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SUMMARY

Background: Osteoporosis is a complex disease characterized by
structural bone deterioration and loss of bone mass, associated
with an increased risk of fragility fracture. The aim of this study
was to assess the impact of Fourier Transform Infrared 
Spectroscopy (FTIR) on bone mineral content and bone strength
in a cohort of osteoporotic postmenopausal women with forearm
fractures.
Material and Method: A longitudinal, randomized, 4 year 
experimental and observational survey was conducted on 44 
eligible postmenopausal women with forearm fractures. 
Exclusion criteria: Patients with autoimmune diseases, diabetes,
and use of medications known to affect BMD. Biopsies from the
distal radius were taken when performing intraoperative fracture
fixation. Infrared absorption spectra were traced with a JASCO
FT/IR unit (with automatic reading of the absorption bands) with
a spectral range of 600-4000 cm-1. BMD was measured at the
lumbar spine and hip by dual energy X-ray absorptiometry (DXA
Hologic).
Results: Among the women included in the study, 38
(86.36%) had a Colles’ fracture. All spectra highlighted the
same regions of interest – detailed by vibrational bands which
reveal compositional information regarding inorganic and
organic components of bone tissue, respectively: phosphates,
carbonates, crystallinity by hydroxyapatite, collagen matura-
tion. BMD T-score spine (-2.8 ± 0.7), was significantly lower
when compared with the values at the femoral hip (-2.3 ± 0.8)
(p < 0.05).
Conclusions: FTIR spectroscopy is a valuable research tool,
which may improve the knowledge of the bone mineral content,
as well as the changes in mineral structure and composition, 

RÉSUMÉ

Évaluation de la fragilité et de la  osseuse et la minéralisation
osseuse du radius distal basée sur la spectroscopie en
Infrarouges de Fourier (FTIR). Résultats dans un essai de
femmes ostéoporotiques ménopausées 

Introduction: L'ostéoporose est une maladie complexe carac-
térisée par une détérioration structurelle de la masse osseuse et la
perte de l'os, associée au risque accru de fractures de fragilité. Le
but de cette étude était d'évaluer l'impact de la Spectroscopie
Infrarouge à Transformée de Fourier (FTIR) sur la teneur
minérale osseuse et la force des os, dans une cohorte de femmes
ménopausées atteintes de l'ostéoporose aux de fractures de 
l'avant-bras.
Matériel et Méthode: Une étude randomisée, longitudinale,
expérimentale et observationnelle a été menée sur 44 femmes 
éligibles avec des fractures de l’avant-bras. Critères d'exclusion:
Les patients atteints de maladies auto-immunes, le diabète et 
l'utilisation des médicaments connus pour affecter la DMO. Les
biopsies du radius distal ont été prises en peropératoire lors de la 
fixation de la fracture. Les spectres d'absorption infrarouge ont
été tracés avec un appareil JASCO FT / IR (avec lecture automa-
tique des bandes d'absorption) avec une plage spectrale de 600-
4000 cm-1. La DMO a été mesurée au niveau du rachis lombaire
et de la hanche par absorptiométrie bi-photonique à rayons X
(DXA Hologic).
Résultats: Parmi les femmes incluses à l'étude, 38 (86,36%)
avaient une fracture de Colles. Tous les spectres ont souligné les
mêmes régions d'intérêt - détaillé par bandes de vibration qui
révèlent des informations sur la composition minérale et
organique des composants du tissu osseux, respectivement: les
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which occur in osteoporotic postmenopausal women with 
forearm fractures. The crystalline texture and the collagen matrix
are important parameters which point out the status of bone
fragility and are predictors of the bone remodeling activity and
fracture risk, by guiding the principles of therapy.
Abbreviations: FTIR – Fourier Transform Infrared Spectroscopy;
BMD – Bone Mineral Density
Key words: osteoporosis, postmenopausal women, Fourier
Transform Infrared Spectroscopy (FTIR), distal radius biopsies,
bone mineral texture, hydroxyapatite, collagen maturation

phosphates , les carbonates, la cristallinité par l'hydroxyapatite,
la maturation du collagène. Le score T de DMO du rachis (- 2,8
± 0,7), a été significativement diminué en comparaison avec
les valeurs de la hanche fémorale (- 2,3 ± 0,8) ( p <0,05).
Conclusions: La spectroscopie FTIR est un outil précieux de
recherche, qui peut améliorer la connaissance de la teneur
minérale de l'os, ainsi que les changements dans la structure et la
composition minérale, qui se produisent chez les femmes
ménopausées ostéoporotiques avec des fractures de l'avant-bras.
La texture cristalline et la matrice de collagène sont des
paramètres importants qui indiquent l'état de la fragilité osseuse
et sont des facteurs prédictifs de l'activité de remodelage et le
risque de fracture,  en guidant les principes de la thérapie.
Abréviations: FTIR – Spectroscopie Infrarouge à Transformée
de Fourier; DMO – Densité Minérale Osseuse
Mots clés: ostéoporose, femmes ménopausées, Spectroscopie
Infrarouge à Transformée de Fourier (FTIR), biopsies distales
du radius, texture minérale osseuse, hydroxyapatite, la matura-
tion de collagène

BACKGROUND

OO
steoporosis is defined as a complex disease
characterized by structural bone deterioration
and loss of bone mass, associated with an

increased risk of fragility fracture, particularly of the hip,
spine, humerus and distal forearm (1).

Dual-energy X-ray absorptiometry (DXA) is a safe, 
reliable, and inexpensive tool for the assessment of bone 
mineral density (BMD) in the evaluation of osteoporosis,
focusing mainly on “bone strength”(2). However, large 
epidemiological studies performed in osteoporotic post-
menopausal women, currently diagnosed by DXA do not
provide information about bone microstructure and of the
main mineral constituents (3). 

Recent advances in laboratory and imaging present new
challenges on “bone quality”. In our previous studies, 
performed on 75 early postmenopausal women, we measured
bone densitometric and geometric parameters using high-
resolution peripheral quantitative computed tomography
(HR-pQCT), at the distal epiphyses of the radius, in order to
reveal cortical and trabecular bone microstructure in vivo (4). 

Careful application of spectral analysis techniques at 
molecular level reveals some “intrinsic determinants” with
important correlations to fragility and “bone quality”; these
include (5):

• mineral composition;
• collagen quality;
• mineral-to-matrix ratio;
• carbonate-to-phosphate ratio and
• carbonate-to-amide I ratio.  
The bone is composed of two important phases – one

inorganic – mainly calcium phosphate, and a soft organic
matrix (98% type I collagen). 

Years ago, we revealed that infrared spectroscopy, being a
high performance and accurate analytical method, displays
the degenerative modfications of the joint cartilage prema-
turely, with a lot of time before the installation of specific

radiologic signs (7). The interpretation of the significance of
spectral bands must be effected in strong correlation with 
the clinical evolution of the patient (duration of the osteo-
porotic disease, joint location, risk factors, comorbidities and
previous treatments followed by the patient). 

Modern spectroscopic techniques like Raman spectro-
scopy, Fourier Transform Infrared Spectroscopy (FTIR) and
Fourier Transform Infrared Spectroscopy Imaging (FTIRI)
have improved significantly in the last two decades and are
very useful for providing compositional information, as well
as crystallinity and porosity characteristics revealed in osteo-
porotic bone sample biopsies (8). Table 1 highlights main
research in the field: 

The aim of this study was to assess the impact of FTIR
on bone mineral content and bone strength in a cohort of
osteoporotic postmenopausal women with forearm fractures.

MATERIAL AND METHOD

A longitudinal, randomized, 4 year experimental and
observational survey was conducted during March 10, 2010 -
February 10, 2014. A number of 44 eligible postmenopausal
women were matched by age, weight, body mass index, co-
morbidities and the type of forearm fracture. 

Inclusion criteria: All the participants who volunteered
and provided biopsies for this study were postmenopausal for
at least 5 years, had at least one low-trauma forearm fracture
and had low hip or spinal T-score BMD by DXA. 

Exclusion criteria: previous therapy for osteoporosis and
use of medications known to affect BMD (bisphosphonates,
oral steroids, estrogens, antiepileptic drugs, medication for
cancer or celiac disease). Patients with autoimmune diseases,
diabetes, or other metabolic conditions affecting bone 
formation or bone resorption were not included in the study.

Each patient was screened with a thorough clinical
history and physical examination and completed a 
questionnaire asking about their physical therapy status.
Nutritional status was assessed by height, weight, and
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Table 1 – Overview of Published Studies revealing Spectroscopic Investigation in Postmenopausal Osteoporosis   

Study Referrence Spectroscopic method Study outcome

Miller et al. - 2001 9 Infrared micro-spectroscopy Cristallinity
Young et al. - 2003 10 FTIR Bone matrix proteins
Boskey et al. - 2005 11 FTIR Mineral content
Goodyear et al. - 2009 12 Raman spectroscopy Cristallinity
Kourkoumelis et al. - 2010 13 FTIR Bone matrix proteins
Isaksson et al. -  2010 14 FTIR Bone turnover
Kourkoumelis et al. - 2012 6 FTIR Collagen
Mineral-to-matrix ratio

Legend: FTIR – Fourier Transform Infrared Spectroscopy

body mass index (weight [kg] / height [m2]). All patients
included in the study provided intraoperative biopsies
from the distal radius – at the Plastic and Reconstructive
Surgery Clinic ”Austria House” and Orthopedics Clinics,
belonging to the Emergency County Hospital "Pius
Brînzeu" from the city of Timiæoara, Romania.

In order to participate in the study, patients filled in a
medical form including written consent, in accordance
with current medical ethics (15).

Bone samples

Horizontal biopsies from the distal radius (diameter =
7.5 mm; height = 15 mm) were taken when performing
intraoperative fracture fixation. The bone samples were
fixed in 70% ethanol for at least 48 hours and thereafter
embedded in polymettyl methacrylate (PMMA) (14).

Fourier transform infrared spectroscopic analysis and
spectral data collection

Infrared absorption spectra were traced with a JASCO
FT / IR unit (with automatic reading of the absorption
bands), at the Institute of Chemistry of the Romanian
Academy Timisoara. The measuring range was set to 600-
4000 cm-1. Spectra were taken at the normal temperature
and pressure existing in the laboratory. 

The JASCO - FT/IR - 4200 unit features used for
experimental measurements are presented below:

• Measuring range: 7800-350 cm-1;
• Wave count: ± 0,01 cm-1;
• Resolution: 0.5,1.0,2.4,8.16 cm-1;
• Optic system: single beam;
• Interferometer: Michelson 450;
• Mirror cube corner type, with self-aligning mecha-

nism, digital control;
• Sound/Noise ratio: 30.000 : 1 (4 cm-1, 1min near

2.200 cm-1);
• The smoothness of the line of 100 % T 100 ± 1.0

% T (between 4000 and 700 cm-1, repeating the
continuous measurement).

KBr pellets were prepared by mixing the ground bone
with KBr (1 mg sample/100 mg KBr) under vacuum, as
usually applied for for FTIR studies (16), (17). 

Measurement of bone mineral density

Bone mineral density (BMD) in the lumbar spine region
(L2 through L4) and at femoral sites was measured with 
dual-energy X-ray absorptiometry (DXA HOLOGIC). All
scans were taken using general scan software at a scan speed
of 10 mm/s and with pixel size 1.0x1.0 mm2. The scan widh
was 5 cm and the total effective dose remained <1 μSv. 

Statistical analysis

Results were expressed as mean and standard deviation.
Comparisons were made using the Student’s test, and 
significance was established at p<0.05. T and Z scores were
calculated for various parameters and analyzed. All statisti-
cal analyses were performed using the SPSS software pack-
age (version 21.0 for Windows, SPSS Inc, Chicago, IL.).

RESULTS

Results related to demographic data of patients

The anthropometric measurements of patients included
in the study group as presented in table 2: 

Results related to bone mineral density (BMD)

Among the women included in the study, 38 (86.36%)
had a Colles’ fracture. BMD spine (g/cm2) of all the
patients from the study group was significantly lower at
the spine (0.73 ± 0.12), BMD T-score spine (– 2.8 ± 0.7),
when compared with the values at the femoral hip (0.78
± 0.11), BMD T-score hip (– 2.3 ± 0.8) (p < 0.05). The
BMD T – scores, both on the spine and femoral hip,
revealed a direct relationship with the severity of  fractures
(fig. 1, 2):

Results concerning spectral data collection

In all spectra – obtained intraoperatively from post-
menopausal patients – were highlighted the same regions of
interest – detailed by vibrational bands which reveal compo-
sitional information regarding inorganic and organic compo-
nents of bone tissue.

A typical infrared spectrum in 1750 – 600 cm-1, obtained
from the right distal radius of patient S.M. is represented in
fig. 3 and table 3.
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Table 2 – Patient Characteristics (N = 44)

Age (years) No. (%)  Anthropometric measurements Mean± SD 

40-49 12 (10.0) Weight (kg) 66.5 ± 1.30
50-59 21 (17.5) Height (cm) 161.25± 3.30
60-65 11 (9.2) Body-mass index (kg/m2) 25.58 ± 1.12

*Values are given as mean ± standard deviations

Figures 1 and 2 – Decreased BMD at the femoral hip in postmenopausal patient S.K., 56 years old, with severe osteoporosis and
Colles’ fracture of the right forearm (T score = – 3.8)

Figure 3 – FTIR spectrum 
from radius segment taken intra-
operatively from postmenopausal
patient S.K., 56 years old, with

Colles’ fracture of the right 
forearm
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Table 3 – Band assignment of FTIR spectrum in the region from patient S.K., 56 years old, with Colles’ fracture of the right 
forearm, 1750 – 600 cm-1

Peak Number Wavenumber (cm-1) Band assignment Clinical Importance

1 670.142 Poorly crystalline hydroxyapatite Mineral phase
2 869.739 Carbonate Carbonate to phosphate ratio
3 1019.19 Broad phosphate stretching Crystallinity by hydroxyapatite
4 1244.83 Carbonate Turnover rate
5 1410.67 Carbonate Remodeling activity
6 1447.31 Carbonate Growth of new crystals
7 1545.67 Amide peak I Collagen maturity
8 1643.05 Amide peak II Mineral-to-matrix ratio
9 1743.33 Amide peak III Bone fragility

DISCUSSION

It is a known fact since forty years now that osteoporotic
postmenopausal women have a high incidence of Colles’
fracture (18). Many studies revealed that the bone mineral
content (BMC) in postmenopausal women with Colles’ 
fractures is significantly lower thean premenopausal women,
and bone loss due to osteoporosis is the main factor involved
in traumatic Colles’ fracture (19). Bone has a complex 
structure, being composed of (20):

• a mineral phase (hydroxyapatite and carbonate);
• an organic phase (collagen);
• water, lipids and noncollagenous proteins.
In accordance with previous research on osteoporotic

bone (21), our study reveals the ability of FTIR to highlight
changes in mineral or collagen phase of the bone sample,
focusing on its spatial composition. The detailed analysis of
infrared spectra in certain spectral domains require great
attention, due to the coexistence of proteins and crystals
and the superposition of the specific spectral bands. All
spectra revealed characteristic osteoporosis features due to
changes of mineral content – reflected in changes of the
phosphate and carbonate phase. 

The phosphate stretching region of the FTIR spectra in
the range of 600-700 cm-1 reveal poorly crystalline 
hydroxyapatite (HA); in FTIR spectra from older women
(over 60 years), the P-O bending vibration gives rise to
sharper peaks of this spectral region. The knowledge of this
phenomenon is very important in order to evaluate changes
of mineral crystallinity. Another important spectral region
for clinical practice is the broad phosphate stretching at
1020 cm-1. It highlights the relationship between crystal size
and fracture risk (22). Smaller crystals are generally more 
soluble and reflect newly formed bone (23). If the bone is
remodelled, this task is accomplished by large crystals – but
their presence is linked to bone turnover and fragility (24).
Carbonate is also linked with the size of apatite crystals in
the cortical bone. The decrease of total carbonate content
has been revealed to decrease in trabecular subchondral and
cortical osteoporotic tibia, but not in the radius (25). Our
FTIR spectra suggest that, in the cortical distal radius occur
important changes of cristallinity due to carbonate, with 
significant functional consequences.

FTIR spectra are an important tool used to reveal changes
of the organic phase – reflected by alterations in collagen
maturity. In accordance with literature data, we  pointed out
in this study the direct relationship between amide spectral
peaks in the FTIR region of 1500 – 1700 cm-1 and the
changes of the radial cortical bone. Thus, the mechanical
strengh and bone integrity is correlated with the collagen
matrix and the cortical mineral content. When analyzing
bone microarchitecture, it is important to evaluate the 
mineral / matrix ratio and to correlate it with the bone 
mineral content, reflected by BMD (26).

The advantage of our study was mainly the fact that we
obtained useful information of bone composition „in vivo”,
on radial biopsies taken intraoperatively from osteoporotic
postmenopausal women. FTIR also points out the modality of
bone loss in postmenopausal osteoporosis, according to band
assignment. The rapid bone loss, with excessive depth of
osteoclastic cavities occurs more often in the trabecular bone
and is connected with the changes of the mineral matrix.
The postmenopausal bone loss, especially in older patients, is
a slow bone loss, correlated with the collagen matrix of the
cortical bone. 

Despite the 44 patient biopsies, and the application of a
modern FTIR technique besides the classic DXA, our study
has many limitations. First, we used a small sample size, even
if most researchers performed their studies on similar number
of patients. Second, we did not conduct a case-control study,
or we did not use bone samples taken postmortem. 

CONCLUSIONS

The present study highlighted that FTIR spectroscopy
is a valuable research tool, which may improve the 
knowledge of the bone mineral content, as well as the
changes in mineral structure and composition, which
occur in osteoporotic postmenopausal women with 
forearm fractures.

The crystalline texture and the collagen matrix are
important parameters which point out the status of bone
fragility and are important predictors of bone turnover
rate, remodelling activity and fracture risk, and by guiding
the principles of therapy.

Further complex studies on extensive clinical trials are
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needed to illustrate positive effects of FTIR, completed
with the application of X - ray diffraction, in order to
deepen crystallinity status; porosity research is needed for
elucidating bone fragility.
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