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Investigation of changes in optical attenuation of bone and neuronal
cells in organ culture or three-dimensional constructs in vitro with optical
coherence tomography: relevance to cytochrome oxidase monitoring
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Abstract Changes in optical attenuation, relevant to
cytochrome oxidase, of the rat bone periosteal tissue in
explanted culture and human neuronal cells in three-
dimensional agarose constructs have been monitored by
the use of optical coherence tomography (OCT), with
potential applications in tissue engineering and diag-
nosis. A superluminescent diode (SLD) with a peak
emission wavelength (k=820 nm) that is the near-in-
frared absorption band of the oxidized form of CytOx
was employed. The attenuation coefficient was obtained
from the depth-resolved reflectance profiles of liquid
phantoms (naphthol green B with intralipid), explant
culture (periosteum of calvaria from rats) and cells in 3D
agarose constructs. The absorption coefficient of naph-
thol green B can be accurately quantified by the linear
relationship between attenuation coefficients and the
concentration. The difference in the attenuation coeffi-
cient of astrocytoma cells in agarose before and after
reduction of CytOx is 0.26±0.10 mm)1 (n=9), whereas
no attenuation is observed with the agarose control.
Reduction of the enzyme in periosteal tissue leads to a
change in attenuation coefficient of 0.43±0.24 mm)1

(n=7). For comparison, using a biochemical assay,
the absorption coefficient of the oxidized-reduced
form of CytOx is measured at approximately
8.3±1.5·10)3 mm)1 (n=4) and 8.7±2.5·10)3 mm)1

(n=4) at 820 nm for astrocytoma cells and rat periost-
eum, respectively. The lower value of CytOx concen-
tration using biochemical versus OCT measurements

may result from shifts in the scattering profile and the
amplifying influences of multiple heme-based oxidases,
indicating that conventional OCT is not specific enough
to monitor redox changes in cytochrome oxidase.
However, qualitative shifts in oxidation state are
apparent using the technique. Our results suggest the
potential application ofOCT inproviding high-resolution
tomographic imaging of tissues in organ culture and cells
grown in three-dimensional constructs in vitro.
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Introduction

Optical coherence tomography (OCT) is an optical
imaging technique that has high axial resolution and
high dynamic range by the use of a broadband light
source and heterodyne detection technique. It has been
shown to be suitable for non-invasive two-dimensional
tomographic imaging of microstructures beneath the
tissue surface (Tearney et al. 1997; Wang and Elder
2002a). In addition, OCT provides for one-, two- and
three-dimensional images of internal microstructural
optical properties such as refractive index, absorption
coefficient, scattering coefficient and birefringence. Re-
cently, this technique has been used to determine analyte
concentrations in scattering media (Sathyam et al. 1999),
to measure optical properties of tissues (Schmitt et al.
1993a), to derive spectroscopic information from tissue
phantoms (Schmitt et al. 1998) and tissues (Morgner
et al. 2000) and to investigate the optical clearing of soft
tissue (Wang et al. 2001; Wang and Elder 2002b) and
whole blood (Tuchin et al. 2002).

Mitochondria cytochrome c oxidase (CytOx) is a
terminal enzyme in the respiratory chain. The reaction
that this enzyme catalyzes is linked to the generation of
ATP in cells. In the presence of oxygen and absence
of substrate, the enzyme is fully oxidized. Changes in
CytOx redox state could be useful markers for the
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oxygenation state of the tissue owing to its redox changes
in response to oxygen availability at the cellular level.
Monitoring the redox state of CytOx could thus provide
an insight into cellular activity and viability of tissues.

CytOx has a broad absorption band that is found in
the near-infrared region. This band absorbs with a
maximum at 830 nm in oxidized CytOx and is bleached
on reduction (Tzagoloff 1982). The technique of near-
infrared spectroscopy (NIRS) shows great promise for
minimally invasive assessment, based on the fact that the
NIR absorption signal, which changes with oxygen-
ation, arises from only haemoglobin and CytOx in tis-
sues. NIRS has been studied for monitoring regional
blood volume change and extracellular (Hb oxygen-
ation) and intracellular tissue oxygenation (CytOx redox
state) (Jöbsis 1977; Delpy and Cope 1997). However,
conventional NIRS with a large-area pickup optode is
not capable of discriminating the redox change of CytOx
as a function of depth in the tissue; moreover, its spatial
resolution is severely limited.

In this paper we investigate the possibility of OCT
in monitoring the changes in optical property with the
redox shift of CytOx in cells and bone tissue. High-
resolution images of periosteum overlying calvaria of
different age rats were obtained by the OCT system
and the decrease in attenuation with redox shift of
CytOx in cultured cells and bone tissue was observed.
In addition, in this study we attempt to correlate our
findings with OCT to CytOx concentration measured
using a biochemical assay of the absorption coefficient
at 820 nm.

Materials and methods

Theory and system

Figure 1 shows a schematic diagram of the OCT system, based on a
fibre optic implementation of a Michelson-type interferometer (for
further details, see Wang 1999; Wang et al. 2001). In this system,
incident light from a broadband light source is coupled into a fibre,
and is split by an optic-fibre coupler. Half of the light is directed
towards a moving mirror. This path is known as the reference arm
of the interferometer. The remaining light is guided towards the
sample with focusing optics. When light reflected from the refer-
ence arm is recombined with light that has returned from the
sample arm to detector, these two beams interfere only if the op-
tical path lengths of the two beams are matched to within the
coherence length of the light. The coherence length of the light
source is analogous to the pulse duration for the measurement of
the echo delay time. It thus determines the axial resolution of the
OCT system. Therefore, a higher axial resolution can be achieved
with the choice of a shorter coherence length, i.e. broader spectrum
bandwidth of the light source.

The amplitude of the reflected light as a function of depth
within the tissue is obtained by scanning the reference mirror with a
constant velocity (Fig. 1) and the magnitude of the interferometric
fringes is digitized. The result is the measurement of optical back-
scattering or reflectance, R(z), versus axial ranging distance, or
depth, z. The reflectance depends on the optical properties of tissue,
i.e. the absorption (la) and scattering (ls) coefficients, or total
attenuation coefficient (lt), lt=la+ls. The relationship between
R(z) and lt is, however, very complicated owing to the high
scattering nature of biological tissue. However, for relatively

transparent tissue the reflected power will be negatively propor-
tional to 2ltz in exponential scale according to the single scattering
model that is valid for an optical depth less than 4 (Schmitt et al.
1993b):

R zð Þ ¼ I0 � T zð Þ � exp �2ltzð Þ ð1Þ
where I0 is the optical power launched into the tissue sample and
T(z) is the reflectivity of the tissue at depth z. The factor of 2 in the
exponential accounts for the light passing through the tissue twice
after being backscattered. It should be noted that the optical depth
is a measure of the depth in terms of the number of mean free path
lengths, i.e. lsz. T(z) is linked to the local refractive index and
backscattering property of the tissue (Tuchin 2000; Wang 2000).
However, for a homogenous turbid medium it can be considered to
be constant. Therefore, lt can be obtained theoretically from the
reflectance measurements at two different depths, z1 and z2:

lt ¼
1

2 Dzð Þ ln
R z1ð Þ
R z2ð Þ

� �
ð2Þ

where Dz ¼ z1 � z2j j. As noise is inevitable in the measurement, a
final result should thus be obtained by the use of a least-square
fitting technique in order to improve the accuracy of the deter-
mined value of lt.

The OCT system used in this study employs a broadband light
source, delivering an output power of 1 mW at the central wave-
length of 820 nm with a bandwidth of 25 nm. The light source
yields 12 lm axial resolution in free space that determines the
imaging axial resolution of the system. A cross-sectional image is
achieved by the combination of axial reflectance while the sample
is scanned laterally. Polarization controllers are used to provide the
maximum obtainable resolution for the given spectral width of
the source. The beam spot size was measured at 16 lm, limited by
the numerical aperture of the lens used to deliver the light onto the
sample and the optical frequency of the incident light, as in con-
ventional microscopy. The system has a measured signal-to-noise
ratio of 97 dB at a scanning speed of 2 mm/s.

Materials

Liquid phantoms were first constructed to demonstrate the feasi-
bility of the OCT system to quantify the absorption changes in
tissue. The liquid phantoms consist of intralipid solution (Intralipid
10%, Pharmacia) mixed with different concentrations of naphthol
green B (Sigma, N-7257), an effective absorber for the NIR light. A
0.75% intralipid solution was prepared to make the phantoms, with
the concentration of naphthol green B ranging from 0 to 0.2%.

Fig. 1 Schematic diagram of the OCT system used in the
experiments, where a light source with central wavelength at
820 nm and bandwidth of 25 nm was employed, delivering an
output of 1 mW. CL represents the collimating lens, FC the fibre
optic coupler, PC the polarization controller, OL the objective lens
and D the detector
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Human brain derived astrocytoma cells (7 and 20·106 per
construct) were cultured in three dimensions using a 1.5% agarose
gel. All cell-seeded constructs had a thickness of approximately
500 lm to 1 mm and were maintained in physiological saline
during the monitoring procedure. In addition, perisoteal tissue
from the calvaria of newborn (3-day old) and adult Wistar rats
(>250 g) were harvested and cultured for up to 3 h in physiolog-
ical saline prior to monitoring.

Measurements

Attenuation coefficient by OCT

The samples were mounted on a translation stage at the sample arm
and were placed perpendicular to the probing beam. Repeat scans
for one spatial point of each liquid phantom were performed, and
reflected powers were averaged to minimize noise.

Firstly, cross-sectional signals were taken within the sample and
the reflectivity from 20 lateral scans was averaged to minimize noise
and treated as the control. After this measurement, for the sample
with oxidized CytOx, 1% sodium dithionite in PBS solution was
then applied to reduce CytOx in the same sample for 10 min.
Another measurement was carried out for the sample with reduced
enzyme. The difference in attenuation was calculated by subtracting
the attenuation coefficient of the sample with oxidized enzyme from
that of the reduced sample, i.e.:

Dlt ¼ lt oxidizedð Þ � lt reducedð Þ ð3Þ

Histochemistry of CytOx in rat calvaria

Histochemical localization of CytOx was conducted as described by
Kiernan (1990). Calvaria from 3-day-old rats were dissected and
immersed in OCT compound (Tissue-Tek), a chemical for tissue
frozen section, before immediately snap freezing in a dry ice/IMS/
hexane (<160 �C) freezing bath, and then stored under liquid
nitrogen. Cryostat sections were collected on slides and stored if

necessary in an ultra-low-temperature freezer. Tissue sections were
then stained for CytOx according to Kiernan (1990).

Biochemical determination of CytOx concentrations in cells
and tissues

A biochemical assay (Brown et al. 1991) for cytochrome a was
employed. Cytochrome a is an integral component protein of the
cytochrome oxidase complex with one cytochrome a per cyto-
chrome oxidase.

Between 0.3 and 0.5 g wet weight of tissue and cells per mL of
ice-cold buffer (100 mM potassium phosphate, 2 mM EDTA,
pH 7.1) was added. The suspension was homogenized and then
stored on ice. Then 1 mL of homogenate was added to 1 mL of
20% w/w Triton X-100 and 1.5 mL of buffer, agitated and 3 mL of
suspension was filtered through a 200 lm sieve. Detergent was
present to reduce the light scattering of the samples. The difference
at two wavelengths, 605 nm and 625 nm, was measured by a Cecil
3000 spectrophotometer. Cytochrome a was reduced by adding
30 lL of a mixture containing 0.1 M sodium cyanide, 0.1 M so-
dium ascorbate, and 5 mg N,N,N’,N’-tetramethyl-p-phenylenedi-
amine dihydrochloride (TMPD) per mL (pH 7.1). The difference in
absorbance at 605/625 nm (before and immediately after addition
of the reducing mixture) was used as a measure of the concentra-
tion of cytochrome a in the homogenates. The cytochrome a con-
centration was calculated using a (reduced minus oxidized)
extinction coefficient at 605–625 nm of 20 mM)1 cm)1.

Results

OCT imaging of peristeum overlying calvaria

Optical coherence tomograms of the backscattered power
measured within a two-dimensional region of adult and
newborn rat calvaria at 820 nm are shown in Fig. 2. The
periosteum, cartilage/bone, endosteumand other features

Fig. 2 OCT images captured
from rat calvaria for (a) adult,
(b) young and (c) new-born rat,
where P represents the
periosteum, and B/C the
interface between bone and
cartilage. Part (d) shows the
result from the calvaria stained
by histochemistry of
cytochrome oxidase, where P is
the periosteum, B the bone and
E the endosteum
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of the calvaria from both adult and newborn rats are
sharply differentiated. The thickness of the periosteal
layer increases with the rat age, and in the newborn rat the
perisoteal depth was measured to be approximately
30 lm by the OCT system. Some brighter regions of the
image result from variations in the density or orientation.
Such results demonstrate that OCT is capable of high-
resolution tomographic imaging of the skull or calvaria,
which previously could only be obtained by conventional
excisional biopsy. However, the cellular structure within
the bone matrix of the specimens cannot be differentiated
because both axial and lateral resolutions of the system
exceed the widths of the cell layers in the tissue samples.

The OCT images of newborn rat calvaria correlated
well with the histologic section (Fig. 2d), where three
layers of periosteum, cartilage/bone and endosteum
were apparent, as found from OCT images. Periosteal
tissue was stained brown in the histochemical experi-
ment, which indicated that periosteum is the tissue of
cytochrome oxidase activity. It should be pointed out
that the periosteal layer became loose and artificially
thicker after the frozen section and stain process owing
to its fragile nature. In addition, the histochemical pic-
ture was obtained only from a small section without a
calvaria joint. It was difficult to obtain a large intact
frozen section from the delicate newborn rat calvaria.

Attenuation measurements by OCT

Liquid phantoms

Naphthol green is an effective absorber for short NIR
light (700–850 nm), is highly water soluble and introduces
minimal scattering in the solution (Iizuka et al. 1999).
Intralipid is often used as a scattering agent in tissue
models. Thus in the first set of experiments the different
concentrations of the dye solution mixed with intralipid
were prepared and used as phantoms to simulate ab-
sorption changes in the tissue with the CytOx redox shift.
Figure 3 shows reflectance versus depth profilesmeasured
with OCT at 820 nm from (a) 1% and 2% intralipid so-
lution only and (b) samples consisting of several different
concentrations from 0.0025% to 0.2% of naphthol green
B with 0.75% intralipid in water. It can be clearly seen
from Fig. 3 that the backscattered signals recorded from
all liquid phantoms appear straight on the semi-loga-
rithmic plot and the reflected signals fell off exponentially
with depth. The decay rates increased with the increase of
scatter concentration (a) and absorber concentration (b)
of the samples. According to the single scattering model,
the slopes of the reflectance signals versus depth from the
sample represent the total attenuation at that wavelength.
The slopes were determined by fitting the backscattered
power curves, plotted on a logarithmic scale as a function
of the sample depth. The attenuation of the sample con-
taining 2% intralipid (lt�1.23/mm) is higher than that of
the sample with 1% intralipid (lt�0.61/mm) because of
more scatter. The measured lt values are within the range

of those obtained by van Staveren et al. (1991). The at-
tenuation of the sample containing 0.20%naphthol green
B (lt�1.18/mm) is higher than that of the sample with
0.08% naphthol green B (lt�0.76/mm) because of more
absorption.

The total attenuation coefficients of different con-
centrations of naphthol green B solution mixed with
0.75% intralipid were calculated from the slopes of the
curves, based on a single scattering model using a least-
square curve-fitting method. Figure 4 shows the rela-
tionship between the total attenuation coefficient of
sample solutions containing absorbers of various con-

Fig. 3 Reflected signals from a liquid phantom at 820 nm by OCT
measurement: (a) intralipid (scatter); (b) naphthol green B with 1%
intralipid (absorber with scatter)

Fig. 4 Total attenuation coefficients of naphthol green B with
0.75% intralipid measured by optical coherence quantitation at
820 nm
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centrations and a naphthol green B concentration for
dye content from 0 to 0.2%. The attenuation coefficients
(lt) demonstrate a linear increase with the concentration
of the dye. The coefficient appears to be an accurate
measure of absorber concentration, even with a very low
content down to a green B concentration of 0.0025%.
By subtracting a scattering coefficient of 0.75% intra-
lipid, the absorptivity of the dye was estimated to be
0.33±0.05 mm)1 mM)1, which is in good agreement
with the value of 0.40±0.02 mm)1 mM)1 measured by
conventional transmission spectrophotometry.

Changes in attenuation in cultured cells
with redox shift of CytOx

Astrocytoma cells were fixed in agarose plugs to simu-
late relatively homogeneous soft tissue without haemo-
globin. OCT images of agarose without and with cells

are shown in Fig. 5. The cells are seen as the bright
spots in Fig. 5b. No attenuation within pure agarose
(control) and no change before and after application of
reducing agent were observed from the reflectivity
versus depth profiles (Fig. 6a, b). The reflectance versus
depth profiles of cell samples (Fig. 6c) showed that
there was attenuation in cell-seeded agarose constructs.
When the cells were reduced by sodium dithionite, the
attenuation coefficient decreased (Fig. 6d). The first
and second peaks in the profiles correspond to reflec-
tions at the air/sample and sample/glass slide interfaces,
respectively. Attenuation coefficients of the oxidized
form of CytOx within astrocytoma cell-seeded con-
structs were 0.41±0.10 mm)1 (n=9) for 7·106 cells
and 0.54±0.10 mm)1 (n=7) for 20·106 cells, respec-
tively. It should be pointed out that the attenuation
coefficient does not scale with the number of cells but
reflects the concentration, since the cells are within a

Fig. 5 OCT images of agarose
(a) without and (b) with
astrocytoma cells. The cells are
seen as the bright spots in (b)

Fig. 6 Reflected signals
measured by OCT from agarose
without (top) and with
astrocytoma cells (bottom),
before (left) and after (right) the
application of reducing agent
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fixed volume. In contrast, values obtained for the
same sample with the reduced form of CytOx were
0.15±0.08 mm)1 (n=9) and 0.26±0.13 mm)1 (n=7),
respectively. The difference between oxidized and re-
duced attenuation values is significant at both cell
concentrations (P<0.01). The difference in attenuation
of the astrocytoma cells before and after reduction of
CytOx is calculated to be 0.26±0.10 mm)1 (n=9) and
0.28±0.13 mm)1 (n=7) according to Eq. (3), respec-
tively (Fig. 7).

Changes in attenuation in tissues with redox shift
of CytOx

The average of the reflected signal versus depth profiles
from 20 spatial points through a periosteal tissue ex-
plant are plotted in Fig. 8a. The first and second peaks
in the profile correspond to reflections at the air/tissue
and tissue/glass slide interfaces, respectively. The dis-
tance between these two peaks corresponds to the
measured displacement (z) of the reference mirror in
air. The effective sample thickness is given by d=z/ns,
where ns is the mean refractive index of the sample
(ns=1.37 as measured for the tissues used in this
study). The averaged thickness of the samples (n=7)
was determined to be �396±101 lm; note that this
thickness does not represent the real thickness of the
periosteum in natural calvaria. The other distinct peaks
in the measured profile were produced by each dis-
continuity in the refractive index in the sample. As
predicted by the single-backscatter model in the ideal

case of tenuous and relatively transparent tissues, the
slopes of the reflectance-depth profile in the tissue
represent the total attenuations of the periosteums with
the oxidized form of CytOx.

To demonstrate the capability of the OCT system to
extract information on changes in optical property, ex-
periments were conducted by chemically reducing CytOx
in tissues with sodium dithionite. The total attenuation
was measured as a function of the reduction time. As an
example, the reflectance versus depth (average of 10
scans) at the same spatial positions after CytOx was
reduced for 10 min as shown in Fig. 8b. The result
shows that the attenuation coefficient in the periosteum
specimens is markedly decreased as CytOx is reduced.
The mean attenuation coefficients of oxidized periostea
were 2.48±0.52 mm)1 (n=7), whilst reduction of the
explant tissue resulted in a reduced mean value of
2.05±0.60 mm)1 (n=7). The difference in the attenua-
tion coefficient of the oxidized and reduced tissues
(0.43±0.24 mm)1; n = 7) is significant (P<0.05).

Biochemical assays

The concentrations of CytOx in astrocytoma cells and
adult rat periosteum determined by a biochemical assay
were 7.2±1.3 lM (n=4) and 7.6±2.2 lM (n=4), re-
spectively. Cytochrome a appeared to be fully oxidized in
cultured cells before addition of the reducing mixture, as

Fig. 7 Total attenuation coefficients measured at different redox
states of CytOx in astrocytoma cells: (a) 7 million cells in an
agarose plug, n=7; (b) 20 million cells in agarose, n=7

Fig. 8 Reflectance versus depth profile of periosteum with redox
change of CytOx at 820 nm

360



addition of 2 lL rotenone and antimycin resulted in no
significant change. The concentration of CytOx with
addition of rotenone and antimycin was 7.5±1.2 lM
(n=4) and 7.6±1.7 lM (n=4), respectively. A small in-
crease for the periosteum of rat with addition of rotenone
(9.2±1.7 lM; n=4) and antimycin (8.8±1.2 lM; n=4)
was observed. Cytochome a in the periosteal samples
was not fully oxidized, which may reflect differences in
the in vivo state versus cells grown in culture. The
difference in absorption coefficients of oxidized/reduced
CytOx at 820 nm in astrocytoma cells and the periostea
were estimated to be 8.3±1.5·10)3 mm)1 (n=4) and
8.7±2.5·10)3 mm)1 (n=4) by the equation la=2.303�c,
where � is the extinction coefficient of the oxidized/re-
duced form of cytochrome oxidase, approximately
0.5 mm)1 mM)1 at 820 nm according to Matcher et al.
(1995).

Discussion

A beam of light progressively attenuates as it penetrates
into a turbid biological tissue by absorption and scat-
tering of the tissue. Haemoglobin and oxidized CytOx
are the main absorbers that can indicate the tissue ox-
ygenation state in most soft tissues in the NIR wave-
length region. Scattering loss comes from, on a
microscopic scale, a variety of cellular structures in-
cluding cell organelles, the cell nucleus, organized cell
structures and interstitial layers, etc. The homogenous
liquid phantoms, containing a range of concentrations
of absorbers and scatterers, demonstrate well the capa-
bilities of OCT for measuring quantitatively the total
attenuation and absorption coefficients.

The reflectance curves measured in this study from
periostea overlying calvaria tissues were not as consistent
as those assessed from liquid phantoms. The prominent
irregularities in the curves presumably resulted from lo-
cal variations due to the heterogeneous property of most
soft tissues. Incomplete averaging of coherent speckle
and random noise probably also account for the irreg-
ularity in the profiles of periosteal tissue, but changes in
the exponential slopes of reflectance signals versus depth
after reduction of CytOx was clearly evident.

A comparison of the oxidized/reduced absorption
coefficient of CytOx from the biochemical assays with
the attenuation coefficient in cells and periosteum using
OCT has demonstrated a difference in magnitude in the
measurements. The shift in the coefficient of astrocy-
toma cells and periosteum at 0.26 mm)1 and 0.43 mm)1

as measured using the OCT would correspond to a
concentration of about 230 lM and 370 lM of cyto-
chrome oxidase, respectively, while the values measured
by biochemical analysis are less than 10 lM. Although
the qualitative shifts correlated with oxidation states of
the biological samples are observed using both meth-
odologies, the amplified values would suggest that the
measurement made by OCT definitely does not solely
come from the CytOx activity.

One explanation for this discrepancy in values may
be due to the specificity of the OCT measurements for
cytochrome a when compared with biochemical assay.
There is evidence that the spectral changes seen in the
780–900 nm NIR region of mitochondria are over 80%
due to cytochrome oxidase CuA with the remainder
being due to cytochrome c, cytochrome b, and the var-
ious oxygenated intermediates of cytochrome oxidase
(Thörnström et al. 1988). Therefore, the OCT mea-
surements could include a 20% amplification from the
CytOx assay measurements.

This would not account fully for the discrepancy and it
is likely that variation in the cell scattering properties may
potentially result from treatment with the reducing agent.
Results from Liu et al. (1996) show that addition of a
solute to tissue may affect the cell volume or shape as well
as the refractive indices of the extra- and intracellular
fluids, and thus ultimately influence the overall tissue
scatteringproperties. The action of sodiumdithionitemay
influence the cell hydration and swelling, which could
change the size or shape of the scattering centres, thereby
affecting the variation of the light scattering.

Our results demonstrate that qualitative shifts in the
oxidative state of cells can be monitored in real time using
the OCT system. However, using these parameters to
calculate the concentration of cytochrome oxidase pre-
sent in tissues may result in exaggerated values as a result
of the influence of scattering and specificity for one en-
zyme within the oxidative cascade. Recently, the use of an
OCT system with a dual-wavelength has been explored to
quantify the water absorption within the turbid medium
(Schmitt et al. 1998), where two wavelengths were delib-
erately chosen to span the water absorption band and
reduce the scattering effect. Such a method may be useful
in future studies to monitor the redox state of tissues,
which will enable the scattering changes to be discrimi-
nated. It is clear that further studies are needed to separate
the absorption changes from the scattering changes in
cells and tissues. Nevertheless, OCT, with further devel-
opment, does offer a potential combined technique for
visualization of the microstructures of periosteal explants
and cell-seeded constructs with micron-scale resolution
alongside an assessment of the cellular activity levels,
which may have applications in cell biological research
and tissue engineering.
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