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Background and Objectives: A combined diffuse reflec-
tance (DR) spectroscopy and doppler optical coherence
tomography (DOCT) approach may offer a powerful means
for assessment of tissue function, and potentially provide a
way for earlier cancer detection through non-invasive local
blood supply measurements. The goal of the study was to
compare a DR-derived blood-content-related index to a
measure of local blood supply flow as furnished by DOCT
during manipulations with blood circulation (vasoconstric-
tion and vasodilation), investigate similarities and differ-
ences, complementarity of techniques, and then applying
these results to the underlying biology.
Study Design/Materials and Methods: Simultaneous
DR–DOCT measurements of local blood supply were
conducted during drug and mechanically-induced vaso-
constriction and vasodilatation on an externalized intact
rat gut in vivo. A simple heuristic metric, termed Blood
Supply Index was derived from the spectroscopic DR data.
This metric variance due to mechanical and pharmacolog-
ical manipulation of the local blood supply was recorded,
and compared with that of two DOCT-derived metrics,
namely normalized blood velocity (vrel) and blood vessel
diameter (D).
Summary and Conclusions: During vasoconstriction
and vasodilatation, the local blood response was success-
fully visualized by both DOCT and DR metrics and a
reproducible correlation was found between these two
measurements. A combined DR-DOCT approach may
evolve into a technologically-viable method for cross-
validation of the derived haemodynamic metrics, yielding
a more reliable functional tissue assessment tool for
accurate cancer diagnosis and staging. Lasers Surg. Med.
40:323–331, 2008. � 2008 Wiley-Liss, Inc.
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INTRODUCTION

Angiogenic changes are a hallmark of many diseases,
including cancer [1]. It is assumed that, even in low grade
dysplasia, deregulated mitotic processes will require an
increased blood supply. This in turn leads to an increase in
both vascular density and local hemoglobin concentration
within the malignant lesion [2,3]. A practical non-invasive
technique would be advantageous for screening local blood
supply in hollow organs such as the GI tract due to
accessibility challenges and the high tissue motility that
can lead to poor measurement reproducibility.

A number of imaging modalities are available for non-
invasive studies of blood circulation including Doppler
ultrasound [4], laser Doppler flowmetry [5], MR and MR
angiography [6], diffusing wave spectroscopy [7,8] and
laser scanning confocal imaging [9], among others. Each
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method has its own advantages and limitations in terms of
the specific circulation-related quantity being measured,
complexity, cost, sampling volume, spatial/blood flow
resolving ability, suitability for clinical deployment. In this
study, we investigate the use of two optical modalities
sensitive to vascular changes at the perfusion/microcircu-
lation level, namely diffuse reflectance (DR) and Doppler
optical coherence tomography (DOCT).

A combination of DR and DOCT were selected for this
study due to, first, their real-time applicability and, second,
their sensitivity to vascular changes and tissue perfusion at
the microcirculation level. These two imaging modalities
are cost effective and easily incorporated into an endoscope
or catheter for internal imaging. Through a spectroscopic
analysis of wavelength-dependent tissue reflectance sig-
nals, the local blood concentration (blood supply) and blood
oxygenation can be estimated on a DR system [10]. DOCT is
a non-invasive high-resolution imaging modality capable of
resolving tissue structure and function with a micrometer
resolution and can accurately estimate velocities occurring
in vessels ranging from microvascular to aortic [11–13].
The main hypothesis is that both the DR and DOCT derived
parameters will reflect local blood supply and thus there
will be some correlation between DR and DOCT monitoring
results. The goals of the study were to compare a DR-
derived blood-content-related index to other measures

of local blood supply as furnished by DOCT during
manipulations with blood circulation (vasoconstriction
and vasodilation), looking for similarities and differences,
complimentarity of techniques, and understanding of some
underlying biology. Furthermore, this investigation could
yield a DR derived empiric parameter sensitive to local
blood supply (volume) and less indicative of blood oxygen-
ation that, was sought, can provide a correlation with
DOCT-determined parameters which measure the amount
and the intensity of blood motion (flow).

Experimental setup was specifically designed to facili-
tate the closest spatial overlap between the sample volumes
of the both methods. A special composite optical probe,
enabling both DR and DOCT measurements to be
performed over similar interrogated tissue volumes, was
developed for this study. DOCT operates in low number of
scattering orders, whereas DR operates in multiple
scattering (or diffusion) regime. The sampling (catchment)
volumes for these techniques are different but due to small
source-detector separation for the DR probe (Fig. 1), the
sampling volumes for two different techniques are over-
lapped. Such an overlap in interrogating volume can be
achieved only to a partial extent given the geometry and
inherent imaging variations between the two modalities.

The local blood supply can be quantified as the ratio of
fractional blood volume per volume of tissue (THB), a

Fig. 1. Schematic diagram of the experimental setup for

complementary DR and DOCT measurements in externalized

rat colon. a: DOCT-DR combined probe light illumination and

collection scanning schematic, (b) close-up of the combined

scanning distal probe, (c) photograph of the distal end of the

apparatus during externalized rat gut measurements (A).

Onco-LIFE1 endoscopic light source (Xillix Technologies

Corp., Richmond, Canada; high pressure mercury arc lamp,

model VIP R 150/P24 qN2, Osram, Germany, 200 mW) (B)

Endoscope (Olympus bronchoscope BF Type P401, power

density on tissue surface¼ 0.050 W/cm2) (C) DOCT delivery/

collection fiber, GRIN lens termination (see subpart b for

greater detail) (D) DOCT system (E) DR collection fiber (200mm

core, NA¼ 0.22) (F) Reflectance spectroscopy system MSL-

CS1-USB-VR1 (Medspeclab, Inc., Toronto, Canada) (G) Com-

bined reflectance/DOCT fiber probe tip scanning holder (see

subpart b for greater detail) (H) Biological tissue (externalized

rat gut wall).
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dimensionless quantity with typical values between 0.05
and 0.15 [14,15]. Our literature search revealed two
predominant DR-based approaches for estimation of the
local blood supply: Toyota et al. derives THB from the ratio
of the reflected green to red light [16], while Stratonnikov
and Loschenov [17] implemented a more sophisticated
approach using a least square fit to the spectral data.
Toyota’s method does not account for the local blood supply
variation and depends on light collection and the illumina-
tion geometry [18,19]. Stratonnikov’s approach is more
accurate but is computationally intensive making practical
real-time implementation difficult. Our DR-based local
blood supply estimation method overcomes the shortcom-

ings of the existing models by being robust, computation-
ally efficient, and suitable for real-time analysis.

Similarly, a variety of methods exist for DOCT signal
processing and analysis, yielding several blood-flow-
related Doppler metrics that can be linked to the biophys-
ical properties of underlying tissue. Further details are
available in recent reviews [20–22]. For the purposes of
the present study, we selected two DOCT metrics, the
normalized blood velocity (vrel) and mean blood vessel
diameter (D). These parameters were recorded in response
to vasculature changes and correlated with the change in
our DR-derived measure of local blood concentration.

This study explores the use of DR and DOCT in
an experimental rat model, examining. It represents an
initial exploration leading towards the development of
a simple, real-time, cost effective and non-invasive tech-
nique for blood microcirculation monitoring. Real-time
optical detection and quantification of local haemodynamic
parameters may lead to a better understanding of process
of angiogenesis and, in turn, to earlier cancer detection,
cancer margin delineation, and the monitoring of ther-
apeutic response.

MATERIALS AND METHODS

Experimental Setup

The experimental setup shown in Figure 1a consisted of
an OncoLIFE1 white light source projected onto tissue via
an Olympus BF Type P401 bronchoscope for DR spectro-
scopy illumination, and a DOCT probe coupled with a DR
collection fiber. The area of illumination for DR was 3 cm2,
while the interrogated area was equal to 0.05 cm2. The
emitted DOCT light had a wavelength of 1,300� 30 nm,
while the DR light wavelength resided in the�430–690 nm
spectral band. The DOCT and DR measurements were
collected simultaneously.

The DOCT probe was made by splicing a graded-index
(GRIN) fiber onto the end of a single mode fiber and then
cleaving the GRIN fiber to a length of 450 mm. This length
corresponds to a pitch of 0.27 (Fig. 1b). The DR probe
consisted of an aluminum-clad fiber polished flat at its end.
The two probes were mounted onto a plastic block (G) at a
distance and angle that ensured that the DOCT beam was
contained within the spectroscopy beam at a working
distance of approximately 1 mm. The containment of the
DOCT beam within the volume interrogated by the
reflectance probe was verified by means of a red laser
connected to the DR collection fiber and an infrared DOCT
sensor card positioned near the end of the composite probe
G. The combined DR/DOCT probe tip holder was mounted
onto a galvo-driven motor that oscillated at a frequency of 1
Hz to provide lateral scanning for DOCT imaging. The
DOCT images were about 1.8 mm deep, with a lateral
dimension that depended on the motor range, but was
typically �2 mm.

Animal Procedure

Several animal models were analyzed [23] and a special
bench top animal model was designed for this study. Our in

Fig. 1. (Continued)
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vivo animal study was conducted on four 150–200 g Lewis
male rats (Charles River Laboratories) which were placed
on a heating pad under general anaesthesia (2% isoflurane
in oxygen). The abdomen was opened and the small
intestine was externalized, and carefully stretched flat on
a custom-made extendable frame covered with a saline-
soaked sponge. Throughout the procedure, the small
intestine and sponge periodically received an additional
gentle spray of saline to prevent drying. The jejunum was
selected for the study, to avoid presence of faeces inside.
Data for each rat was collected at three different locations
along the jejunum. Care was taken to ensure that the gut
tissue was not damaged during the measurement, while
immobilization of the tissue minimized the artifacts caused
by tissue peristaltic motions, spasms and breathing.
Immediately after the last measurement, the rats were
euthanized with a barbiturate overdose.

Local Perfusion Control

Four methods were used to change the local perfusion—
(1) drug mediated vasoconstriction (VC) (phenylephrine
hydrochloride, 100 mM, 5–10 drops topically) and (2)
vasodilatation (VD) (papaverin hydrochloride, 500 mM,
20–30 drops topically, both reagents from Sigma–Aldrich),
and (3) mechanical occlusion (MO) by applying clamps on
both arterial and venous ends and (4) mechanical release
(MR).

Doppler OCT Data Processing

High resolution B-mode data was acquired at 1 frame
per second on a phase sensitive time domain DOCT system
(8 kHz, 512 pixels per A-scan). Doppler information was
extracted using a Kasai autocorrelation method on a phase
demodulated signal as [11],

where fD is the Doppler frequency, I and Q are the in-phase
and quadrature components of the demodulated signal,
M and N are the size of the window used for averaging in
the axial and lateral direction, and fs is the sampling
frequency of 10 MHz with m and n denoting the indices
in the depth and lateral directions, respectively. The
recorded Doppler frequencies varied from �100 Hz to over
50 kHz. An aliasing effect, due to fast blood flow, occurred
in the form of phase wrapping at 8 kHz increments. Using
high-speed techniques, such as those proposed by Morofke
et al. [13], the Doppler frequency for each pixel, attribut-
able to flowing blood, was determined through a combina-
tion of phase unwrapping and axial Kasai measurements.
The Doppler frequency is related to the velocity of the
scattering object by,

v ¼ fD
lo

2nt cos y
; ð2Þ

where v is the velocity of the scatterer (assumed to be the
red blood cells), nt is the index of refraction, lo is the
wavelength of the DOCT light source, and y is the Doppler
angle. In applying this calculation, a region of interest
containing Doppler-detected vessels was manually seg-
mented from the B-mode images recording mean Doppler
shift and maximum vessel diameter. The measurement
reproducibility was better than 20% for all data sets. In
this study, acquisition of a reliable measurement for
Doppler angle was not feasible, so the determined
Doppler frequency was not converted to a velocity as per
Eq. (2). However, by comparing the Doppler shift in a
given frame with the maximum Doppler shift for the
specific data set, a relative velocity can be derived. This
has the advantage of removing the unknown Doppler
angle and need for index of refraction estimation, while
still yielding a meaningful number for the temporal
analysis of blood flow parameters. The relative velocity
was determined as,

vrel ¼
f1

fmax
¼

v12ncosy
lo

vmax2ncosy
lo

¼ v1

vmax
; ð3Þ

where vrel is the relative velocity at a given time, and f1 and
v1 are the mean Doppler shift and velocity at a given time,
while fmax and vmax are the maximum mean Doppler shift
and velocity for the series.

The vessel diameter, based on the presence of Doppler
signal, was measured in each of the average velocity
frames. In each frame, the maximum vertical diameter of
the largest (most representative) vessel was selected. The
relative diameter normalized to the maximum diameter in
each data set was computed.

Diffuse Reflectance Data Processing

The collected DR spectra were converted in a negative
logarithm scale. The heuristic parameter found to be the
most sensitive to local blood concentration changes was
the sum of the variances above and below the DR spectral
slope between 449 and 660 nm. This parameter was
conditionally termed the ‘‘Blood Supply Index’’ (BSI). The
BSI was computed as,

BSI ¼
������ðl2 � l1Þ

2
ðð�logðDRðl1ÞÞÞ þ ð�logðDRðl2ÞÞÞÞ

þ
Zl2

l1

h�logðDRðlÞÞi@l
�����; ð4Þ

where l-wavelength, l1¼ 449nm and l2¼ 660nm,
�log(DR(l1)) and �log(DR(l2)) are the spectral intensities
at 449 and 660 nm respectively.

fD ¼ fs

2p
tan�1 ¼

PM�1

m¼0

PN�2

n¼0

½Qðm; nÞIðm; n þ 1Þ � Iðm; nÞQðm; n þ 1Þ�

PM�1

m¼0

PN�2

n¼0

½Iðm; nÞIðm; n þ IÞ þ Qðm; nÞQðm; n þ IÞ�
; ð1Þ
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Blood Supply Index versus blood volume fraction (THB)
and blood oxygenation (SO2).

Blood Supply Index dependence on blood volume fraction
(THB) and blood oxygenation (SO2) was found as follows. An
in vivo diffuse reflectance spectrum can be modeled by the
fitting function as derived in Ref. [17] based on a known
expression for the absorption by blood [24–26] as,

�logðDRðlÞÞ ¼ a þ blþ THBðSO2mHBO2
a ðlÞ

þ ð1 � SO2ÞmHB
a ðlÞÞ

ð5Þ

where, aþbl relates to the scattering and tissue absorp-
tion (other than blood) background, THB is the dimension-
less blood volume fraction (in% of blood volume per total
interrogated volume as derived in Ref. [15]), SO2¼HBO2/
HBO2þHB is the blood oxygenation in relative units
(range 0–1), mHBO2

a ðlÞ and mHB
ab ðlÞ are absorption coeffi-

cients for oxy- and reduced hemoglobin (in cm�1), and
HBO2 and HB are the respective fractions of oxygenated
and deoxygenated hemoglobin. Substituting Eq. (5) into
Eq. (4) yields,

Eq. (6) can be further simplified by separating the blood
absorption parameters as,

The first term of the Eq. (7), in square brackets, depicts
the contribution of the tissue background absorption and
scattering effects. The second term (second and third rows)
describes the blood absorption contribution. By isolating
the first term one obtains:

�ðl2 � l1Þða þ 554:5bÞ þ
Zl2

l1

ha þ bli@l ¼ 0 ð8Þ

Hence, BSI is determined only by the blood absorption
(within the framework of the model from Eq. 5). Substitut-
ing the values obtained from the tabulated spectra of
oxygenated and reduced hemoglobin from Ref. [25] into
Eq. (7):

BSI ¼ jTHBð955SO2 � 1147Þj ¼ THBð1147 � 955SO2Þ ð9Þ

The model described in Eq. (5) operates only with relative
values of fractional volume of blood (THB, r.u.) which are
presented below relatively to its initial value.

In the case of a tumor, the local blood supply condition
anticipated is a combination of high hemoglobin concen-
tration [10,27] and low blood oxygenation [28,29]. This
should yield a higher value of BSI within the tumor
compared to the adjacent normal tissue. For instance in
lung tumors, the local blood volume fraction is increased by
a factor of 2.3, while blood oxygenation drops from 0.92 to
0.49 [29]. From this we estimate that the BSI will provide a
contrast between normal tissue and tumor of 1:5.8. These
modeling results indicate the potential of the BSI param-
eter for malignancy discrimination even if the BSI does not
separate the contributions of local blood volume fraction
and blood oxygenation.

RESULTS AND DISCUSSION

Results of the DR-DOCT correlative experiment are
shown on Figure 2. As is visible from DR monitoring in

Figure 2a, prior to administration of vasoactive drugs, the
baseline data indicative of normal physiologic variation is

characterized by a �� 20% variability. This deviation is
assumed to be a reflection of the animal hart beating and
breathing cycles under general anesthesia conditions.
Further, the distinct periodic pattern observed within
350–390 seconds and 590–750 seconds intervals is likely
related to the local peristaltic motion of the gut.

Once the pharmacological vasoconstrictor was applied,
the vessels were observed to constrict almost imme-
diately on DOCT, reaching the lowest level within 80–
100 seconds—both in terms of normalized velocity and
normalized diameter (Fig. 2b). The DOCT-derived param-
eters show similar trends throughout all chemically-driven
vaso-manipulations in this study. Return to normal local
blood supply levels following vasodilator administration
were observed to take 150–250 seconds. Vascular changes
were observed on DR-derived metrics as well. During
vasoconstriction, both the local blood volume fraction and

BSI ¼
� l2�l1

2 ð2a þ 1109b þ THBðSO2ðmHBO2
a ð449Þ þ mHBO2

a ð660ÞÞ þ ð1 � SO2ÞðmHBO2
a ð449Þ þ mHBO2

a ð660ÞÞÞÞþ

þ
Rl2

l1

ha þ blþ THBðSO2mHBO2
a ðlÞ þ ð1 � SO2ÞmHB

a ðlÞÞi@l

�������
������� ð6Þ
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" #
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blood oxygenation were expected to drop. BSI is directly
proportional to the total hemoglobin concentration and
inversely proportional to the blood oxygenation, as demon-
strated in Eq. (9). As observed in Figure 2a, this parameter
declines over the vasoconstriction phase by a factor of �6.
This significant drop of BSI means that the decrease of the
local blood concentration dominates over the blood oxygen-
ation reduction contribution, as these two factors (THB and
SO2) have opposite effect on BSI. The normalized velocity
vrel drops from 0.7 to 0.15 at the vasoconstriction phase
and recovers considerably slower than the normalized
diameter. Recovery of the vessel diameter D back to 90% of
its original level during pharmacologic vasodilatation is
mirrored by the BSI parameter dynamics.

Mechanical vessel manipulation through occlusion and
release demonstrated a lower DR BSI drop/recovery

variations compared to the pharmacologically induced
vasoconstriction and vasodilatation with higher data
variation (� 50%). This result is particularly noteworthy.
During drug-induced vasoconstriction, the affected vessels
contain a lower volume of blood and the local perfusion is
reduced. During mechanical occlusion, however, the clump
was applied both on arterial and venous parts of the blood
supply; thus, the deviation of the total amount of blood
caused by mechanical occlusion/release is expected to be
less, as the blood is ‘trapped’ but still present. This
hypothesis was confirmed through a 10–20% difference in
BSI decrease between pharmacologic vasoconstriction and
mechanical occlusion being consistently observed through-
out this study. Conversely, DOCT-derived parameters are
more affected by mechanical manipulations, as the Doppler
processing specifically detects moving blood. Thus, the
Doppler estimation yielded a null result (within experi-
mental error) in the case of complete mechanical occlusion.
Once the vessels were mechanically released, the local
perfusion was recovered within 40–60 seconds as revealed
by both DR and DOCT parameters.

Further exploration of the relationship between the two
monitoring techniques is presented in Figure 3. With the
common time variable removed, the parametric plots of the
DR parameter versus the two DOCT-derived metrics show
pronounced correlations. The linearity of the correlation
varies based on the type of vascular manipulation, being
strongest for pharmacological vasoconstriction (Fig. 3a).
The correlation between DR and DOCT parameters for
mechanical effects is shown on Figure 3c,d and starts for
normalized BSI range > 0.35. It reflects the difference in
dynamic range between DOCT and DR parameters as
highlighted by the Doppler shift estimation yielding a null
result in the case of complete mechanical occlusion while
the diffuse reflectance is still measurable. Based on Figure
3c,d, the complete mechanical occlusion occurs within 0.2–
0.35 range of BSI.

The DOCT-DR correlations for mechanical occlusions
and releases are still evident even after pooling data for the
whole experimental data set shown on Figure 4. As seen on
these charts, the complete mechanical occlusion was occur-
ring within the �0.2–0.5 data range of BSI for different
investigated spots.

The pharmacologic manipulation results are summar-
ized for the whole experimental data set in Figure 5a,b,
showing a significant loss of correlation between DR and
DOCT derived parameters. Such a significant correlation
loss cannot be caused by the opposite influence of the THB

and SO2 contributions to the BSI parameter (see Eq. 9). As
it was shown on Figures 2 and 3 and discussed above, the
THB influence dominates over the SO2 contribution for both
vasoconstriction and vasodilation manipulations during
our study. Instead, the correlation loss may stem from
tissue optical property inhomogeneities and resultant
deviations between different tissue locations; this supposi-
tion is supported by the observation that the correlations
between DR and DOCT parameters within a particular
spot are significantly higher than those of different spots
(compare Figs. 4 and 5).

Fig. 2. DR (a) and DOCT (b) simultaneous monitoring of

effects of vasoconstriction (VC), vasodilatation (VD), mechan-

ical vessel occlusion (MO), and mechanical release (MR) [rat

#3, spot #3].
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The partial correlations seen in Figures 4 and 5 likely
stem from the different nature of the two techniques—DR
measures local blood volume fraction (volume), whereas
DOCT monitors the haemodynamics of moving blood (flow).
Another potential source of the correlation reduction is a
mismatch of the sampling volumes between the both
methods due to the geometrical and wavelength differ-
ences, although these are difficult to quantify.

Overall we conclude that there are several non-unique
and partially related descriptors/metrics of local tissue
haemodynamics all reporting on slightly different aspect of
the underlying tissue function/physiology. Furthermore,
the optical properties of tissue, such as intrinsic tissue
scattering and absorption (beyond blood absorption), vary
between the investigated spots and during vaso-manipu-
lations, and these variations can significantly affect the DR
results and DR-DOCT interdependencies. This may
explain the observation that the correlations between DR
and DOCT parameters within a particular spot are signi-
ficantly higher than those of different spots as comparing

Figure 4 versus Figure 5. We assume that normalizing BSI
can reduce the DR inter-spot data deviation by the diffuse
reflectance integral over the 630–690 nm band, where the
blood absorption is minimal for normal (60–95%) values of
SO2 [30]. Oxyhemoglobin absorption is 8–10 times lower
than that of reduced hemoglobin for this range [25]. Such
normalization of the DR data and exploration of other
DOCT-derivable metrics are currently being investigated
in our laboratory.

SUMMARY AND CONCLUSIONS

A consistent and reproducible correlation was found
between DR and DOCT parameters collected during
pharmacologically and mechanically induced vasoconstric-
tion and vasodilatation in a rat gut model. A simple
heuristic real time DR spectroscopy metric, the Blood
Supply Index, was derived from the data to estimate the
local blood supply in vivo. Its behavior in response to vaso-
manipulations showed reasonable correlation with average
blood flow as quantified by DOCT.

Fig. 3. Examples of the DR-DOCT curves for cases of (a) drug-mediated vasoconstriction (VC)

[rat #2, spot #2], (b) drug-mediated vasodilatation (VD) [rat #2, spot #2], (c) mechanical

occlusion (MO) [rat #3, spot #3], (d) release after mechanical occlusion (MR) [rat #4, spot #3].
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However, a significant loss of the correlation between the
DR and DOCT parameters is discovered when data from
different tissue spot were summarized. We assume that
this loss takes place not because BSI cannot distinguish
changes in oxygen saturation from changes in local blood
volume fraction but rather stem from tissue optical
property peculiarities and thus data deviations between
different tissue spots.

The presented DR and DOCT methodologies are cur-
rently being pursued in our lab for a variety of preclinical
and clinical studies, including earlier cancer detection
based on local blood supply measurements. The utility of a
combined DR-DOCT approach lies in its ability to resolve
slightly different (and potentially complementary) aspects
of blood supply in tumors, leading to a better understanding
of the underlying pathomorphological, physiological and
functional intricacies of malignant sites at different stages
of cancer development related to tumor angiogenesis and

blood supply. A more reliable cancer diagnostic approach
may thus emerge from a hybrid measurement approach.

In the near future, the diffuse reflectance spectroscopy
will be converted into spectral imaging system that can
facilitate a large field of view screening, revealing loci with
anomaly local blood supply that may reflect cancerous
transformation [31] as a potential guidance for the DOCT
optical biopsy.
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