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Abstract. — OBJECTIVE: Optical Coherence
Tomography (OCT) is a non-invasive imaging
technique that produces cross-sectional imag-
es through biological tissues, allowing three-di-
mensional reconstruction and analysis. Aim was
to evaluate if OCT may discriminate among tis-
sues with different bone density and composi-
tion, by measuring the depth of light penetration
in porcine and rat bone samples.

MATERIALS AND METHODS: Two carpal
bone samples (2 cm length) were harvested
from the porcine forelimb and fixed overnight in
3.7% buffered formal saline. Following fixation,
one sample was decalcified in a 1:1 mixture of
8% hydrochloric acid and 8% formic acid solu-
tion for three days, with solution changes each
day. Samples were imaged using an OCT micro-
scope. Furthermore, the calvaria, ulnar, alveolar
and basal bone of mandible of 6 male and 6 fe-
male rats were cleared of overlying soft tissues
and scanned under OCT. The light penetration
depth in each sample was measured using the
software Image J, and Scattering Attenuation
Microscopy.

RESULTS: In the mineralized bone the average
depth (um) and standard deviation (SD) of light
penetration were 790.1+18.05 and 410.4+21.7 for
periosteal and endosteal surface, respective-
ly, and 507.3+21.03 for cross-section surfac-
es, while it was 858.4+32.03 for periosteal sur-
face, 1150+26.9 for endosteal, and 627.3+31.8 for
cross-section bone surfaces in demineralized
porcine bone. There was a significant difference
(p<0.001) in depth of light penetration between
normal and de-mineralized bone for all regions
evaluated. No systematic significant difference
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in light penetration depth between-gender was
found at any site evaluated, while there were
variations between sites (p<0.001). The OCT de-
tected differences in bone mineral and porosity
among gender (p<0.0001)

CONCLUSIONS: This study suggests that
OCT may represent a valuable technique to es-
timate local variations in bone mineral content.

Key Words:
Optical coherence tomography, Bone mineral den-
sity, Bone quality, Osteoporosis.

Introduction

The basic functions of bone are protection,
weight-bearing, and mineral homeostasis. While
humans start getting older, the porosity of bone
increases leading to osteoporosis. Osteoporosis
is characterized by the decrease in bone density
or bone mineral content leading to an increased
risk of fracture. In osteoporosis, bone mineral
density (BMD) is reduced, and bone micro-ar-
chitecture disrupted, and the amount and variety
of non-collagenous proteins in bone is altered'~.
The development of a non-invasive techniques to
quickly assess early changes and loss in bone mi-
neral density in regions of the skeleton would be
advantageous.

Current techniques to assess BMD include
Dual energy X-ray absorptiometry (DEXA), va-
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rious types of computed tomography (CT), such
as quantitative CT (QCT), peripheral quantitati-
ve CT (pQCT), high-resolution peripheral quan-
titative CT (HR-pQCT), quantitative ultrasono-
graphy (QUS)?3. Each technique has benefits and
disadvantages. DEXA has minimal radiation,
high precision, reproducibility, and good corre-
lation with fracture risk, but can be affected by
many artefacts such as previous fractures, spi-
nal disease, and obesity. QCT allows selective
measurement of trabecular and cortical bone
and gives true volumetric BMD, but delivers
high radiation dose, and is less reproducible and
standardized than other techniques. pQCT and
HR-pQCT deliver minimal radiation. The for-
mer requires machines specifically designed for
distal bone sites (usually radius or tibia), and its
use is mostly limited to children. The latter is
a non-invasive method of viewing three-dimen-
sional microarchitecture and trabecular and cor-
tical structure, but is currently very expensive,
and is also dedicated to small peripheral regions
only. Benefits of QUS include no ionizing radia-
tion, and portability of the machine. This method
calculates bone stiffness as a surrogate for bone
density. Its limitations include significant ma-
nufacturer and operator differences. Ultrasound
is not currently recommended for screening of
osteoporosis.

Optical coherence tomography (OCT) is a
non-ionizing, non-invasive three-dimensional
imaging technique which produces cross-sectio-
nal images through biological tissues*®. The
principle is based on optical interferometry te-
chnique, which depends on interference between
a split and later recombined broadband optical
field’. It captures two dimensional cross-sectio-
nal images which are obtained from three dimen-
sional samples. Its use in detecting the lesions at
earliest stages in dentistry has being reported®.
By using a low coherence interferometry (LCI)
signal, hard tissues like enamel, dentin and den-
tin-enamel junction were studied and it was
found that OCT could be used to quantitatively
monitor the mineral changes’. The mineraliza-
tion status and the scattering properties of the
dental materials can be detected by the polarisa-
tion-sensitive OCT (PS-OCT)". OCT has been
also used to determine the mineral content in
bone studies''. There are various modalities in
detecting bony abnormalities, but to detect the
earliest stages of osteoporosis with an imaging
tool would benefit both patients and health care
providers.

The study aims were: a) to determine the ac-
curacy of optical coherence tomography (OCT)
technique in measuring the variations in bone
mineral density of normal and demineralized
porcine metacarpal bone samples and b) to de-
termine whether OCT light penetration depth
could be used to discriminate between gender
and site specific in different bone types in a rat
model.

Materials and Methods

To address the first objective, two carpal
bone samples of 2 cm length from the porcine
forelimb were obtained from a butcher’s shop,
so ethical approval was not needed.

For the second objective, male (n=6) and
female (n=6) rats of equal age (euthanized by
CO, before scanning under OCT. The rats were
obtained from QMUL, animal house and the
animal care followed the UK animal house re-
gulations. The euthanization procedure was ba-
sed on animal house regulations of Queen Mary
University of London (QMUL), UK (https:/
www.qmul.ac.uk/research/animal-research/)
and was carried out by animal technician at
animal house, QMUL. The animals were con-
trol rats discarded from other studies. There-
fore, specific ethical approval was not needed.

Tissue Preparation

Porcine carpal bone samples were cleared
of overlying soft tissues and fixed overnight
in 3.7% buffered formal saline. A standard
method of demineralization was followed using
8% hydrochloric acid and formic acid. Later,
the samples were cut in longitudinally to expo-
se endosteal surface'.

The samples from rats were denuded of soft
tissue and only bone was scanned under OCT.
Bone samples were used to quantify differences
in depth of light penetration in various functio-
nal and anatomical skeletal sites. The calvaria,
ulnar, alveolar, and basal bone of mandible of
the 12 rats were cleared of attendant soft tis-
sues and scanned under OCT (sites highlighted
in Supplementary Figure 1A-C and Supple-
mentary Figure 2A-C).

Imaging Technique Description

Samples were imaged using an OCT micro-
scope (EX1301, Michelson Diagnostics Ltd, UK)
operating at a central wavelength of 1300 nm with
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axial and lateral resolutions of approximately 10
and 9 um respectively using a medium of water to
avoid dehydration of bone during scanning. OCT
measures the backscattered light generated from
an infrared light source as a function of depth.
It uses LCI to produce microscopic cross-sectio-
nal images of tissues similar to histology. OCT
system which can collect A-scans (depth versus
reflectivity curve), B-scans (longitudinal images)
and C-scans (transverse images at constant dep-
th) was used. OCT image volumes perpendicu-
lar to the long axis (3x3x1.5 mm) were obtained
from the periosteal, endosteal surfaces, and me-
asurements taken from the exposed cut surface
(parallel to the longitudinal axis) from the nor-
mal and demineralized samples, and the images
were analyzed using Image J software (Version
1.52, National Institute of Health, Bethesda, MD,
USA).

The B-scans (cross-sectional image where the
amplitudes of reflections are represented in a grey
scale or a false-color scale)’ were obtained, con-
sisting of alternate bands wherein they are wavy
in nature, resulted from repeated stoppage of light
penetration.

The penetration depth of light was determi-
ned by scattering attenuation microscopy (SAM
software)'*-4,

Methods of Quantifying Light
Penetration Depth
Manual method

The manual method is carried out by proces-
sing the OCT images in Image J software. The
initial image obtained is altered by changing
the color threshold and contrast with the help of
ImagelJ software, to highlight approximate pene-
tration depth of light and each depth is measured
using free hand lines and choosing approximately
equal distances of 1-2 mm away from each mea-
surement.

Sam software

Scattering Attenuation Microscopy (SAM)
works on the principle of spectral domain low
coherence interferometry (LCI)". The SAM
image depends upon the acquisition of volu-
metric datasets. Each depth profile within the
volume, the gradient of signal loss or attenua-
tion is measured and represented within a co-
lor coded two-dimensional quantitative image
of the dataset. This data set is used to plot the

histograms from the SAM images and the type
of distribution is studied for both normal and
demineralized sections of bone samples.

Statistical Analysis

The values obtained for each section of nor-
mal and demineralized bone were tabulated and
results are presented as mean values (um), stan-
dard deviation (SD), standard error (SE). The
sample sites of normal and demineralized sites
were compared utilizing the students’ z-test.
The values obtained were used for plotting bar
chart. Multiple Variance Tests (ANOVA) was
conducted to determine the differences and
variations in mineral content of male and fe-
male rats in each region evaluated. When the
data detected to be not normally distributed,
non-parametric test was performed (Wilcoxon
signed rank test). A value of p<0.05 was consi-
dered as being statistically significant.

Results

Mineralized vs. Demineralized Bone

The results obtained from the preliminary
analysis by manual method of the porcine carpal
bone samples demonstrated a significant differen-
ce between the depths of light penetration in mi-
neralized versus demineralized bone.

Mineralized Bone

The average depth (um) + 1 SD of light penetra-
tion into the periosteal surface of normal porcine
bone was 790.1£18.1 pm, into the endosteal surfa-
ce it was 410.4£21.7 um, and for cross-section it
was 507.3+21.0 (Figure 1).

Demineralized Bone

Similarly, light penetration into demineralized
porcine bone averaged 858.4+32.0 um for perio-
steal surface, 1150+26.9 pm for endosteal, and
627.3431.8 pm for cross-section bone surfaces
(Table I). The bar graph in Figure 1 shows that; the
penetration of light in demineralized bone is grea-
ter on endosteal surface than in the cross-section.

The depth of light penetration in periosteal
bone, endosteal bone and cross-section was sta-
tistically significant (p<0.001) (Table II and III)
and when compared with demineralized with mi-
neralized bone the depth of light penetration was
significant (Table I) (p<0.001).
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Scattering Attenuation Microscopy (SAM)

Figure 2A and 2B illustrate the scans from the
optical coherence tomography, followed by Figure
2C and 2D SAM images illustrating the depth of
light penetration into the periosteal sample. There
was varying penetration of light into the sample.
The linear values were represented in the form of
histogram (Figure 2E).

Similarly, Figure 3A and 3B illustrate the scans
from optical coherence tomography, followed by
Figure 3C and 3D SAM images that illustrate the
depth of light penetration into the endosteal sur-
face of the normal and de-mineralized bone. The
depth of light penetration was more in Figure 3D.
The linear values from SAM imaging represented
in the histogram (Figure 3E).

Effect on Gender and on Bone Region

The differences in depth of light penetration
in different rat bone regions were demonstrated
in the Figure 4. There are no statistically signi-
ficant differences at any specific sites between
the genders, but the histogram figure showed
that there is a spread of means between the sites
(Figure 4).

In Table IV the differences and variations
in mineral content of male and female sites
(p<0.0001) are presented. There was a signifi-
cant difference between left mandible (basal)
and left mandible (alveolar) (p=0.012). There
was a significant difference between calvaria
(endosteal) vs. right mandible (basal, p=0.012)
and left mandible (basal, p=0.018). Finally, the-
re was a significant difference between sites of
right mandible (basal) and left mandible (alveo-
lar) (p=0.018) (Table I'V).
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Figure 1. Depth of Light Penetration in normal and de-
mineralized bone sample from different surfaces (Image J
Software measurements).

Discussion

The National Institute of Health defined bone
quality as the material, architectural and mecha-
nical characteristics with which bone mass con-
tribute to bone strength. The porosity of cortical
bone ranges between 5% and 10% and that of tra-
becular bone is 50% to 90%"". There are different
imaging modalities employed to detect the tissue
composition, geometry and micro-architecture.
DEXA scan is the current gold standard modality
use to check the geometry and micro-architectu-
re'>. Another technique for direct measurement
of bone tissue mechanical behavior (bone quali-
ty) is mechanical indentation'®. These techniques
use ionizing radiation and invasive procedures.

Table I. The mean, standard deviation, standard error, #-test for normal and demineralized porcine bone samples and percentage

change in light penetration depth.

Sample sites Normal Demineralized t-test % change
Periosteal Surface <0.001 7%
Average mean (um) + SD 790.1 + 18.05 854.4 +32.03
SE 2.1 33
Endosteal Surface <0.001 64%
Average mean (um) + SD 4104 £21.7 1150.8 £26.9
SE 2.1
Cross-Section <0.001 19%
Average mean (um) += SD 5073 £21 627.3 £31.8
SE 29 44
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Table II. Mineralized bone sample surfaces. The table
shows the significance when compared with different sites
and surfaces of normal bone samples.

Site Periosteal Endosteal Cross-section
Periosteal - XX XX
Endosteal XX - XX
Cross-section XX XX -

x: Not significant, xx: Significant, xxx: Highly significant.

Table Ill. Demineralized bone sample surfaces. The table
shows the significance when compared with different sites
and surfaces of normal bone samples.

Site Periosteal Endosteal Cross-section
Periosteal - XX XX
Endosteal XX - XX
Cross-section XX XX -

x: Not significant, xx: Significant, xxx: Highly significant.

Periosteal Surface:
Normal
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Figure 2. Scattering Attenuation Microscopy (SAM) of porcine limb bone samples. A, Normal, (B) Demineralized, (C) SAM
image of normal bone with lesser penetration of light and (D) SAM image of the de-mineralized with greater penetration of
light. E, The linear values were represented in the form of histogram.
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Figure 3. Scattering Attenuation Microscopy (SAM) of porcine limb bone samples. A, OCT image of endosteal surface of
normal bone. B, Endosteal surface of demineralized bone showing greater penetration into the sample compared to endosteal
surface of normal bone. C, There is least penetration of light in to the normal endosteal surface of bone. D, There is larger
penetration of light into the demineralized surface of the bone. The histogram is showing the separation between the two
means and the data is widely distributed endosteal surface of normal and demineralized bones. E, The linear values from SAM
imaging represented in the histogram.
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Figure 4. Box plot for depth of light penetration in different
sites of rat bone samples (Y axis: Depth of light penetration).

OCT is a novel modality which uses non-ioni-
zing, non-invasive and produces three dimensio-
nal images which can detect bone changes at its
earliest stages'®'®.

The results of this study show that the pene-
tration of broadband light was greater in demi-
neralized than in normal bone samples. There
was a significant difference between various
regions in the mineralized sample versus the
demineralized sample i.e., the degree of pene-
tration was greater in periosteal, endosteal and
cross-sectional surfaces of demineralized than
in normal (mineralized) bone (Table 11 and III).
The penetration was greater into the endosteal
surface of the demineralized bone sample than
either the periosteal or cross-section surface of
normal bone (Figure 1). The greater penetration
was due to greater porosity that enable the light
go deeper depth into the sample. Lesser the po-
rosity and more dense bone, lesser the depth of
light penetration. It is seen that there was a 64%
change in penetration of light into the endoste-
al surface between normal and demineralized
samples. The means and standard deviations
given in Table I indicate significant difference
between normal and demineralized bone. This
significant result may be due to the loss of bone
minerals and decrease in bone mineral densi-
ty from the bone sample after demineralization
(Table II and III). The reason for difference in
depth of light penetration is due to least scatte-
ring of light from the samples, which contains
less mineral content. The difference in the pe-
netration of light in the sample was found to

be 7% change for periosteal surface, and 19%
change from cross-section.

Scattering attenuation microscopy (SAM) uses
SAM software by generating volumetric data and
SAM images, showing the depth of penetration
of light from the various sites and surfaces. The
SAM method was followed to validate the resul-
ts obtained from the manual method. The OCT
images of the porcine bone samples are processed
in SAM software (Figure 2 and 3). Preliminary
results of all SAM images from a porcine normal
and demineralized bone samples revealed signi-
ficant differences. The SAM image of periosteal
surface of the demineralized bone sample (Figure
4) shows the amount of penetration was greater
than into normal bone sample (Figure 2). Similar-
ly, the depth of light penetration was greater in de-
mineralized bone (Figure 2 and 3). The histogram
was plotted to identify the spread of data along
the means in normal distribution. There is wide
separation along the means, and this data shows
the OCT can detect changes in the bone mine-
ral content (Figure 3). Its principle of working is
explained based on the polarized light scattering.

In bone and tooth, anisotropy is due to mine-
ralized structures originating from hydroxyapa-
tite nanocrystals, which play an important role
in hard tissue depolarization and birefringence.
Since OCT may detect small changes in mineral
content, it may be helpful to identify early mine-
ral loss from the hard tissues, and possibly to take
preventive measures before such changes become
pathological.

Similarly, there were differences observed
in male and female rat bone samples (Figure 4).
Physiologically, the bone is less dense in fema-
les as compared to that of males'*?°. Our results
suggest that the OCT technique may represent a
feasible method for differentiate bone density in
male and female, as a function of depth of light
penetration. Further development of algorithms
that enable greater penetration into the tissues
through the skin would be added advantage to the
current systems.

The main limitation of the study is the redu-
ced sample size, which was due to a reduced
budget. In spite of this, interesting outcomes
were found, however this needs to be confir-
med by subsequent studies with a wider sample
size. Furthermore, future studies performed in
human model are necessary to support results
obtained in animal models, in which bone ar-
chitecture and mineralization pattern may dif-
fer from that of humans.
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Table IV. Significance of the Multiple Variance Tests (ANOVA) to determine the differences in mineral content.

Site p-value
Calvaria (Periosteal) Calvaria (Endosteal) 0.994
Left Mandible (Alveolar) 0.702
Left Mandible (Basal) 0.059
Right Mandible (Alveolar) 0.978
Right Mandible (Basal) 0.086
Ulnar (Lateral) 0.993
Ulnar (Medial) 1.000
Calvaria (Endosteal) Calvaria (Periosteal) 0.994
Left Mandible (Alveolar) 0.288
Left Mandible (Basal) 0.012*
Right Mandible (Alveolar) 0.701
Right Mandible (Basal) 0.018%*
Ulnar (Lateral) 0.797
Ulnar (Medial) 0.976
Left Mandible (Alveolar) Calvaria (Endosteal) 0.702
Left Mandible (Alveolar) 0.288
Left Mandible (Basal) 0.826
Right Mandible (Alveolar) 0.996
Right Mandible (Basal) 0.897
Ulnar (Lateral) 0.985
Ulnar (Medial) 0.825
Left Mandible (Basal) Calvaria (Endosteal) 0.059
Left Mandible (Alveolar) 0.012*
Left Mandible (Basal) 0.826
Right Mandible (Alveolar) 0.389
Right Mandible (Basal) 1.000
Ulnar (Lateral) 0.295
Ulnar (Medial) 0.098
Right Mandible (Alveolar) Calvaria (Endosteal) 0.978
Left Mandible (Alveolar) 0.701
Left Mandible (Basal) 0.996
Right Mandible (Alveolar) 0.389
Right Mandible (Basal) 0.488
Ulnar (Lateral) 1.000
Ulnar (Medial) 0.995
Right Mandible (Basal) Calvaria (Endosteal) 0.086
Left Mandible (Alveolar) 0.018*
Left Mandible (Basal) 0.897
Right Mandible (Alveolar) 1.000
Right Mandible (Basal) 0.488
Ulnar (Lateral) 0.382
Ulnar (Medial) 0.139
Ulnar (Lateral) Calvaria (Endosteal) 0.993
Left Mandible (Alveolar) 0.797
Left Mandible (Basal) 0.985
Right Mandible (Alveolar) 0.295
Right Mandible (Basal) 1.000
Ulnar (Lateral) 0.382
Ulnar (Medial) 0.999
Ulnar (Medial) Calvaria (Endosteal) 1.000
Left Mandible (Alveolar) 0.976
Left Mandible (Basal) 0.825
Right Mandible (Alveolar) 0.098
Right Mandible (Basal) 0.995
Ulnar (Lateral) 0.139
Ulnar (Medial) 0.999

*Significant difference.
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Conclusions

The OCT technique can identify differences
and variations in light path into bone, reflecting
the degree on mineral content in normal and de-
mineralized porcine metacarpal bone samples.
There were differences in light path penetration
in rat bones of different gender at all sites tested.
OCT technique is sensitive enough to determi-
ne major differences in bone mineral content.
Whether OCT can be a potential novel non-ioni-
zing and non-invasive modality to assess risk of
osteoporosis requires further study.
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