
abstract: Objectives: Bone failure due to avascular necrosis (AVN) is a complex pathological phenomenon. 
Analysis of molecular changes in the bone matrix may help to shed light on the disease process and guide management. 
This study aimed to explore changes in bone quality and structural damage caused by sickle cell disease (SCD)-
induced AVN using Raman spectroscopy. Methods: A total of 10 necrotic femoral heads were obtained from seven 
SCD patients who underwent total hip replacements. The femoral heads were cut in half and scanned using Raman 
spectroscopy in correlation with preoperative magnetic resonance imaging to identify necrotic and healthy control 
areas. Subsequently, samples were examined to determine changes in bone mineralisation, crystallinity, carbonate 
content, collagen cross-linking and mineral and collagen fibril orientation. Results: Significant changes were observed 
in bone mineral content, mineral-to-organic content and collagen fibril orientation in necrotic compared to control 
areas (P ≤0.050). Conclusion: The necrotic samples displayed severe structural damage and loss of mineral and 
organic contents. Similar Raman signals have been reported in other metabolic bone diseases such as osteoporosis, 
thereby potentially supporting the use of medical treatment in AVN to promote bone quality.
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clinical & basic research

Advances in Knowledge
- This study found that sickle cell disease-induced avascular necrosis (AVN) in femoral head samples resulted in significant alterations in 

bone mineral type and content as well as disruption of the orientation and cross-linking of collagen fibrils in the extracellular matrix.
- These ultrastructural changes were similar to those previously reported in other metabolic diseases, including animal models of 

osteoporosis, and may therefore explain the sporadic success of bisphosphonates in the treatment of early-stage AVN.

Application to Patient Care
- These findings appear to support the use of medical therapy in patients with early-stage AVN, thereby helping to prevent further bone 

deterioration or even potentially improving bone quality.

The pathogenesis of avascular necrosis 
(AVN) is complex and may arise due to multiple 
aetiological factors.1 Bone is a metabolically 

active organ composed of cells, the extracellular 
matrix and inorganic molecules. Overall, 90% of the 
organic matrix is composed of type I collagen with 
small amounts of non-collagenous proteins, whereas 
calcium and phosphate are the main inorganic mineral 
components.1 Three types of cells are involved in bone 
remodelling: osteoclasts, osteoblasts and osteocytes. 
Osteoclasts are responsible for the resorption of 
defective bone, while osteoblasts are responsible for 
the deposition and mineralisation of the new matrix.1 
However, disruption of the dynamic bone remodelling 
process can lead to the production of abnormal bone.

In particular, chronic circulatory failure can 
disrupt this physiological balance and induce structural 
matrix damage.2 In patients with sickle cell disease 

(SCD), AVN can potentially result in joint incongruity 
and physical dysfunction, eventually requiring 
prosthetic joint replacement surgery.3 However, the 
process through which circulatory failure eventually 
leads to the collapse of the femoral head is still not 
yet fully understood. Since most affected patients are 
young, there is an urgent need to save the femoral 
head in the early stages of the disease, prior to joint 
collapse.3

As a result, less invasive treatment modalities 
have been proposed including bisphosphonates, 
teriparatide, vasodilators and anticoagulants.4 In 
particular, alendronate has been effective in the 
treatment of adult early-stage femoral head AVN.5–7 
Vasoactive agents can improve blood flow in the 
terminal vessels, resulting in improved clinical and 
radiological outcomes.8 Similarly, anticoagulants have 
also been shown to improve blood flow in underlying 
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coagulopathy disorders.9,10 This may indicate the 
importance of the inhibition of platelet aggregation, 
while measuring pathological progression may lead to 
a better understanding of the effectiveness of medical 
therapy in treating femoral head AVN in the early stages. 

Raman spectroscopy is a powerful spectroscopic 
tool which can be utilised to examine bone samples 
at the ultrastructural and molecular level based on 
the inelastic scattering of light by vibrating molecules. 
Recent research has illustrated the effectiveness of 
Raman spectroscopy in evaluating bone quality by 
providing data regarding mineral-to-matrix ratios, 
mineral crystallinity, carbonate content, collagen 
cross-linking and mineral and collagen fibril 
depolarisation.11 The objective of this study was to 
examine molecular structural changes using Raman 
spectroscopy in necrotic compared to normal bone 
samples from patients with SCD-induced AVN.

Methods 

A total of 10 femoral heads were collected from seven 
SCD patients undergoing total hip arthroplasties 
for stage 5 or 6 femoral head AVN according to the 

Steinberg classification system.12 The femoral heads 
were stored under aseptic conditions at −20°C until 
processing. Each sample was cut into two halves and 
preoperative magnetic resonance imaging was used to 
identify necrotic and healthy control areas [Figure 1]. 

Raman spectroscopy results for both necrotic 
and normal control areas of the femoral heads were 
recorded and compared at 400–2,000 cm−1.11 Each 
sample was scanned using a Raman spectrometer 
(i-Raman® EX Portable Raman Spectrometer, B&W 
Tek Inc., Newark, Delaware USA) with excitation from 
a laser diode operating at 1,064 nm. Corresponding 
spectroscopy software (B&W Tek Inc.) was used to 
analyse the obtained bone spectra. The spectra were 
baselined and averaged to improve the signal-to-noise 
ratio. The identification of key Raman bands was 
performed manually. 

Each sample was assessed for degree of bone 
mineralisation, mineral crystallinity, carbonate content, 
collagen cross-linking and mineral and collagen fibril 
orientation. Ratios of mineral content and mineral-to-
organic matrix content were generated for analytical 
purposes. The volume of bone mineral content was 
assessed by comparing phosphate and carbonate 
bands at 958 and 1,070 cm−1, respectively, relative to 
that of the amide band at 1,656 cm−1. Bone mineral 
crystallinity was studied by comparing the carbonate 
band at 1,070 cm−1 to the phosphate band at 958 cm−1. 
This ratio corresponds to the extent of carbonate 
substitution for carbonate in bone mineral crystals 
and is inversely related to bone remodelling.1 Collagen 
represents the organic scaffold providing the tensile 
and viscoelastic properties of bone. The collagen 
cross-linking ratio was examined by comparing the 
shift in the amide I band from 1,660 to 1,684 cm−1.

All data were entered into the Statistical Package 
for the Social Sciences (SPSS), Version 22 (IBM 
Corp., Chicago, Illinois, USA). Means and standard 

 
Figure 1: A: Photograph of the bisected femoral head 
of a patient with sickle cell disease-induced avascular 
necrosis showing necrosis in the subchondral area 
(arrow). B: Preoperative magnetic resonance imaging 
showing the same necrotic area as a hypointense signal 
(arrowhead).

 
Figure 2: Graphs comparing the acquired Raman spectra of (A) normal bone and (B) bone collected from femoral 
heads affected by sickle cell disease-induced avascular necrosis (N = 10). The normal bone shows peaks at 958 cm−1 for 
phosphate, 1,070 cm−1 for carbonate, 1,660 cm−1 for amide I and 1,684 cm−1 for amide II. It demonstrates the overall drop 
in spectra of necrotised bone. 
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deviations were examined using a Student’s t-test and 
analysis of variance. The level of statistical significance 
was set at P ≤0.050. This study was approved by the 
Medical Research & Ethics Committee of the College 
of Medicine & Health Sciences at Sultan Qaboos 
University (SQU-EC1039114). Written informed 
consent was obtained from all patients prior to surgery.

Consent of the patient was obtained for 
publication of Figure 1.

Results

Of the seven patients with SCD included in the study, 
five (71.4%) were female and three (42.9%) underwent 

 
Figure 3: Charts showing the average acquired Raman spectra from bone samples collected from femoral heads affected 
by sickle cell disease-induced avascular necrosis (N = 10). In comparison to healthy control areas, the necrotic areas 
showed (A) an increased carbonate-to-phosphate ratio, indicating a difference in bone crystallinity and transformation 
to a brittle matrix, (B & C) reduced phosphate-to-amide and carbonate-to-amide ratios, indicating a reduction in mineral 
relative to organic material, and (D) a reduced collagen crosslinking ratio, indicating increased collagen cross-linkage 
disruption.
AVN = avascular necrosis. 

Table 1: Average ratios of matrix and minerals based on acquired Raman spectra from bone samples collected from femoral 
heads affected by sickle cell disease-induced avascular necrosis (N = 10)

Sample Carbonate at 1,070 cm−1 

to phosphate at 958 cm−1 
Carbonate at 1,070 cm−1  
to amide I at 1,660 cm−1 

Phosphate at 958 cm−1  
to amide I at 1,660 cm−1 

Amide I at 1,660 cm−1  to 
amide II at 1,684 cm−1 

AVN Control AVN Control AVN Control AVN Control

1 0.58 0.30 1.92 8.74 1.11 2.64 0.92 0.83

2 0.78 0.43 1.67 2.57 1.30 1.09 0.91 1.06

3 0.93 0.43 1.39 3.88 1.29 1.67 0.96 1.08

4 0.88 0.42 1.47 3.96 1.29 1.67 1.03 1.27

5 0.80 0.29 1.92 2.31 1.53 0.67 0.81 1.44

6 0.98 0.20 1.33 1.89 1.30 0.38 1.03 1.04

7 0.87 0.43 1.64 3.88 1.43 1.67 1.54 1.08

8 0.85 0.22 1.29 9.54 1.10 2.09 0.90 1.34

9 0.58 0.49 2.15 4.06 1.24 2.00 0.99 1.87

10 0.55 0.27 2.03 15.84 1.11 4.22 0.84 1.04

Average 0.78 ± 0.32 0.35 ± 0.05 1.68 ± 0.44 5.68 ± 1.39 1.14 ± 0.09 1.81 ± 0.34 0.99 ± 0.65 1.21 ± 0.31

AVN = atraumatic avascular necrosis.
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a staged bilateral arthroplasty. The average age was 25 
years (range: 22–32 years). Overall, AVN resulted in a 
drop in bone quality as measured by the mineral-to-
matrix ratio, mineral crystallinity, carbonate content, 
collagen cross-linking ratio and orientation of the 
mineral and collagen fibrils. 

Figure 2 shows the average collected spectra of 
necrotic compared to healthy bone, along with the 
band assignment. There was a significant decrease 
in both phosphate-to-amide ratio (P = 0.01; mean 
ratio of 1.14 ± 0.09 from necrotic areas and 1.81 ± 
0.34 from healthy area) and carbonate-to-amide ratio 
(P = 0.02; mean ratio of 1.68 ± 0.44 from necrotic 
areas and 5.68 ± 1.39 from healthy area) observed for 
necrotic compared to control areas, indicating a drop 
in mineral volume. In addition, there was a significant 
drop in the carbonate-to-phosphate ratio for the 
necrotic compared to control areas (P = 0.008; mean 
ratio of 1.14 ± 0.09 from necrotic areas and 1.81 ± 0.34 
from healthy area) and significant shift from amide 
signal at 1,660 cm−1 to amide at 1,684 cm−1 (mean ratio 
of 0.99 ± 0.65 from necrotic areas and 1.21 ± 0.31 from 
healthy area) [Table 1]. Figure 3 demonstrates the drop 
of the overall mineral-to-matrix ratios in the necrotic 
compared to the control.

Discussion

The current study aimed to examine molecular structural 
changes in necrotic compared to normal bone 
samples from patients with SCD-induced AVN using 
Raman spectroscopy. The results indicated that SCD-
induced AVN resulted in severe structural damage to 
the bone and a loss of mineral and organic contents, 
with necrotic areas showing a significant loss in bone 
quality and protein formation compared with the 
healthy control areas. These changes in bone quality 
were apparent even at an advanced stage of disease.

These results are consistent with the concept of 
bone remodelling disruption due to circulatory failure, 
in which the bone loses its ability to remodel due to 
disturbances in bone tissue vascularity.13 Low levels 
of oxygen and nutrition disrupt the physiological 
bone remodelling process, leading to the production 
of low-quality bone. In addition, the shift of collagen 
spectra from 1,660 to 1,684 cm−1 suggests the 
disruption of collagen cross-linking, which would lead 
to the deformation of the fibril scaffold, loss of tensile 
strength and eventually bone collapse. Silva et al. 
reported similar findings in a senescence-accelerated 
mouse prone 6 model of osteoporosis due to reduced 
collagen content and collagen-to-mineral ratios.14 

Bone mineralisation is the process by which 
mineral crystals are deposited in the organic bone 
matrix, providing structural strength; however, any 
alterations to this process can result in the bone having 
poor biomechanical properties.1 Raman spectrometry 
can determine the degree of bone mineralisation by 
measuring different ratios including the mineral-
to-matrix ratio, carbonate-to-phosphate ratio and 
degree of mineral crystallinity.11 The latter variable 
is attributed to the altered bone remodelling process 
which transforms the normal bone into a more brittle 
tissue susceptible to fragility fractures. 

In the present study, the results indicated a 
significant reduction of mineral-to-matrix ratios in 
necrotic compared to control areas, as represented 
by the ratios of phosphate at 958 cm−1 or carbonate 
at 1,070 cm−1 relative to that for collagen amide I at 
1,656 cm−1. Moreover, there was a significant increase 
in the carbonate-to-phosphate ratio in the necrotic 
compared to control areas, with the ratio increasing 
with reduced remodelling. Acquired Raman signals 
from the necrotic bone samples were comparable 
to those reported from other bone pathologies 
known to respond to antiresorptive therapy such as 
osteoporosis.15,16 For example, a study of cancellous 
bone collected from the lumbar spine of female 
cadavers indicated a reduced mineral-to-matrix ratio 
in those with osteoporosis.15 Similarly, Shen et al. 
observed a decrease in the mineral-to-matrix ratios 
of rats with spinal cord injury-induced osteoporosis, a 
finding attributed to hormonal changes.16

In AVN, the rationale behind the use of medical 
therapy such as bisphosphonates is that bone collapse 
may be prevented during the repair phase by the 
inhibition or slowing down of resorptive activity.17  
Using Raman spectroscopy, various studies have 
shown that the response of osteoporotic bone to 
antiresorptive agents leads to improved mineral and 
matrix ratios.18,19 Burket et al. found that the femurs 
of osteoporotic sheep treated with antiresorptive 
agents demonstrated improved parameters in terms 
of carbonate substitution, crystallinity and collagen.18 
Anabolic agents such as teriparatide, a form of 
parathyroid hormone 1-34, have also been shown to 
have a positive in vivo time-dependent effect on bone 
mineral and matrix quality.19 In line with previous 
research, the findings of the present study suggest that 
Raman spectroscopy may be useful in studying the 
effect of these agents in animal or even human models. 
However, further work is advocated, especially in the 
early stages of disease, in order to better understand the 
disease process and help develop timely therapeutic 
strategies.
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Conclusion

The current study found that necrotic areas of bone 
collected from the femoral heads of SCD patients 
with AVN demonstrated abnormal structural features 
compared to normal bone, thereby indicating poorer 
mechanical properties. However, acquired Raman 
signals from these necrotic areas were similar to those 
reported in other metabolic diseases found to respond 
well to medical treatment such as osteoporosis. Such 
findings appear to support the use of medical therapy 
in the early stages of AVN, as well as highlight the utility 
of Raman spectroscopy in studying the physiological 
bone remodelling process.
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