minor benefits on tibia bone strength and trochanter aBBMD.
Swimmers who complemented swimming with an extra weight-
bearing activity presented more improvements in aBMD and tibia
structure and strength than any of the other groups, suggesting that
impacts are determinant for improving bone strength.
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