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Abstract

Objective: Raman spectroscopy was employed to evaluate the effect of different swimming intensities on
femoral bone composition in an animal model. Background Data: Intense swimming exercise may affect bone
mineralization, and Raman technique has been shown to be effective in evaluating tissue composition (phos-
phate minerals and carbonate apatites – bands at 960 and 1170 cm�1, as well as collagen matrix – amide I band at
1660 cm�1). Materials and Methods: Eighteen female Swiss Webster mice were separated into three groups
(n¼ 6 per group) of sedentary (SED), and swimming with an intensity of 40% (PT-40) and 80% (PT-80) of the
maximum load, with 6 weeks of training. Near-infrared Raman spectra (830 nm wavelength and 80 mW laser
power) were obtained with a dispersive Raman spectrometer using a CCD camera and imaging spectrograph
with 30-s integration time. Spectra were collected in the medial and lateral diaphysis of the femur and principal
components analysis (PCA) was employed to extract features of the Raman bands of bone and to perform
quantitative analysis. Results: PC1 vector resembles Raman spectra and carries information about apatite
minerals and some contribution from organic matrix. A statistically significant difference was found in the PC1
scores (ANOVA, p< 0.05), indicating lower mineral concentrations in the femur in both the PT-40 and PT-80
groups compared to the SED group. These results corroborated with the radiographic assessment of bone
density. Conclusion: Raman technique associated with PCA statistics showed that intense swimming exercise
may affect bone mineralization and remodeling in a mouse model of training.

Introduction

Biomedical literature has reported that the me-
chanical loading generated by physical activities plays

an important role in bone development.1–4 Due to the lack
of bone mechanical loadings, reduced osteoid and miner-
alizing surfaces and decreased bone formation rate have
been reported in space flight experiments,5 and a similar
effect of bone mass loss has been reported in scuba divers.6

Physical training increases the cancellous bone and

osteoinductive activity due to an increase of bone mor-
phogenic proteins (BMPs), which decreases bone resorption
and increases bone formation.7 Physical activity could be
considered a strategy to reduce the risk of osteoporosis,
leading to decreased bone fragility and reduced risk of
fracture.8,9

Studies have shown that bone mineral density (BMD) is an
indicator of bone health and could be used to assess the bone
mineralization and mechanical properties in both experi-
mental models10–12 and humans.6,13 Resistance training such
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as running and swimming with weight bearing has been
shown to improve BMD in the growing bone of rats,10 and
resistance muscle training may also improve the beneficial
effects of BMD in post-menopausal women, particularly in
association with hormone therapy.13 Swimming may have a
beneficial effect on BMD compared to the controls for elderly
animals with induced osteoporosis.14 On the other hand,
weightlessness or skeletal unloading such as swimming may
not have an equivalent beneficial effect on BMD when
compared to weighted training,10 or could lead to bone loss
in rats with hypertension-induced osteoporosis12 and heal-
thy scuba-divers.6 The prescription of water activities has
been traditionally adopted as a preventive tool for bone
health in the elderly,15,16 but studies demonstrated that over-
training and compulsive exercise could lead to pronounced
loss of bone minerals.17,18 Prolonged swimming training
leads to a decrease in BMD, with stimulation of bone re-
sorption in healthy rats11 and in hypertensive rats with in-
duced spontaneous osteoporosis.13

Different methods have been employed to evaluate bone
density. Radiographic examination is an important clinical
tool because it is non-invasive and can be easily performed.
Taba et al.19 showed a radiographic method based on grey-
level analysis using image software to assess the bone
density, with results similar to the histopathology. Bone
composition can be assessed by Dual X-ray Absorptiometry
(DXA), which provides a quantitative measurement of the
mineral phase.20 Bone is a composite material, and since the
quality of the bone critically depends on both organic (pri-
marily collagen I) and mineral phases,21 and the organic
phase remains essentially transparent to X-rays, there is a
need for a technique that, in addition to measuring the bone
mineral, could assess the collagen from bone matrix.

Raman spectroscopy is a vibrational technique that pro-
vides information on the chemical composition of organic
and inorganic samples, allowing less invasive and nonde-
structive qualitative and quantitative analysis.22,23 It has
been considered effective in assessing sample information at
the molecular level, and has been used for several minimally
and non-invasive applications of biological samples such as
detecting glucose in urine,24 atherosclerosis in coronary and
carotid arteries,25,26 hepatitis C in human blood serum in
vitro,27 lactate identification in blood,28 osteoinduction in
biomaterial implants,29 several bone diseases,30 and bone
synthesis and osteointegration after healing,31,32 as well as
evaluating the microstructure of human cortical bone (os-
teon).33 Several works have proposed the use of Raman
spectroscopy to determine the mineralization and organic
matrix to assess bone quality.30,34–36 Raman spectroscopy has
been demonstrated by many authors as a tool for the study
of bone mineralization34,35 and has emerged as an important
complement to traditional methods for detection, quantifi-
cation, and imaging of local variations in the molecular
structures of bone matrix and minerals.30 Also, it has been
demonstrated that the Raman spectrum could be obtained
transcutaneously, accurately assessing bone tissue composi-
tion through the skin in live mice.37

At least two different aspects of the mineral components
of bone affect its mechanical properties: degree of remodel-
ing and bone mineral density (mineral-to-matrix phase ratio)
and degree of crystallinity of the mineral content.30 The
crystallinity, which is related to the mineral quality and is an

important quality factor for bone tissue, has been correlated
to the carbonate/phosphate ratio and indicates the extent of
carbonate incorporation in the hydroxyapatite lattice.35

Those parameters of bone tissue could be assessed by the
ratios between selected Raman bands of interest. Femoral
trabecular bone showed a higher mineral-matrix ratio in
women who had sustained a fracture rather than in women
without a fracture, while iliac crest biopsies revealed a higher
carbonate-phosphate ratio in cortical bone of women who
had sustained a fracture.38 Also, bones from postmenopausal
osteoporotic patients were found to have a lower mineral-
matrix ratio and higher carbonate-phosphate ratio when
compared to normal patients.39

The aim of this study was to assess the composition of
bone tissue (mineral and organic phases) in vitro at the
medial and lateral diaphysis of the femur in swimming-
trained healthy young mice compared to sedentary animals
over 6 weeks of training, in order to evaluate the effects of
different swimming-training intensities on bone metabolism
(BMD) of mice. Dispersive Raman spectroscopy at 830 nm
was performed in order to evaluate the mineral phase
(phosphate and carbonate apatite bands at 903–991 cm�1 and
1046–1110 cm�1 Raman shifts respectively) and the organic
phase (collagen matrix: amide I band at 1620–1680 cm�1

Raman shift). Also, principal components analysis (PCA)
was employed to extract quantitative information from
Raman spectra by correlating of the radiographic assessment
of bone density and the ratio of carbonate/phosphate bands
with the scores of PCA.

Materials and Methods

Experimental model

Eighteen young adult Swiss Webster female mice (3
months old, 35.0� 0.3 g) were obtained from the bioterium of
the Institute of Biomedical Sciences – Universidade de São
Paulo (São Paulo, SP, Brazil). Mice were kept in plastic cages
(49 cm length�34 cm width�16 cm height; 10 animals per
cage) in a room with controlled environmental conditions
(22–258C, relative humidity 40–60%, 12-h light–dark cycle)
prior to swimming training. Moreover, all animals had ac-
cess to palletized food (Labina Chow, Purina, SP, Brazil) and
water ad libitum. Animals were equally separated into three
experimental groups (n¼ 6 per group): sedentary (SED),
non-exercised animals; trained animals submitted to the
swimming protocol with an intensity equal to 40% of
the maximum load (PT-40); trained animals submitted to the
swimming protocol with an intensity equal to 80% of the
maximum load (PT-80), in a swimming protocol for 6 weeks.
Experimental procedures were done according to the prin-
ciples for animal handling and care recommended by the
COBEA (Brazilian School of Animal Experimentation) and
approved by the Committee on Ethics in Research (UNIVAP
– Protocol # A106/CEP/2007).

Swimming-training protocol

Animals in the trained group were submitted to a period
of swimming adaptation (30 min daily without load, during
five consecutive days) in a 250-L water-filled bath with the
temperature kept at 35� 28C in order to decrease the stress
of the swimming activity.9,40 After adaptation, the animals
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were individually submitted to a test of maximum load,41,42

which consisted of lead load cells corresponding to 1%, 2%,
3%, and so forth, of the total body weight of the animal,
attached to the animal’s chest with the help of a comfortable
vest. The animal was left in the bath to swim until it was
exhausted, reaching the maximum tolerated load with such
lead loads.40–42 The animal’s exhaustion was determined by
its inability to stay above the surface of the water for
approximately 8 s.41,42 This test allowed the adjustment of the
working load for the physical training to 40% (PT-40) and 80%
(PT-80) of the maximum load. The swimming-training ses-
sions were performed in groups of six animals because exer-
cise becomes more vigorous in animals grouped together than
in individual swimming.40 These 30-min training sessions
occurred every workday.10 At the end of each experimental
week, body weight was taken and new maximum load test
was performed for possible training load readjustments.

Bone samples

All animals were anesthetized with intramuscular admin-
istration of 40 mg/kg of xylazine HCl (Xilazin 2%, 50 mL;
Syntec do Brasil Ltda., São Paulo, Brazil) and 50 mg/kg of
ketamine HCl (Cetamin 10%, 50 mL; Syntec do Brasil Ltda.)
and euthanized with an intracardiac injection of KCl solution
(Cloreto de potássio 10%; Laboratório Ariston Ltda., São
Paulo, Brazil). The animals were aged 15 weeks at this time.
The right femur was harvested and all visible soft tissues were
removed; the femurs were then wrapped in aluminum foil
and frozen in liquid nitrogen (�1968C), since chemical fixation
is not advisable for Raman studies.26,32 Before Raman spec-
troscopy and digital optical density measurements, bone
samples were warmed to room temperature with 0.9% saline.

Dispersive Raman system

For Raman measurements, a near-infrared dispersive
Raman spectrometer was used, as shown in Fig. 1a and de-
scribed elsewhere.28,32 Briefly, a semiconductor laser
(L4830S; Micro Laser Systems, Inc., Garden Grove, CA) with
an output power of *80 mW and a wavelength of 830 nm
was used to excite the bone fragments held by a metal
sampler. The laser beam was directed to the sample holder
by a quartz prism before being focused by an f¼ 25 mm lens.
The signal scattered from the samples was collected by a set
of lenses and was coupled to the entrance of the spectro-
graph (250IS, 600 lines/mm grating; Chromex, Inc., Wal-

tham, MA) for dispersion, which had a notch filter at 830 nm
(PN-ZX 000080; Iridian Spectral Technologies, Inc., Ontario,
Canada) in front of the entrance slit. The spectrograph had
a spectral resolution of about 10 cm�1. The signal dispersed
by the spectrograph was detected by a CCD (charge-
coupled device) camera and controller (LN/CCD-1024-
EHR1 – 1024�256 pixels, and ST-130; Princeton Instruments,
Inc., Trenton, NJ) connected to a computer. Each sample was
scanned on the same day and in the same experimental
conditions. The Raman signal was collected in 30 s for all 18
bone samples. Two spectra were acquired on the surface of
the middle third of medial and lateral diaphysis of each
femur (as seen in Fig. 1b).

Raman shift calibration and spectra pre-processing were
done following the procedures described elsewhere.32 Basi-
cally, bands from naphthalene were measured and a third-
order polynomial function was calculated by correlating the
pixel position with the band position (cm�1). The fluores-
cence background and CCD readout noise were removed
from the original spectrum by fitting and subtracting a fifth-
order polynomial to the raw data in the spectral region of
800–1800 cm�1, allowing the visualization of the peaks found
in the bone.

Digital optical density

In order to correlate the Raman measurements, the bone
optical density was measured by means of a CCD (Visualix
GX-S-HDI�, Gendex Dental Systems, Des Plaines, IL) for
collecting digital X-ray radiographs.43 First, CCD and bone
samples were stabilized in a standard fixing device. After-
wards, each femur was radiographed with X-ray equipment
(Spectro-70X�; Dabi Atlante, São Paulo, Brazil) at 10 mA
and 65 kVp, with 0.1 s exposure time and 40 cm focus–object
distance. Radiographs were taken from both sedentary and
exercised groups, and digital images were acquired and
transferred to the computer. The bone optical density was
evaluated using the VixWin� 1.4 system (Gendex Dental
Systems, Inc.). Image resolution was 635 pixels per inch
(ppi), image size was 900�641 dpi, and pixel size was 40 mm.
Images were stored in TIFF format without compression
with a resolution of 600 dpi. The images were imported to
image software (Adobe Photoshop 6.0; Adobe Systems, Inc.,
San Jose, CA) on a PC and displayed on a monitor with
1024�768 pixel resolution. BMD was evaluated using a grey-
level histogram in an area of 5�5 pixels for all bones. All the
results were expressed in 8-bit grey levels (0–255).44

FIG. 1. (a) Schematic diagram
of the dispersive, near-infrared
Raman spectrometer. Laser pow-
er: 80 mW; wavelength: 830 nm;
resolution: 10 cm�1 with 150mm
slit width. (b) Indication of the
place on the bone where the
Raman measurement was taken.
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Statistical analysis

Statistical analysis was performed using two approaches.
First, PCA45 was applied to the Raman spectra in order to
obtain a quantitative analysis of the general amount of
mineral and organic matrix of the analyzed samples de-
pending on the training, by using the scores of the first and
second principal components, which represent the informa-
tion of organic and inorganic phase. Second, intensity and
ratio analyses of selected bands were performed, in which
the mean value of the intensities of three characteristic bands
were measured: phosphate and carbonate apatites (903–
991 cm�1 and 1046–1110 cm�1, respectively), representing the
mineral content, and collagen matrix (amide I, 1620–
1680 cm�1) representing the organic content. Ratios of these
band intensities resulted in relative measurements of
carbonate–phosphate, phosphate–protein, and carbonate–
protein ratios.38 Data were expressed as mean� standard
deviation. PCA calculation was done using the program
ProRaman46 under Matlab 4.01 software (The Mathworks,
Inc., Natick, MA).

One-way ANOVA was used to evaluate the body weight
changes, the differences in the PCA scores, the Raman band
ratios, and the bone optical density, depending on the
training intensity among the three experimental groups. A
post-hoc analysis (Tukey–Kramer test) was used to deter-
mine the location of significant differences when necessary.
Differences among groups were considered statistically sig-
nificant when p< 0.05. To correlate the Raman findings with
the bone optical density, the Pearson correlation coefficient
was calculated for density and bands/PCA scatter plots
using the data from each experimental group. ANOVA was
done using InStat (30-day trial version; Graphpad Software,
Inc., La Jolla, CA).

Results

Body weight

Figure 2 shows the body weight (mean and standard de-
viation) for all groups at the beginning and end of training.
All experimental groups had similar initial body weights. At
the end of the 6-week training period, the increase in body
weight of both exercise groups was less than in the control
group, with the mice in PT-40 and PT-80 groups exhibiting
mean body weights that were about 9.6% and 10.9% less

than those of the SED mice respectively ( p< 0.05). There
were no statistically significant differences in mean body
weight between the two exercise groups at any time points
during the training period.

Raman spectral analysis

Raman spectra of the bone showed prominent vibrational
bands of organic and inorganic compounds related to bone
tissue composition. Figure 3 shows the mean Raman spectra
of each diaphysis femoral points obtained for the SED, PT-40,
and PT-80 groups. The main bands are found at *960 cm�1,
attributed to phosphate apatite (PO4 stretching); *1070 cm�1,
attributed to carbonate apatite (CO3 stretching); and
*1660 cm�1, attributed to amide I stretching from the matrix
collagen.30–32 Figure 3 illustrates differences in the intensity
of the selected Raman bands in all experimental groups,
mainly in the SED group, which had higher intensity com-
pared to PT-40 and PT-80.

In order to evaluate the differences in the Raman spectra
of bone tissues related to the amount of mineral and organic
phases, two analyses were performed. First, PCA was ap-
plied to all Raman spectra of diaphysis femoral points, and
the first two principal components scores were then used to
correlate those differences to the training status of the ani-
mals, depending on the spectral information found in the
principal component vectors. Second, ratios between organic

FIG. 2. Comparison of the initial and final mean and
standard deviation of body weight during the experimental
period. * and ** indicate SED group with a significantly
higher body weight than the physical training groups at the
end of study ( p< 0.05).

FIG. 3. Raman spectra of diaphysis bone. Main bands are
indicated: (a) phosphate apatite (960 cm�1); (b) carbonate
apatite (1070 cm�1); (c) amide I from the collagen matrix
(1660 cm�1).
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and inorganic phases (carbonate, phosphate, and protein
bands) were calculated to detect the degree of remodeling
and bone quality.

In the PCA analysis, the score values and the respective
loading vectors for the first two principal components of the
experimental group were obtained using all spectra. Figure 4
presents the PC1 and PC2 spectral vectors. PC1 shows most
of the spectral information originating from apatite minerals
(calcium hydroxyapatite: 960 and 1070 cm�1 bands) and
some contribution from organic matrix (collagen–proteins:
1660 cm�1 band). PC2 presents the spectral information from
the 960 cm�1 band and some remnants from the background
fluorescence at 1500–1700 cm�1.

ANOVA statistical analysis of the PC1 scores of both sites
(mean of diaphysis medial and lateral sites) evidenced that the
concentrations of calcium hydroxyapatite in both PT-40 and
PT-80 groups were significantly lower than the SED group
(�45% and �50% respectively, p< 0.05; Fig. 5). For PC2, no
statistically significant difference was found among groups.

For remodeling evaluation, the ratio between carbonate–
phosphate (1070/960 cm�1), phosphate–protein (960/
1660 cm�1), and carbonate–protein (1070/1660 cm�1) were
calculated using the Raman band intensities.40 Figure 6
presents the ratios for the diaphysis medial and lateral sites.
Although the ratios differences were not statistically signif-
icant, the study found: (1) a higher carbonate–phosphate
ratio in the PT-40 and PT-80 groups than in the SED mice
(Fig. 6a); (2) a lower phosphate–amide I ratio in the PT-80
and PT-40 groups than in the SED mice (Fig. 6b); and (3)
lower carbonate–protein in the PT-80 and PT-40 groups than
in the SED mice (Fig. 6c). A high carbonate–phosphate ratio
was generally associated with a low phosphate–protein and
carbonate–protein ratio, and vice versa (Fig. 6).

Digital optical density

The bone optical density in the cortical region showed no
statistically significant differences between the experimental
groups. Although not significant, the sedentary group pre-
sented a higher value in relation to the PT-40 group, and the
PT-40 showed a higher value in relation to the PT-80 group
(Fig. 7).

Figure 8 plots the mean PC1 score and the mean intensity
ratio of phosphate–protein with the corresponding mean
bone optical density (Fig. 8a). Also, the scatter plot of the
carbonate was plotted with the corresponding PC2 score
(Fig. 8b). Despite the high standard deviations, the plots
showed a high correlation.

Discussion

This work proposed the study of bone composition in
swimming-trained mice using dispersive Raman spectros-
copy. The objective was to compare the relative amount of
mineral content and the collagen matrix to the assessment
of bone optical density and bone quality after 6 weeks of
swimming training compared to sedentary mice. The Raman
technique was selected because Raman has been used to
access the molecular structure of bone mineral and organic
components nondestructively.30

Many methods used to study bone are unable to give in-
formation at the molecular level.21,25 Raman spectroscopy has
the advantage of being sensitive to both the mineral and or-
ganic components of bone, thus allowing the study of
mineral–matrix interactions, as well as the individual prop-
erties of each component.30,34–36 Phosphate P–O symmetric
stretch attributed to phosphate apatite (960 cm�1), carbonate
C–O symmetric stretch attributed to carbonate apatite

FIG. 4. Principal components PC1 and PC2 loading vectors
for the diaphysis medial and lateral sites. Features a–c as
labeled in Fig. 3.

FIG. 5. Mean intensity and standard deviation for the
principal components scores PC1 and PC2 of the diaphysis
medial and lateral sites. * and ** indicate SED group with a
statistically significant difference than the physical training
groups PT-40 and PT-80 respectively ( p< 0.05).
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(1070 cm–1), and collagen amide I from the organic matrix
(1660 cm�1) were used as markers of phosphate, carbonate,
and organic matrix respectively.30 It was possible to demon-
strate that the Raman spectrum of the bone shows clearly the
prominent vibrational bands related to biomarkers (Fig. 3).

In this study, the evaluation of bone mineralization and
organic phase was done quantitatively through PCA and

band intensity ratio analysis respectively, applied to all
Raman spectra of femoral bones. The PCA scores showed a
statistically significant reduction in the concentrations of
calcium hydroxyapatite in the swimming groups (PT-40 and
PT-80) at the same anatomical location (diaphysis femoral
points) compared to sedentary (Fig. 5), which was void to
direct muscle attachments. Such difference suggests that a
negative mechanical influence occurs after a regimen of in-
tense non-weight bearing exercise at skeletal sites where the
muscles are inserted.47 These deleterious effects on bone
promoted by the swimming training have been described in
the literature.6,10,13,18 Bourrin et al.18 used an intense regimen
that involved rats swimming for 6 h/day, which more clo-
sely resembles the regimen of collegiate swimmers at the
peak of their training season. They found decrements in
mineral bone status, which could be due to prolonged
weightlessness in the water and/or prolonged exposure to
stress hormones such as corticosterone. Using an animal
model, Kim and Park11 and Kim et al.13 observed that pro-
longed swimming resulted in a decrease of BMD and bone
strength compared to sedentary animals. The distinguishing
characteristics of these exercises are strenuous intensity
exercise.

It is important to note that, despite not being statistically
significant, the results of the measurements of the bone
digital optical density are encouraging (Fig. 7), as the same
findings, the decrement in bone density concentration in

FIG. 6. Intensity ratio between (a) carbonate–phosphate
(1070/960 cm�1), (b) phosphate–protein (960/1660 cm�1),
and (c) carbonate–protein (1070/1660 cm�1) for the diaphysis
medial and lateral sites. Differences between groups were
not statistically significant.

FIG. 7. Mean of radiographic cortical optical density of
SED and trained groups. Differences between groups were
not statistically significant.

FIG. 8. (a) Scatter plot between PC1 score and phosphate–
protein ratio with the corresponding bone optical density; (b)
scatter plot between carbonate–phosphate ratio with the
corresponding PC2 score.
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exercised groups, were shown by PCA analysis. Iwamoto
et al.48 reported that, although BMD of exercised rats
showed no significant difference at 4 or 8 weeks from the
beginning of exercise training, it began to show at 12 weeks.
This finding might be the reason for no significant change of
BMD in our swimming exercise group, where the experi-
mental period was too short to alter this variable. It is also
important to consider that PCA loading vectors present
spectral information from apatite minerals (960 and
1070 cm�1 bands) and some contribution from organic ma-
trix (1660 cm�1 band), while X-ray techniques rely on ab-
sorption only from the mineral phase. This aspect may have,
in some way, affected the correlation between the Raman
and the digital optical density findings (Fig. 8).

The ratio of phosphate–protein and carbonate–protein are
directly proportional to the level of remodeling.30 In the
present study, the exercised groups had lower values for
these ratios when compared to sedentary animals (Fig. 5b
and c). With increased remodeling, a great amount of the
existing bone tissue is relatively young. Because bone tissue
continues to mineralize over time, this younger bone tissue
contains relatively less mineral than older existing bone tis-
sue. Thus the average mineral–matrix ratio tends to decrease
when remodeling is increased.38 In this context, higher re-
modeling in the exercised groups was observed. The ten-
dency for the decrease in the mineral–matrix ratio during
mechanical loading generated by physical activity is consis-
tent with the hypothesis that increased remodeling occurs
after training.7 The increased remodeling may lead to bone
tissue that is less resistant to fracture because it is not fully
mineralized.38 Thus the decreased mineral–matrix ratio
found suggests that the lower bone density in exercised an-
imal was a result of chemical changes in the bone tissue,
perhaps as a result of increased remodeling without suffi-
cient time for adequate mineralization.47,49

The difference in the carbonate–phosphate ratio may in-
dicate a difference in the size of mineral crystals in the bone
tissue, reflecting the crystallinity of the mineral content.34–36

Although not statistically significant, the exercised animals
had a higher carbonate–phosphate ratio when compared to
sedentary animals (Fig. 6a). The carbonate–phosphate ratio
appears to be a key variable in osteoporotic fracture. For
instance, McCreadie et al.38 and Boskey50 observed a greater
carbonate–phosphate ratio in iliac crest cortical bone from
women with a fracture and with post-menopausal osteopo-
rosis respectively. Thus the results represent differences that
may be attributed to the quality of bone tissue and may add
additional information about bone fragility and fracture risk
(e.g., stress fracture related to the strenuous training).

Researchers agree that the physical activity presents ben-
eficial effects on the bone, but results are still contradicto-
ry.6,10–14 No significant difference in the maximum breaking
force of the lumbar vertebral body was described among the
exercise and control groups in mature osteopenic rats sub-
mitted to the strong physical activity, and that the beneficial
effects of running exercise on weight-bearing bones with
estrogen deficiency and inadequate calcium intake are
reached only when an optimal level of exercise is applied.47

Previous studies showed that different endurance training
intensity levels led to differences in body weight and bone
parameters of rats.11 Depending on the type and intensity of
exercise, as well as the animal’s conditions, the effect on the

bone could be deleterious.47 In terms of body weight, the
results demonstrated that the exercise-training regimen re-
duced the gain of body weight in the exercised animals
compared with the non-exercised controls (Fig. 2), similar to
that reported in the literature.10,11,50 These differences could
be directly related to the training intensity,10,11,13 low me-
chanical efficiency of the animal’s swimming,47 and the
stress-related factors promoted by the swimming activity.41

Therefore, the stress promoted by long duration and intense
exercise results in elevated glucocorticoids for metabolic
purposes (e.g., mobilization of free fatty acids, reducing the
weight body).

Raman could be used to assess bone tissue composition
and to evaluate the effects of different exercises and me-
chanical loading generated by physical activity in bone
development and metabolism. New advances on fiber optic
‘‘Raman probes’’ and high resolution spectrometers may
provide the valuable capability of detecting more subtle
spectral differences even in vivo, transcutaneously,37 and
immediately after training, in a non- or minimally invasive
way.

Conclusion and Summary

Dispersive Raman spectroscopy may be a feasible method
to quantify mineralization and remodeling in diaphysis
femoral bone of mice submitted to an intense swimming
protocol, by measuring the intensity of the mineral phase
and ratio of the mineral and matrix phase. A decrease in the
phosphate band, an increase in the carbonate–phosphate
ratio, and a reduction in the phosphate–amide I, as well as
the carbonate–protein ratios, in trained groups was found.
Also, the scores of the PCA multivariate statistics showed a
correlation with the BMD and carbonate–phosphate ratio
values. Although not statistically significant, results indi-
cated that the mineral phase is decreased and remodeling
occurs at a higher rate in trained groups depending on
the training intensity. The evaluation of bone mineralization
by Raman/PCA analysis demonstrated that intense swim-
ming exercise may be deleterious to bone status in healthy
young mice.
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