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Abstract: Early detection of neoplastic changes remains a critical challenge in clinical cancer
diagnosis and treatment. Many cancers arise from epithelial layers such as those of the
gastrointestinal (GI) tract. Current standard endoscopic technology is difficult to detect the
subsurface lesions. In this research, we investigated the feasibility of a novel multi-modal
optical imaging approach including high-resolution optical coherence tomography (OCT) and
high-sensitivity fluorescence laminar optical tomography (FLOT) for structural and molecular
imaging. The C57BL/6J-Apc™"/] mice were imaged using OCT and FLOT, and the
correlated histopathological diagnosis was obtained. Quantitative structural (scattering
coefficient) and molecular (relative enzyme activity) parameters were obtained from OCT
and FLOT images for multi-parametric analysis. This multi-modal imaging method has
demonstrated the feasibility for more accurate diagnosis with 88.23% (82.35%) for sensitivity
(specificity) compared to either modality alone. This study suggested that combining OCT
and FLOT is promising for subsurface cancer detection, diagnosis, and characterization.
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OCIS codes: (110.4190) Multiple imaging; (170.4500) Optical coherence tomography; (170.2520) Fluorescence
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1. Introduction

Early detection of neoplastic changes remains a critical challenge in clinical cancer diagnosis
and treatment. Many cancers arise from epithelial layers such as those of the gastrointestinal
(GI) tract. White-light endoscopy guided excisional biopsy and histopathology is currently the
gold standard for GI cancer diagnosis. However, it suffers from high false negative rates due
to sampling errors [1-4]. Furthermore, a significant portion of patients after endoscopic
ablative therapeutic treatment showed the presence of metaplasia or dysplasia buried
underneath the neo-epithelium [5-9], which is associated with the risk of cancer development
[4, 10-13]. Current standard endoscopic technology is unable to detect those subsurface
lesions. Therefore, there is a critical need for developing new diagnostic tools which can
assess tissue architectural and molecular information across the mucosal depth for improved
detection of subsurface cancer, and evaluate the invasion depth of a lesion.

Optical coherence tomography (OCT) is an established biomedical imaging technology
for subsurface imaging of tissues with high resolution (<10 pm) and 1-2 mm penetration
depth [14-17], which is comparable to the size of standard pinch biopsy and histology. OCT
can be interfaced with fiber-optic catheters and endoscopes to image inside the body [16, 18—
20]. Endoscopic OCT has been demonstrated in the human GI tract [21-24] to detect
Barrett’s esophagus (BE) [25, 26] and dysplasia [27, 28]. OCT’s high depth-resolution and
appropriate penetration depth make it an attractive technology for detecting subsurface
abnormalities in the mucosal and submucosal layers. Visualization of cross-sectional mucosal
and submucosal features is a key advantage of OCT imaging when compared to standard
endoscopy.

OCT can provide high-resolution morphology information, but is less sensitive to
biochemical or molecular processes associated with early neoplastic formation before the
exhibition of structural alterations. Fluorescence imaging has high sensitivity for detecting
biochemical and molecular alterations, but has limited specificity [29]. Combining these two
complementary imaging technologies would potentially improve the diagnostic capability for
early cancer detection. Previous studies using OCT and depth-integrated fluorescence
imaging already showed substantial promises in cervical [30, 31], bladder [29, 32], colorectal
[33-35], and bronchial cancers [36]. However, depth-integrated fluorescence imaging lacks
the depth-resolved information, therefore may not sufficiently indicate the subsurface lesions
or estimate the depth-extent of the lesions. In addition, the detected fluorescence intensities
are non-linearly attenuated with different imaging depths [37-39], which could lead to a
surface weighted images.

Laminar optical tomography (LOT) is a promising approach to overcome this limitation
by using multiple detectors to collect lights travelling through different depths, and through
mathematical de-convolution to reconstruct the depth-resolved image [40—42]. LOT has a
resolution of ~100 um with 2-3 mm penetration depths [40—45], which is comparable to the
imaging depth of OCT, as well as the size of typical biopsy and histology. LOT imaging of
skin cancer based on absorption contrast has been demonstrated [46]. Fluorescence-based
LOT (FLOT) has the potential to quantify depth-resolved distribution of fluorescence-labeled
tumor [47-50].

Since cancer development is associated with both morphological and molecular
alterations, imaging technologies that can quantitative image tissue’s morphological and
molecular biomarkers and assess the depth extent of a lesion, without the need for tissue
excision, would be a major advance in cancer diagnostics and therapy. In this paper, we
investigated multi-modal depth-resolved imaging approach by co-registering high-resolution
OCT and high-sensitivity FLOT for both structural and molecular imaging. Our data on
multi-modal imaging of mice colon tumor model demonstrated the feasibility of combining
structural and molecular information for more accurate diagnosis.
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2. Materials and methods

2.1 Animal preparation

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Maryland, and animals were treated in accordance with the
PHS Policy on Humane Care and Use of Laboratory Animals, the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and the Animal Welfare Act (7
U.S.C. et seq.). Six 8-week-old male C57BL/6J-Apc™™/J mice were purchased from Jackson
Laboratory (Bar Harbor, ME). The mice received a high fat diet consisting of 23% corn oil in
order to increase tumor incidence in the distal colon [51]. At time points of ~18 weeks, the
mice were prepared for imaging study. One day before imaging, the mice were injected with
the cathepsin B-sensitive contrast agent (ProSense™ 680, PerkinElmer), which was non-
fluorescent at injection and locally activated after target interaction [52,53]. After 24 hours,
animals were euthanized. For each animal, a 5-cm long section of colon from the distal end
was removed, opened longitudinally, and flushed with isotonic saline. The excised colon was
pinned flat and fixed using Formalin in place to minimize fixation artifacts. After fixation, the
samples are ready for imaging. Photos of all the samples were taken using a digital camera
and all the tumors were numbered properly, which would be used to match the measurements
from OCT/FLOT with histology results.

2.2 System setup

Figure 1(A) shows the OCT system setup. This frequency-domain OCT imaging system
utilized a wavelength-swept laser as light source which was centered at 1310 nm with 100 nm
bandwidth [54]. The wavelength-swept frequency was 16 kHz with 17 mW output power
[55]. About 97% of the laser power was split evenly to the sample and reference arms of a
fiber-based Michelson interferometer [56, 57]. The signals reflected from the sample and
reference arms formed interference fringes at the fiber couple (FC). The interference fringes
from different depths received by a balanced detector (BD) were encoded with different
frequencies. A Mach-Zehnder interferometer (MZI) obtained the remaining 3% of the laser
output power and generated a frequency-clock signal with uniformly spaced optical frequency
to trigger the sampling of the OCT signal [58]. Depth-resolved tomography can be achieved
by performing fast Fourier transform of the interference fringes. During imaging, the colon
tissue was irrigated by phosphate buffer saline (PBS) to prevent dehydration [59].

The schematic of the FLOT system is shown in Fig. 1(B). A 637 nm laser diode was
utilized as light source. Light from the laser diode was collimated and coupled into a single-
mode fiber to shape the light beam. Light coming out from the fiber was first collimated by an
objective lens (O1) and then passed through a polarizer (P1). The collimated light was
expanded into line-field illumination using a cylindrical lens with a full line-width at the half
maximum of 26 um at the focal plane. An iris was used to control the length of the line
illumination. The backscattered light and emitted fluorescent light were collected back
through a cross-polarizer (P2, which was used to reject the specular reflection from the
sample surface), another objective lens (02), a filter wheel (695 nm emission filter for
fluorescence imaging and no filter for reflectance imaging), and finally imaged on a CCD
camera (EM-CCD, CooKe). Recent studies indicated angled illumination and detection
configurations can improve both resolution and depth sensitivity [42, 60]. The illumination
angle was set at 45°, rendering ~30° transmission angle in tissue (n~1.33). The CCD camera
was placed vertically to record both fluorescence and reflectance images by rotating the filter
wheel. Because of the defocusing effect, we set the focal plane slightly below the sample
surface. The scattering coefficient (u;) of the colon sample was determined from the
reflectance data using oblique-incidence spectroscopy [61] to be ~146 cm™'. A motorized
stage was used to translate the sample laterally in scanning direction X (perpendicular to the
line illumination direction Y) with the speed of 0.2156 mm/s.
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Fig. 1. (A) Schematic of the OCT imaging system. (B) Schematic of the FLOT system. FC:
fiber coupler; PC: polarization controller; C: collimator, BD: balanced detector, MZI: Mach-
Zehnder interferometer (frequency clocks), DAQ: data acquisition board, M: mirror, GSM:
galvonometer scanning mirror, O: objective lens, LD: laser diode, P: polarizer, S: shutter, I:
iris, CL: cylindrical lens, FW: filter wheel.

2.3 Data acquisition and reconstruction

For FLOT image acquisition, the illumination line was first focused on the border (X = 0) of
the sample field of view (FOV). At each scanning position, one 2D XY image (512x512, with
pixel dimension of 30.8 um) was obtained with 100 ms exposure time. Next, the motorized
stage moved the sample in X direction with a step size of 30.8 um to another
illumination/collection position. Another 2D XY data set was obtained. This process was
repeated until finishing the entire sample scanning [42]. The raw measurement had the format
of XYT. A typical 3D data set recorded 512 x 512 x 400 XYT voxels. In order to fit the
experimental data to the theoretical model for precise reconstruction, the surface of colon
tissue must be found. To obtain the surface tomography of the colon tissue, the emission filter
was removed, and the same FOV was scanned to get the reflectance images with the same
scanning/acquisition protocol but lower laser power to avoid saturated image. Without
emission filter, most of the collected light was from the reflection of the illumination light at
the tissue surface, which would then serve as an indicator of the location of tissue-air
interface. The raw measurement of reflectance data set had exactly the same format of XYT
(X=512,Y =512, T = 400).

To reconstruct the images, the 3D data sets were first downsized to 256 x 256 x 200 XYT
voxels. The raw measurements of the reflectance data were stacked together according to the
geometrical relationship between the illumination plane and the detection FOV, which was
similar to the unprocessed stacked raw image in selective plane illumination microscopy [62].
Additionally, the stacked reflectance data were used to co-register with the 3D OCT data
based on the shape / structural features of the same tumor. To reconstruct the fluorescence
image, first-order Born approximation was assumed to obtain linearity between the
measurement F and the fluorophore distribution C, i.e., for each FOVyz, F = JC, with J the
weight or sensitivity matrix [42, 48]. To constitute J, photon distribution was first generated
by Monte-Carlo simulation [63] (g = 0.9, n = 1.33, p, = 0.01 x pg, py = 146 cm™). Then the
reciprocity principle was applied to obtain J.J was later decomposed by singular value
decomposition (SVD) [64]. Lastly, least square fitting and Tikhonov regularization were used
to solve the underdetermined system [60]. The regularization parameter o = 0.0021 was
determined by L-curve criterion [65]. 100 source-detector pairs and 100 scanning positions
starting from the surface were chosen to constitute F with 10,000 measurement data. Each
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reconstructed FOVy; included 100 x 100 pixels with a pixel size of ~61.6 um. The entire
volume FOVyyz was constituted by juxtaposing individual FOVy; along Y-direction. After
imaging, the pinned tissue specimens were processed for histology and pathological review
(Histoserv, Inc).

2.4 Data quantification

To achieve quantitative characterization of tumors and normal tissues in mouse colon, the
structural and molecular parameters can be extracted from OCT and FLOT images
respectively. Tissue extinction coefficient (n;) (or the slope of axial attenuation) is an
indication of local tissue scattering changes associated with neoplasia, and has been shown to
be able to detect dysplasia in oral cavities [66, 67] and breast cancer [68, 69]. The extinction
coefficient (u,) can be estimated by fitting the OCT axial-scan intensity profiles with the
single-scattering model: 1(z) o< exp(—2*p,*z) [70]. Since the extinction coefficient (i) is the
sum of the absorption coefficient (u,) and scattering coefficient (u), the enhanced light
attenuation in the tumor regions could be due to the increase of tissue scattering coefficient,
which is closely related to the structural changes such as nuclear-to-cytoplasmic ratio and
extracellular matrix remodeling during the neoplastic progression. Absorption coefficients
might be also changed due to changes in water contents (such as in the case of edema).
However, at 1300 nm, for typical GI tissues, the scattering coefficient is at least one order of
magnitude larger than the absorption coefficient [71]. Therefore, the majority of attenuation
could be due to scattering, i.e., W =|;. We therefore quantified the scattering coefficient (p)
as the structural parameter.

Molecular parameters include the level and spatial distribution of enzyme (cathepsin B)
activities, which can be quantified from the depth-resolved FLOT tomogram using cathepsin-
B-activatable contrast agent. Depth-resolved FLOT is capable of reconstructing the intensity
and depth distribution of the contrast agent (ProSense'™'680). To calibrate the constructed
values to fluorophore concentrations, capillary tubes with 200 um inner diameter and 330 pm
outer diameter (Vitrocom. Inc) filled with different concentrations of fluorescence dye Cy5.5
(0.5 uM, 1 uM, 1.5 uM) were used as a calibration phantom. They were placed ~500 um
deep in the scattering medium containing 1.5 g Agar powder, 1 mL intralipid (20% solution),
and 49 mL PBS buffer with p~146 cm™! at 637 nm, which is close to colon tissue scattering
coefficient. The reconstructed relative enzyme activity value for 0.5 uM, 1 uM, 1.5 uM Cy5.5
were 207.66, 217.46 and 224.50 respectively revealing a good linear relationship with R* =
0.99113 which can serve as a good reference for the FLOT system used.

2.5 Data statistical analysis

According to the sample size calculation in the study plan, we recruited 17 samples in total
(from 6 different animals) to ensure at least 80% power to detect the difference between
tumor and normal tissues. No missing data are observed in this study. Descriptive statistics
such as mean and standard deviation were calculated. The distributions of scattering
coefficients ps and relative enzyme activity of tumor tissues to the normal tissues were
examined to verify the normality assumption. Ratios of absolute diameter and thickness
difference from OCT and FLOT to histology (gold standard) at different thresholds were
compared to determine the optimal threshold values (the smaller the better). Boxplots are
used to demonstrate the difference in parameters for tumor and normal tissues using OCT and
FLOT. Student #-test was also used to compare the mean diameter and thickness from OCT
and FLOT to histology at the chosen thresholds. Student #-test was used to compare scattering
coefficient s and relative enzyme activity of tumor tissues to the normal tissues. To quantify
the diagnostic sensitivity and specificity for GI cancer detection using multi-modal
OCT/FLOT imaging technologies and validate its capability for enhanced cancer detection
compared to single modality alone, different thresholds of the tissue scattering coefficient (p)
(for OCT) and relative enzyme activity (for FLOT) were applied. To classify tumor tissue and
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normal tissue near tumor with combined OCT and FLOT results, linear discriminant analysis
(LDA) was trained with relative enzyme activity and tissue scattering coefficient () from the
data sets plotting in X and Y dimensions respectively and applied to new testing samples.
Receiver operations curve (ROC) was also used to assess the classification performance based
on FLOT, OCT and the combined criteria. Statistical analyses were carried out using
MATLAB (The MathWorks Inc., Natick, MA). Statistical significance is considered at P =
0.05.

3. Results and discussion

A representative 3D OCT colon tissue volume is shown in Fig. 2(A). The shape of colon
tumor is clearly displayed. Figure 2(B) shows 3D FLOT image of the same colon tissue.

Fig. 2. (A) 3D OCT image (X x Y x Z=5 x 3 x 0.5 mm’). (B) 3D FLOT image (X x Y x Z =
3.8 x 3.3 x 2 mm’). (C) 3D OCT and FLOT fused image. (D) Cross-sectional OCT images. (E)
Cross-sectional FLOT images. (F) 2D OCT and FLOT fused image. (G) Corresponding
histology
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Fig. 3. (A) Tissue scattering coefficient (i, cm™) image. (B) Tissue scattering coefficient (i
cm™) image after sliding filtering. (C) Top view of FLOT 3D image using cathepsin B-
sensitive fluorescent contrast agent. Relative enzyme activities are higher around tumor areas
than the surrounding normal tissue. (D) Fused scattering coefficient and fluorescence image.
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These two 3D images agree well as shown in the fused 3D image (Fig. 2C). Figure 2(D)
and 2(E) show the corresponding cross-sectional OCT and FLOT images. Due to the
scattering effect, OCT signals attenuate at deeper regions, while FLOT can provide better
depth information as shown in Fig. 2(F). Both data agree with the corresponding histology
(Fig. 2G). These results clearly demonstrate the feasibility of OCT and FLOT for co-
registered tissue morphology and molecular information, and the capability of FLOT to
visualize the depth information of subsurface tumors.

3.1 Structural and molecular biomarkers

From Fig. 3(A), the colon tumor shows enhanced light attenuation compared to normal
regions. The red arrow indicates the landmark we can use to co-register tissue scattering
coefficient (u,) map with the top-down view of FLOT 3D image shown in Fig. 3(C). Our
findings are consistent with previous animal study [59] and clinical observations of reduced
OCT scattered light in adenomatous polyps of the human colon [72]. Another observation is
the heterogeneity in the tumor region [73] as shown in Fig. 3(A). Figure 3(C) shows the top-
down view of FLOT 3D image using fluorescent contrast agent. Colon adenomas show
enhanced fluorescence compared to normal regions. Depth distribution of the contrast agent
can be seen in Fig. 2(E). Figure 3(D) shows fused scattering coefficient and fluorescence
image based on the landmark indicated by the red arrow. These parameters will indicate the
level of molecular activities, size, and depth of invasion of the tumor.

3.2 Parameters for tumor size measurement

OCT/FLOT images provide the parameters to differentiate neoplastic lesions from normal
tissues. We first applied these parameters to estimate the size of tumors to differentiate
different stages of neoplastic lesions. For OCT, since the scattering coefficient () map (Fig.
3A) is heterogeneous, in order to find the optimal threshold value for tumor size estimation, a
sliding neighborhood operation with 100-by-100 sliding blocks was applied to the scattering
coefficient (ps) map (1360 x 1240). The scattering coefficient (u;) map after sliding
neighborhood operation is shown in Fig. 3(B). Then from the intensity profiles along both X
and Y directions, the full-widths of the intersections with different threshold values were
estimated as the tumor size (i.e., all the pixels with the same Y position were summed up
when we calculate the intensity profile along X direction). The different threshold values

were  derived by the following equation: (/. —1,.)x<H%+1

max min ®

where

I, . isthemaxium valueand /

.., 1s minimum value or the background value on the each
specific intensity profile. H% are the different percentages that we can use to calculate
different threshold values and the values for H% are set 30%, 40%, 50%, 60% and 70% in
this study. The tumor diameter was determined by averaging two dimensional measurements
(X and Y). Finally the absolute value of error function (the absolute diameter or thickness

Measure — Histoloy

difference) E = was used to judge the accuracy of the measurement for

Histology
different threshold values. Tissue scattering coefficient (i) maps were obtained on 12
samples from 6 different animals. The statistics of the 12 samples with different threshold
values is shown in Fig. 4(A). 60% threshold provided the best result (E = 0.323 + 0.057).
Tumor thickness was determined from OCT cross-sectional image as shown
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Fig. 4. (A) Average absolute diameter difference ratio for OCT with different threshold (n =
12, from 6 different animals). (B) Average absolute diameter and thickness difference ratio for
FLOT with different threshold (n = 12, from 6 different animals).

in Fig. 2(D) (indicated by the white double-head arrow). For FLOT, we used the same
protocol to determine the optimal threshold in tumor sizes in XYZ dimensions. The tumor
diameter was determined by averaging two dimensional measurements (X and Y) for
different threshold values. Tumor thickness was determined from the tumor size in Z
dimension for different threshold values. As shown in Fig. 4(B), 50% threshold gave the best
measurement (E = 0.131 + 0.032) for tumor diameter but not the optimal measurement (E =
0.780 + 0.191) for tumor thickness, while 60% threshold provided a comparatively good
estimation (E = 0.135 + 0.021) for tumor diameter but a markedly better measurement (E =
0.551 £ 0.102) for tumor thickness estimation. Thus we chose 60% threshold for FLOT data
sets. Using the optimal thresholds we chose, the sizes from measurements were then plotted
together with histology data which served as the gold standard as shown in Fig. 5. FLOT
provides a more accurate estimation in tumor diameter (E = 0.135 + 0.021) but relatively
worse in thickness estimation (E = 0.551 + 0.102) due to the inverse reconstruction nature of
FLOT. OCT gives a better estimation in depth direction (E = 0.264 + 0.045) since there is
colon serosa below tumor which scatters more light back than tumor tissue, and serves as the
lower tumor boundary.
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Fig. 5. Diameter and thickness from FLOT and OCT compared to histology (n = 12, from 6
different animals).

While we can notice that OCT signals attenuate at deeper regions, the tumor thickness is
mainly based on tissue surface height (with respect to a fixed reference position), and in our
case, the tumor region is comparably thicker than the normal tissue. That may result in more
accurate thickness estimation from OCT in this experiment, but for in vivo case, the accuracy
of tumor thickness estimation may not be that precise. Even though FLOT’s estimation is not
ideal for tumor thickness, it is still able to estimate the depth within certain accuracy ranges
(~50%), which can provide additional information compared to 2D fluorescence imaging
method or simple white light examination. For diameter estimation, since we used tissue
scattering coefficient (1) to determine the size, both the anisotropy and heterogeneity of the
tumor region may result in inaccurate (E = 0.323 + 0.057) measurement compared to the
actual size of the tumor determined by histology. By taking advantage of the two imaging
methods, there is a great potential to obtain tumor sizes in all dimensions in order to
differentiate different stages of neoplastic lesions. We tried to perform the histology in the
middle line of each tumor, so the diameter and thickness data should be able to reflect the
dimensions of each tumor. However, using markers will definitely provide better correlation
between two imaging methods and histology and more accurate results [74].

3.3 Parameters for tumor detection

To quantify the parameters mentioned above in differentiating colon tumor and tissues nearby
tumor, tissue scattering coefficient (p;) and relative enzyme activity were determined by
averaging the values of randomly picked 5 x 5 pixels region of interest (ROI) in tumor and
normal tissues near tumor on 17 samples from 6 different animals (the tumor area was
determined using the optimal threshold derived in Section 3.2). There are in total 68 data sets
(2 data sets were taken from each tumor region and 2 data sets were taken from each normal
tissue near tumor.). As shown in the left part of Fig. 6, the tissue scattering coefficient (1) of
the tumor region is statistically larger than the control group (P<0.001). The relative enzyme
activity of tumor region as shown in the right part of Fig. 6 is statistically larger than that of
normal tissue as well (P<0.001). The tissue scattering coefficient (i) is relatively lager than
the values previously reported [75, 76]. This increase may originate from formalin fixation
since it has been reported that formalin fixation can result in increasing scattering coefficient
due to the cross-linking of proteins creating a more highly scattering media [77, 78].
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Fig. 6. Statistics of tissue scattering coefficient (p;) and Relative enzyme activities in tumor
tissue and normal tissue near tumor. The tissue scattering coefficient (us) of the group of tumor
tissue (n = 34, from 6 different animals) was statistically (P<0.05) bigger compared to control
group (normal tissue near tumor: n = 34, from 6 different animals). The relative enzyme
activity in the group of tumor tissue was statistically (P<0.05) larger than control group.

3.4 Diagnostic accuracy of combined imaging modalities

The tissue scattering coefficient () and relative enzyme activity were determined by
averaging the values of randomly picked 5 x 5 pixels ROI in tumor and normal tissue near
tumor on 17 samples from 6 different animals. There are in total 68 data sets (2 data sets were
taken from each tumor region and 2 data sets were taken from each normal tissue near tumor).
Relative enzyme activity and tissue scattering coefficient (p) from the data sets are plotted in
X and Y dimensions respectively as shown in Fig. 7(A). LDA found the best separation of the
two groups (tumor and normal tissues near tumor) as shown in Fig. 7(A). Figure 7(B) shows
the ROC curves for diagnosis using tissue scattering coefficient only and relative enzyme
activity only, and the corresponding optimal diagnostic sensitivity and specificity using the
combined criteria. The optimal sensitivity (specificity) for scattering coefficient only is
76.47% (82.35%), relative enzyme activity only is 85.29% (70.59%), and combined criterion
is 82.35% (82.35%). Combined criterion gives the optimal diagnosis (i.e., the shortest
distance to ideal diagnosis 100% (100%)). Fluorescence molecular imaging can achieve high
sensitivity in detecting early cancer, however, has limited specificity due to confounding
factors such as inflammation.
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Fig. 7. (A) LDA for classification of tumor tissue and normal tissue near tumor;(B) ROC
curves for using tissue scattering coefficient only, relative enzyme activity only, and combined
criteria. The arrows indicated the optimal threshold for OCT and FLOT. Combined criterion
gives the optimal diagnosis (i.e., the closest distance to ideal diagnosis 100% (100%)).

On the other hand, OCT is less sensitive to early neoplastic changes before significant
structural alterations occur, but has high specificity to rule out the non-neoplastic regions.
Combined together, fluorescence molecular imaging and OCT can provide complementary
information for more accurate detection and characterization of early neoplasia.

To validate the combined criteria, another 68 data sets were collected from the 17
samples, as the validation data set, to determine the sensitivity and specificity of the criteria
value in an  independent study. With the  diagnostic  threshold of
y=-2.0037xx+675.3906 derived in Fig. 7(A), the sensitivity (specificity) for validation

data was 88.23% (82.35%) compared to 79.41% (82.35%) for OCT only and 85.29%
(73.52%) for FLOT only. We should notice that cathepsin B-sensitive contrast agent used in
the paper may not be optimal for tumor cell targeting. FLOT is a general method and can
work with other contrast agents. In the future, cyclic Arg-Gly-Asp (RGD) [79], folate
receptor-a [80], and affinity peptide [81] can be considered to further improve the diagnostic
accuracy.

4. Conclusion

We investigated a multi-modal optical imaging approach combining high-resolution OCT and
depth-resolved high-sensitivity FLOT for structural and molecular imaging. Quantitative
structural (scattering coefficient) and molecular (relative enzyme activity) parameters from
OCT/FLOT images were derived for multi-parametric analysis. This multi-modal imaging
method has demonstrated the feasibility for more accurate diagnosis with 88.23% (82.35%)
for sensitivity (specificity) which gives the optimal diagnosis compared to each individual
imaging modality. This new multi-modal imaging technology is able to provide
comprehensive structural and molecular parameters for better assessment of subsurface
lesions. Therefore, such an imaging technology could detect subsurface cancers and pre-
cancers to improve the diagnostic sensitivity, monitor the neoplastic progression underneath
the surface, and assess the efficacy of ablative therapies. Integrated OCT and line-scan FLOT
has been demonstrated through a dichroic mirror [58]. In the future, we will combine high-
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resolution OCT and depth-resolved high-sensitivity FLOT into one imaging system for more
studies on different disease models, which can provide co-registered structural and molecular
information of tissues simultaneously. The two imaging modalities could be further integrated
into a functional endoscopy system using microelectromechanical system (MEMS), GRIN
cylindrical lens (GRINTECH. Inc), and imaging fiber bundle [82]. Since Monte Carlo
modeling and regularization term are applied in reconstructing FLOT images, it is time-
consuming and cannot provide the reconstructed image in real time especially for a system
with high source—detector density. But with the advent of the computer speed and new
regularization methods introduced [83], the time needed for image reconstruction in FLOT
could be alleviated dramatically.
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